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Abstract

We present statistical results from the Epoch of Giant Planet Migration RV planet search program. This survey
was designed to measure the occurrence rate of giant planets interior to the water ice line of young Sun-like stars,
compare this to the prevalence of giant planets at older ages, and provide constraints on the timescale and
dominant inward migration mechanism of giant planets. Our final sample amounts to 85 single young
(20-200 Myr) G and K dwarfs that we target across a 4 yr time baseline with the near-infrared Habitable-zone
Planet Finder spectrograph at McDonald Observatory’s Hobby-Eberly Telescope. As part of this survey, we
discovered the young hot Jupiter HS Psc b. We characterize survey detection completeness with realistic
injection-recovery tests and measure an occurrence rate of 1.9tf-§% for intermediate-age giant planets
(0.3M; < msini < 13M;) within 2.5 au. This is lower than the field age occurrence rate for the same planet
masses and separations and favors an increase in the prevalence of giant planets over time from 100 Myr to
several Gyr, although our results cannot rule out a constant rate. A decaying planet occurrence rate is, however,
strongly excluded. This suggests that giant planets located inside the water ice line originate from a combination
of in situ formation or early migration coupled with longer-term inward scattering. The completeness-corrected
prevalence of young hot Jupiters in our sample is 1.57%7% —similar to the rate for field stars—and the 95% upper
limit for young brown dwarfs within 5000 days is <3.6% .

Unified Astronomy Thesaurus concepts: Exoplanet migration (2205); Radial velocity (1332); Exoplanet evolution

(491); Astrostatistics (1882)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Young planets provide unique opportunities to test theories
of orbital migration (e.g., W. R. Ward 1997; W. Kley &
R. P. Nelson 2012), atmospheric mass loss (e.g., E. D. Lopez
& J. J. Fortney 2013; J. E. Owen & Y. Wu 2017), tidal decay
and realignment (e.g., S. Albrecht et al. 2012), and thermal
contraction (e.g., T. J. David et al. 2019; A. Sudrez Mascarefio

* Based on observations obtained with the Hobby-Eberly Telescope (HET),
which is a joint project of the University of Texas at Austin, the Pennsylvania
State University, Ludwig-Maximillians-Universitaet Muenchen, and Georg-
August Universitaet Goettingen. The HET is named in honor of its principal
benefactors, William P. Hobby and Robert E. Eberly.

5 51 Pegasi b Fellow.
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et al. 2021). Detecting and characterizing planets at ages when
these evolutionary processes are expected to take place provide
clues about how these populations evolve over time. In
particular, determining the demographics of young planetary
systems and contrasting this with well-constrained statistics for
field-age stars offers an opportunity to identify trends over a
broad range of stellar ages and peer into the evolutionary
pathways of planets.

This task has been hindered by the difficulty of detecting
young planets. Young Sun-like and low-mass stars rotate
quickly and are more magnetically active, producing surface
features such as starspots and plages that can manifest as
quasi-periodic signals in time-series measurements (K. Jahn &
K. Stepien 1984; A. M. Lagrange et al. 2010; X. Dumusque
et al. 2011; L. Boisse et al. 2012; A. Vanderburg et al. 2016).
This correlated noise, or jitter, can mask and even mimic the
dynamical signals of planets in radial velocities (RVs) and
photometry (e.g., D. Queloz et al. 2001; 1. Boisse et al. 2011;
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S. Aigrain et al. 2012; R. D. Haywood et al. 2014).
Traditionally, RV programs designed to search for planets
have predominately targeted old, quiescent stars to minimize
stellar jitter. As a result, knowledge of planet demographics
has been primarily limited to ages of 1-10 Gyr.

The Epoch of Giant Planet Migration (EGPM) planet search
program was designed to constrain the dominant migration
pathway of giant planets (Q. H. Tran et al. 2021). Giant planets
are expected to migrate inward through two general mechan-
isms: an early (<10 Myr) and nondisruptive process where the
planet and gaseous protoplanetary disk exchange angular
momenta, and long-term ( 10’=10""yr) dynamical processes
caused by gravitational interactions with other bodies in the
system (Y. Wu & N. Murray 2003; D. Fabrycky & S. Tremaine
2007; S. Chatterjee et al. 2008; A. H. M. J. Triaud et al. 2010).
The EGPM survey launched in 2018 and was carried out with
the near-infrared (NIR) Habitable-zone Planet Finder (HPF)
spectrograph at McDonald Observatory’s Hobby-Eberly Tele-
scope (HET). The long time baseline ( 4yr) of the survey
enables detection sensitivities out to orbital separations near the
water ice line of Sun-like stars ( 2.5au; R. G. Martin &
M. Livio 2012). By operating in the NIR, the EGPM program
leverages the wavelength dependence of RV jitter caused by
starspot-driven activity signals (e.g., J. I. I. Bailey et al. 2012;
C. J. Crockett et al. 2012; I. Carleo et al. 2020; B. L. Cale et al.
2021; Q. H. Tran et al. 2021; A. Carmona et al. 2023). Moving
to longer wavelengths compared to traditional visible-light
RV programs reduces RV contributions from stellar activity,
facilitating the discovery and statistical characterization of
planets at young ages.

The goal of this survey is to measure the frequency of giant
planets orbiting Sun-like stars (G and K dwarfs) within 2.5 au
at intermediate ages (20-200 Myr) and compare that occur-
rence rate with measurements at older ages (21 Gyr).
Determining when giant planets arrive inside the water ice
line provides direct constraints on the mechanism of inward
migration.

In this work, we present the EGPM survey results. In
Section 2, we provide an overview of the EGPM program,
including a summary of the observations and target character-
ization. The observed NIR RV wvariability of our targets is
described in Section 3. The statistical analysis, including
detection sensitivities, detected companions, and measured
giant planet frequency, is reported in Section 4. In Section 5,
we discuss how our findings compare to previous RV surveys
and the future of observing young stars and planets. Finally,
we summarize our results and conclusions in Section 6.

2. The Epoch of Giant Planet Migration Planet Search
Program

2.1. Stellar Sample

Our survey targets comprise bona fide and high-probability
candidate members of 11 young moving groups (YMGs;
Table 1). Previously known spectroscopic binaries, close
visual binaries (projected physical separations <1000 au), and
fast-rotating stars (vsiniy > 35km s_l) are removed to
produce a sample consistent with giant planet RV search
programs at field ages (e.g., J. A. Johnson et al. 2010). For a
detailed description of the target selection and summary of
target properties, see Q. H. Tran et al. (2021).

Tran et al.
Table 1
Young Moving Groups of EGPM Survey Targets
Young Moving Group Age Age Ref.
(Myr)
AB Doradus (AB Dor) 133113 J. Gagné et al. (2018a)
Pic 24 3 C. P. M. Bell et al. (2015)
Carina 4511 C. P. M. Bell et al. (2015)
Carina-Near 200 50 B. Zuckerman et al. (2006)
Columba 42ff{ C. P. M. Bell et al. (2015)
Octans-Near (Oct-Near) 30-100 B. Zuckerman et al. (2013)
Tucana-Horologium 45 4 C. P. M. Bell et al. (2015)
(Tuc-Hor)
Pleiades 110 15 Gaia Collaboration et al.
(2018)
32 Ori 24 4 C. P. M. Bell et al. (2017)
Argus 40-50 B. Zuckerman (2019)
Pisces 30-50 A. S. Binks et al. (2018)

In the final statistical sample and analysis, 19 systems from
our original sample of 104 young stars are removed. Some
binary systems ultimately evaded scrutiny and were present in
our original sample, and several recently identified binaries
that were not known at the start of the survey were announced
after our program began. Altogether, 18 targets are close
binaries. In addition, one system that is now considered a field-
age star is removed. Appendix A summarizes the properties of
these 19 excluded targets. One star (HD 24194) exhibits a low-
amplitude, long-term RV trend (see Appendix B). As there is
no additional evidence indicating that this trend is caused by a
stellar binary companion, HD 24194 is retained in the
subsequent analysis as a young, single star.

Our final statistical sample therefore consists of 85 young
single Sun-like stars with G and K spectral types. Properties of
the final targets, including spectral types, moving group
associations, and summary statistics of HPF RV observations,
are reported in Table 5 in Appendix C.

2.2. HPF Observations

The EGPM survey operated between 2018 October and
2024 March using the HPF spectrograph (S. Mahadevan et al.
2012, 2014; S. Mahadevan et al. 2018). HPF is an NIR
(0.81-1.27 um), high-resolution (R ~ 55,000; J. P. Ninan et al.
2019) spectrograph located on the 9.2 m HET (L. W. Ramsey
et al. 1998; G. J. Hill et al. 2021). It achieves temperature
stability at the 0.6 mK level (G. Stefansson et al. 2016)
and utilizes three fibers for simultaneous observations of
the science target, sky background, and calibration data
(S. Kanodia et al. 2018), enabling precise RVs at the m s~
level (A. J. Metcalf et al. 2019). Observations were obtained
following the strategies described in Q. H. Tran et al.
(2021, 2024). For each epoch, three contiguous observations
are acquired to assess potential high-frequency variations.
All observations are obtained using HET’s queue-mode
scheduling system (M. Shetrone et al. 2007). Following
J. P. Ninan et al. (2018), K. F. Kaplan et al. (2019), and
A. J. Metcalf et al. (2019), 1D spectra are optimally extracted
with the standard HPF reduction pipeline.

Relative RVs, differential line widths (dLWs), and chro-
matic indices (CRXs) are measured from each 1D spectrum
with a custom least-squares matching pipeline based on the
SERVAL algorithm (M. Zechmeister et al. 2018; Q. H. Tran
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Figure 1. Summary of RV observations for the EGPM statistical sample. A total of 91% our targets have at least seven epochs of RVs and a baseline of at least 4 yr.

et al. 2021). Similarly, the Ca II infrared triplet (IRT) emission-
line indices are computed following G. Stefansson et al.
(2020b). During this process, only eight échelle orders,
corresponding to wavelength ranges in the z band
(85358895 A) and Y band (9933-10767 A), are used for the
RV extraction to avoid contamination of strong telluric
absorption (orders 4, 5, 6, 14, 15, 16, 17, 18; Q. H. Tran
et al. 2021). Hereafter an epoch refers to a visit, which consists
of three contiguous single-exposure observations, and reported
RVs refer to individual observations, or spectra.

In total, we obtained 2654 spectra across 884 epochs for 104
stars. The average number of epochs is 9 per star, the average
number of spectra is 26 per star, average time baseline is 1536
days (4.2 yr), and the average signal-to-noise ratio (S/N) at
1.07 um is 136 pixel'. Figure 1 displays the distributions of
time baseline (A#), S/N, number of epochs, number of spectra,
average RV uncertainty (Ggy), and RV rms for our sample,
which are also detailed in Table 5. Table 8 in Appendix E
reports relative RVs and spectroscopic indicators of each
target.

Between 2022 May and June, maintenance was carried out
on HPF, which included a vacuum warm-up and cool-down
cycle that introduces a velocity offset in the RV measurements.
We choose to empirically model and correct for this offset
using RV standard stars. This ensures that we retain sensitivity
to the full survey time baseline and spectral template quality
for targets with fewer observations, and it enables us to extract
RVs from both observing seasons simultaneously. Based on
three RV standard stars, the empirical velocity offset between
post- and pre-maintenance HPF RVs (HPF,—HPE,.) is
—53.1 2.7ms '. For the subsequent analysis, we treat the
two time series as one single instrument by applying this offset
and adding the associated error in quadrature to all post-
maintenance HPF RVs and uncertainties, respectively. For
more details on this empirical offset, see Appendix D.

2.3. Projected Rotational Velocities

We determine the projected rotational velocity (vsini) of
each target from our HPF spectra following the procedures
described in Q. H. Tran et al. (2024). Briefly, we adopt the
empirical spectral matching framework from G. Stefansson
et al. (2020a), which uses the SpecMatch-Emp algorithm
(S. W. Yee et al. 2017). The matching algorithm determines a
best-fit v sin i for each of the eight HPF échelle orders used for
RV extraction by comparing the science target’s highest-S/N
spectrum to a library of high-S/N spectra of slowly rotating
stars convolved with a rotational kernel (D. F. Gray 1992). The
adopted vsini and uncertainty are the median and standard
deviation of the eight échelle order measurements. All
measured v sini values are reported in Table 5.

3. NIR RV Jitter at Intermediate Ages

RV jitter in the optical has been studied extensively (e.g.,
S. H. Saar et al. 1998; N. C. Santos et al. 2000; C. Lovis et al.
2011; A. M. Lagrange et al. 2013; A. Sudrez Mascarefio et al.
2017;J. K. Luhn et al. 2020), but less is known about trends of
RV jitter in the NIR. Measuring how NIR RYV jitter behaves
across a broad range of ages, spectral types, and rotational
velocities may provide clues about how the physical origin of
these signals, such as starspots, behaves as a function of those
parameters (e.g., J. K. Luhn et al. 2020). Here we examine
activity levels of targets in our sample as measured from the
rms of RV observations from this survey. To our knowledge,
this represents the largest analysis of NIR activity levels of
young stars to date.

Figure 2 displays the average RV rms of all targets as a
function of their projected rotational velocities, stellar spectral
type, and stellar age. The average RV uncertainty and rms for
our sample are also listed in Table 5. Furthermore, the rms of
the five activity indicators that we measure from the HPF
spectra (ALW, CRX, and the Call emission-line indices) as a
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Figure 2. RV rms, or intrinsic RV variability, as a function of projected rotational velocity, stellar spectral type, and stellar age for all stars in our sample.

function of projected rotational velocity, stellar spectral type,
and stellar age are displayed in Figure 11 in Appendix F.

There are broad trends between the rms of the different
measurements and projected rotational velocities and stellar
spectral types. Over this range of v sini values, there appears
to be a slight rise in the upper and lower envelopes of RV rms.
RV measurement scatter is expected to increase for more
rapidly rotating stars owing to enhanced Doppler broadening
of absorption lines (D. F. Gray 1999). Across stellar spectral
types, RV rms is relatively flat with a modest increase for
later-type stars. This feature likely corresponds to an observed
enhancement in starspot covering fractions for cooler stars that
results in larger RV scatter (S. H. Saar et al. 1998; R. J. Jack-
son et al. 2009; B. M. Morris et al. 2019). The dLW and CRX
rms behave similarly to the RV rms, which is consistent with
the expectation that stellar jitter should manifest similarly in
RVs, dLWs, and CRXs (M. Zechmeister et al. 2018). On the
other hand, the rms of the Call IRT indices decreases as a
function of vsini, but this negative correlation can be
attributed to reduced measurement scatter for those indicators
caused by broadened line profiles.

If starspots are the dominant origin of RV jitter in young Sun-
like stars, then the observed spread in RV rms suggests that
starspots can vary significantly across this range of vsini and
stellar spectral type. Furthermore, this wide distribution in RV
scatter is likely enhanced by the conflicting contributions between
rotational Doppler broadening and starspots, as earlier-type stars
rotate faster (S. H. Saar & R. A. Donahue 1997).

Following Q. H. Tran et al. (2021), we investigate the ratio
between RV measurement precision and RV rms, a metric that
can be used to identify anomalously high RV dispersion that
may be caused by the dynamical signature of a planet. If this
ratio is substantially less than 1, then the observed dispersion is
not primarily driven by random measurement uncertainty but
instead points to an astrophysical or dynamical origin. While it
is not possible to distinguish between these two signals using
this metric alone, systems with both RV rms values greater
than the typical level of our sample and uncertainty ratios less
than 1.0 represent promising targets that may host giant
planets.

The distribution of this uncertainty ratio as a function of RV
rms is shown in Figure 3. The majority of our sample (84%)
does not appear to be dominated by RV measurement error
(Brv /RV rms < 1), which suggests that RV scatter in our
sample is primarily driven by stellar activity, perhaps with an
additional contribution from planets. There are three stars with
low uncertainty ratios and prominent RV rms that rise above
the rest of the sample (RV rms 2500 m s_l):

2MASS J052342464+0651581, V623 Tau, and V677 Tau.
Further observations are needed in order to determine whether
these RV observations are a result of abnormally strong stellar
activity, a stellar companion, or a planet. Note, however, that
in the framework of our statistical analysis these are not
considered planet candidates; Section 4.1 describes our
procedure for identifying and following up promising planet-
hosting stars.

4. The Occurrence Rate of Young Giant Planets inside the
Water Ice Line

4.1. Identifying Planet Candidates

The objective of the EGPM program is to robustly measure
the occurrence rate of giant planets located within the water ice
line at young ages. To minimize potential biases in this
measurement introduced by human decision-making, careful
considerations must be made when adopting specific observing
strategies as part of the main survey and for follow-up planet
validation efforts (e.g., J. Teske et al. 2021). This is especially
important for a program targeting young stars where activity
levels are high and span a wide dynamic range (tens to
hundreds of m s™1).

Below we describe our approach to searching for periodic
signals, identifying compelling targets for increased RV
cadence, and, when applicable, determining the nature of each
observed signal for targets without known stellar companions.
Systems that meet the following criteria are designated as
“objects of interest,” or targets with significant periodicities
that require further characterization to be confirmed or refuted
as originating from planets.

1. RV time series must yield a significant peak in their
generalized Lomb-Scargle (GLS) periodograms
(M. Zechmeister & M. Kiirster 2009) above a false-
alarm probability (FAP) threshold of 0.01%.

2. The power of the strongest peak rises above the median
of all the peak powers by at least four times the standard
deviation of the peak distribution. This ensures that the
periodic signals of interest are distinguished from the
statistical noise distribution of peak powers for each
target.

3. No prominent features can be present in the spectral
window function at or near the observed peak of the RV
time series, and the period of the significant peak cannot
be consistent with an alias or harmonic of the stellar
rotation period (J. T. VanderPlas 2018).
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Figure 3. The ratio of average RV measurement error (Ogy ) to the RV rms
measurement of targets in our sample. An RV error-to-rms ratio less than 1
indicates that the observed RV scatter is large and that activity or dynamical
signals from a companion dominate over scatter associated with individual RV
measurement precision. Objects with a low uncertainty ratio but high RV rms
value may be promising planet candidates.

When possible, objects of interest that meet these conditions
will have their RV cadence increased to weekly observations
to assess whether the periodic signal remains robust over time.
For these systems, the planetary nature of each signal is then
confirmed or refuted using a comprehensive characterization
with all available data, including follow-up observations or
previous measurements from other studies.

4.1.1. Generalized Lomb—Scargle Periodogram Search

Using the HPF RVs, we search for any periodic signals that
could indicate the presence of a companion in the remaining
systems. We compute the GLS periodogram over the
frequency range 0.0007—1.0526 day ' (0.95-1500 days) using
the open-source Python package astropy.timeseries
(Astropy Collaboration et al. 2013, 2018, 2022) for each
target. FAPs, which describe the probability that observations
with no periodic signal would exhibit a periodogram peak with
this power, are calculated using the bootstrap method. Three
systems (HD 236717, HS Psc, and PW And) display
significant peaks that simultaneously rise above an FAP
threshold of 0.01% and the surrounding periodogram noise.
The periodograms of all three objects of interest are displayed
in Figure 12 in Appendix G.

Periodic signals with significant periodogram peaks can
originate from sampling features, rotationally modulated
stellar activity signals, or periodic Keplerian motion from a
dynamical companion. To test whether the observed period-
ogram peaks in the HPF RVs are caused by a dynamically
induced signal, we investigate whether these peaks are driven
by strong features in the spectral window function, are aliases
or harmonics of the stellar rotation period, or are correlated
with spectroscopic indicators.

4.1.2. Stellar Rotation Periods of Objects with Significant Periodic
Signals

We measure the stellar rotation periods of each object of
interest using available Transiting Exoplanet Survey Satellite

Tran et al.

(TESS) photometry following the procedure described in
Q. H. Tran et al. (2024).'® For each target, photometry from
available TESS sectors (J. C. Smith et al. 2012; M. C. Stumpe
et al. 2012, 2014) is downloaded from the MAST data
archive.'” Each sector is then median normalized. Outlier
points outside of three standard deviations are removed after
flattening the light curve using a Savitzky—Golay filter
(A. Savitzky & M. J. E. Golay 1964). Light curves are then
binned to a cadence of 60 minutes to improve computational
efficiency while retaining rotationally modulated structure.
Rotation periods are inferred by fitting a quasi-periodic
Gaussian process to each separate TESS sector, or a
continuous group of TESS sectors. This strategy is adopted
since there are often large observational gaps between
noncontiguous sectors, during which the observed variability
can evolve significantly, leading to inaccurate rotation period
estimates. We use a quasi-periodic kernel with the functional

form
o2k 2(:—7)
kop(r) = & exp| =25 — ——== |, (1)

where 7 is the difference between any two points in time, A is
the amplitude, [ is the localized correlation timescale, 6 is the
smoothness of the periodic component, and P, is the stellar
rotation period.

Posterior distributions of the Gaussian process kernel
hyperparameters and a white-noise term (oj;) are sampled
using the emcee open Python package (D. Foreman-Mackey
etal. 2013, 2019). We adopt uniform priors for oy, A, /, 0, and
P Ploji) = Ullog,(10~12), log (D1, P(A) = U[0.001, 5],
P) = U[0.001, 100], P(@) = U[0.001, 100], and P(By) =
U[0.1, 30.0] days. If the object only has a single TESS sector
or the TESS sectors are contiguous, then we adopt the average
and standard deviation of the P, posterior distribution as the
rotation period and uncertainty, respectively. If there are
multiple, isolated TESS sectors, then the weighted average and
standard deviation of all posterior distributions are adopted as
the rotation period and uncertainty, respectively. Convergence
of chains is confirmed using an integrated autocorrelation time
threshold of 50 (J. Goodman & J. Weare 2010).

Light curves and posterior distributions of the stellar
rotation periods are shown in Figure 13, and adopted stellar
rotation periods are reported in Table 11 in Appendix H. A
Gaussian process regression yields a well-constrained stellar
rotation period for each system. For systems where rotation
periods are inferred using two independent sets of TESS
sectors separated by an observational gap, the posterior
distributions of P, are in good agreement.

4.1.3. Correlations between RVs and Spectral Indices of Stars with
Significant Periodic Signals

To identify RV signals that may originate from stellar
activity, we search for significant correlations between the
HPF RVs and various spectroscopic indices. This test is

'® We do not measure stellar rotation periods for HD 236717. The TESS light
curves of HD 236717 do not demonstrate clear and persistent modulations,
which prevents an accurate inference of the stellar rotation period.

'7 hitps:/ /archive.stsci.edu /missions-and-data/tess. All TESS data used is
available at MAST:10.17909/t9-nmc8-f686 (MAST Team 2021).
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performed because spectral line profile distortions driven by
active regions manifest similarly in both spectral indicators
and RVs (K. Jahn & K. Stepien 1984; J. F. Donati et al. 1992;
M. Schuessler et al. 1996). Thus, strong linear correlations
between RVs and activity indices indicate that observed RV
signals are not dynamical in nature (e.g., D. Queloz et al. 2001;
I. Boisse et al. 2011; N. Meunier & A. M. Lagrange 2013;
P. Robertson et al. 2014; M. Zechmeister et al. 2018).

We calculate the Pearson’s correlation coefficient (Pear-
son’s r), associated p-values, and best-fit slope value (m)
between the RVs and each indicator for all objects of interest.
Pearson’s r values correspond to the strength of correlation or
anticorrelation between two time series. Corresponding p-
values describe the probability of detecting an r value at least
that extreme by chance if the two time series are not correlated
such that a lower p corresponds to stronger evidence of
correlation.

Correlations between the dLW, CRX, and the Call
emission-line indices for all objects of interest are shown in
Figure 14 in Appendix L.

4.2. Objects of Interest Designations

Of the three targets that have a significant peak in their
periodograms, one (HD 236717) exhibits significant correla-
tion between the HPF RVs and all spectral indicators
(Figure 14). The remaining two targets (HS Psc and PW
And) are designated as objects of interest. For each object of
interest, we search the literature to assess whether previous
observations might aid in the interpretation of the periodogram
signals we identify. Furthermore, we increase the observing
cadence with HPF to further investigate each signal.

As a result of these efforts, we are able to refine the nature
of signals from two stars: HS Psc and PW And. HS Psc has a
young planetary candidate, HS Psc b, detected as part of the
EPGM survey (Q. H. Tran et al. 2024). PW And is considered
a nondetection, as further HPF observations revealed that the
periodic signal was caused by stellar activity.

4.3. Refuted Objects of Interest
4.3.1. HD 236717

HD 236717 is a KO dwarf (K. M. Yoss 1961) member of the

133 Myr AB Dor moving group (J. Gagné et al. 2018b). It
has a Gaia DR3 distance of 38.63°5:93 pc (C. A. L. Bailer-Jones
et al. 2021). In total, 57 spectra were obtained over 4.6 yr. A
significant peak in the GLS periodogram of all HPF RVs
emerges at 7.3 days. This peak is likely a harmonic of the
second-strongest peak at 29.4 days, which is consistent with a
monthly sampling alias. Furthermore, the HPF RVs exhibits
strong correlations (p < 0.01) between its RVs and every
spectral indicator, which supports the hypothesis that any other
observed periodicity will be dominated by stellar activity
signals. We therefore remove this system from further
consideration as harboring a planet candidate.

4.3.2. PW And

PW And is an AB Dor moving group member (B. Zucker-
man et al. 2004). It is a K2 dwarf (D. Montes et al. 2001b) with
a Gaia DR3 parallactic distance of 28.3 0.01 pc (Gaia
Collaboration et al. 2023) and cluster membership age of 133
Myr. A total of 114 spectra were obtained of PW And between
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2018 December and 2023 July. A GLS periodogram applied to
all HPF RVs reveals a significant peak at 1.76 days, which
corresponds to the stellar rotation period as determined from
the TESS light curve (P, = 1.765  0.003 days). The other
significant peaks are consistent with harmonics of this period
and coincide with strong peaks in the dLW and the Ca1l IRT
triplet periodograms. As a result, we attribute the signal to
rotationally modulated activity and designate PW And as a
nondetection.

4.4. Giant Planet Candidates
44.1. HS Psc b

HS Psc b is a young giant planet candidate detected as part
of the EGPM survey. The host star is a K7V member of the
133715 Myr AB Dor Moving group (J. E. Schlieder et al. 2010;
L. Malo et al. 2013; J. Gagné et al. 2018a, 2018b). It has a
mass of 0.69 0.07 M, (Q. H. Tran et al. 2024) and a Gaia
DR3 parallactic distance of 37.67  0.04 pc (Gaia Collabora-
tion et al. 2023). This star was selected for intensive follow-up
observations based on its high RV rms of >200ms~' from
eight initial RV epochs (Q. H. Tran et al. 2021).

We increased the frequency of observations for this system
over the next 3 yr to determine whether this large RV scatter
could be attributed to a planetary companion. This led to the
discovery of the candidate young hot Jupiter (HJ) HS Psc b,
which was presented in Q. H. Tran et al. (2024). A
periodogram analysis of 83 HPF spectra over 4 yr highlighted
a strong periodic signal at P = 3.99 days, which differed from
any integer harmonics of the stellar rotation period as
measured by two TESS Sectors (P, = 1.086  0.003 days).
Applying a joint Keplerian and Gaussian process stellar
activity model to the HPF RVs produced a minimum planetary

mass of msini = 1.46Mf8ﬂ%& an orbital period of P, =

3.986100¢3 days, and a broad eccentricity with a preference for
low values (e, = 0.27793)). We include HS Psc b as a
detection in the final statistical analysis.

4.5. Survey Completeness and Detection Limits

To accurately determine the occurrence rate of giant planets
from our survey, we need to assess the sensitivity of our
observations to potential detections and missed planets. These
detection limits are described by the survey search complete-
ness, or the probability that a planet with particular physical
and orbital characteristics would be detected in our survey. We
characterize the search completeness map as a function of
orbital period and velocity semiamplitude, or C(P, K), for the
85 young, single stars composing our statistical sample
following the methodology of A. W. Howard et al. (2010).
For each target, we calculate the maximum Keplerian
semiamplitude, K, that best matches the observed RV
observations at a given orbital period, P. We use the open-
source Python package radvel (B. J. Fulton et al. 2018) to
fit circular orbits to the HPF RVs over a range of 100
logarithmically spaced orbital periods between 1.5 and
5000 days for each target. In each fit, P is allowed to vary
within 1 day.

We also convert RV semiamplitude to planetary minimum
mass to transform C(P, K) into C (P, m sini), which requires
knowledge of the stellar mass. We interpolate the evolutionary
models of 1. Baraffe et al. (1998) and use the absolute J-band
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Figure 4. Search completeness function of the EGPM survey as a function of
RV semiamplitude (top) and minimum planetary mass (bottom). The 5%,
50%, and 95% completeness contour lines are shown as dotted, dashed, and
solid black lines, respectively. The yellow star represents the detected planet
candidate HS Psc b (Q. H. Tran et al. 2024).

magnitudes and stellar ages reported in Table 5 of each star to
estimate their mass. The distribution of these inferred masses
is centered at 0.9 M, and spans about 0.6-1.2 M. Changing
these masses by as much as 20% does not significantly
impact C (P, msini) or the final occurrence rate we measure
from this survey.

The search completeness function of our survey represents
the fraction of stars with detection limits lower than some K or
msini threshold for a given P. When -calculating an
occurrence rate over a parameter domain of P; < P < P, and
K, < K < K, (or msinij < msini < msini,), the survey
completeness C is the average search completeness function
value over that corresponding physical domain. Following
A. W. Howard et al. (2010), the densely sampled completeness
function is recomputed to the upper limit envelope over 35
logarithmically spaced bins. This averages over rapid varia-
tions in the completeness function at short orbital periods,
which is a result of increased precision at shorter orbital
periods from an observational baseline of several years.
Figure 4 displays the average search completeness function
from the statistical sample of our survey as a function of both
RV  semiamplitude and minimum planetary mass.
Figures 15-31 in Appendix J display all RV time series and
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corresponding search completeness functions in both RV
semiamplitude and minimum planetary mass.

Our survey is almost entirely sensitive to massive giant
planets and brown dwarfs (BDs) within orbital periods of
10 days, but detection limits are reduced to about 60% for HJs
with masses of 1M; and even lower for 51 Peg b analogs with
masses of 0.5M;. We are insensitive to Saturn-mass and sub-
Saturn-mass planets beyond about 100 days. There is structure
at 27 and 365 days, corresponding to monthly and annual
observing cycles, and a sharp upward trend beyond the time
baseline of the survey ( 4 yr or 1460 days).

4.6. Young Giant Planet Occurrence Rate

We follow the methodology described in B. P. Bowler et al.
(2015) to calculate the occurrence rate of young giant planets
interior to the water ice line based on our survey sensitivity
map. In surveys with perfect detection efficiency, each target
star represents a Bernoulli trial, and the probability distribution
of planet frequency, f, is represented with the binomial
distribution. However, when surveys have some level of
incompleteness, the number of Bernoulli trials is not the
sample size N. Instead, the number of trials must be corrected
by the survey sensitivity. Using the search completeness
function computed in Section 4.5, we “correct” for our
detection sensitivities by multiplying our sample size by the
search completeness function averaged over the relevant
physical domain. This correction allows us to account for
mass—period phase space that is not probed owing to limited
sensitivity, providing us with an effective number of trials, n.

In this instance, the effective number of trials will be a
noninteger, and the planet occurrence rate is described by the
generalized binomial distribution (E. Artin 1964; B. P. Bowler
et al. 2015),

P(fln. k) = Lo+ 1)

k _ n—k
Tk + DI — k + 1)f (4 =+ 1),

2

where the binomial coefficient uses Gamma functions in place
of factorials, # is the effective number of trials, k is the number
of successes, and the (n + 1) factor is a normalization constant.
Using the effective number of trials and generalized binomial
distribution is similar to the “missing planet correction”
approach of A. W. Howard et al. (2010) and is also comparable
to the methods of E. L. Nielsen et al. (2008), who use the
Poisson distribution.

We calculate the survey completeness and planet frequency
over a P-K domain of 20 m s' < K < 1500ms ' and
0 days< P < 1461 days. This corresponds to giant planets
orbiting within 2.5 au and is constructed to closely match the
sample considered in J. A. Johnson et al. (2010). In this
regime, we have a completeness of 0.63, an effective number
of trials of 56.0, and one detection. Based on those values, we
determine an occurrence rate of 1.9729% for young giant
planets inside the water ice line.

As this survey is sensitive to most HJs and BDs within a few
AU, we also determine their occurrence rates at young ages.
To remain consistent with other studies, we define HJs as giant
planets (0.3M; < m sini< 13Mj) on short orbits (P < 10 days)
and BDs as being between the hydrogen- and deuterium-
burning limits (13M; < m sini< 80Mj). BDs could have been
detected at much wider separations, so we consider those with
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Table 2
Inferred Occurrence Rates of Giant Planets and Brown Dwarfs from RV Surveys Targeting Young Stars
K or msini Range P Range Sample Age Frequency lo HDI* 20 HDI Reference
Hot Jupiters
0.3M; < msini < 13M;y P < 10 days 20-200 Myr 1.5% 0.5%-3.7% 0.06%—-6.99% This work
SMy < msini < 13M; P < 3 days 30-300 Myr <2.9%"° 0.0%-2.9% 0.0%—-4.1% T. Takarada et al. (2020)
msini < 13M; P < 10 days 10-400 Myr <0.9%"° 0.0%-0.9% O. V. Zakhozhay et al. (2022)
1My < msini < 13M; 1 day< P < 10 days <600 Myr <1.2%° 0.0%-3.9% 0.0%—-6.6% A. Grandjean et al. (2023)
msini < 13M; P < 10 days 500-625 Myr 0.93%° 0.40%-1.83% S. N. Quinn (2016)
Giant Planets inside the Water Ice Line
K>20ms™' P < 1461 days 20%-200% Myr 1.9% 0.4%-4.5% 0.1%-8.6% This work
1My < msini < 13M; 1 day < P < 1000 days <600 Myr <1.3%° 0.0%-4.2% 0.0%-7.1% A. Grandjean et al. (2023)
Brown Dwarfs
13My < msini < 80M; P < 5000 days 20%-200% Myr <3.6% 0.0%-1.4% 0.0%-3.6% This work
13M; < msini < 80M; P < 3 days 30%-300% Myr <1.9%° 0.0%-1.9% 0.0%-2.7% T. Takarada et al. (2020)
13M; < msini < 80M; 1 day < P < 1000 days <600 Myr <1.2%° 0.0%—4.0% 0.0%—6.7% A. Grandjean et al. (2023)

Notes.

4 HDI refers to the highest-density interval, the minimum range encompassing a given fraction of a distribution.
® Estimated by combining results with D. B. Paulson & S. Yelda (2006) and J. 1. Bailey et al. (2018).

¢ Estimated by combining results with A. Grandjean et al. (2021).
d -

Value as reported by original study.
¢ Estimated by combining results with D. B. Paulson et al. (2004).

orbital periods within 5000 days. We calculate survey
completeness functions over the corresponding m sini—P
domains and find an average sensitivity of 0.79 and 0.98 for
HJs and BDs, respectively. Repeating the methodology
outlined above, we then determine occurrence rates for each
population. As there are no detections of BDs in the EGPM
survey, we only place an upper limit on their prevalence. For
young HJs and BDs, we infer an occurrence rate of
1.5"32%and a 95% upper limit of <3.6%, respectively.
Table 2 summarizes our inferred occurrence rates for each
subsample of our survey. We discuss the implications of these
results in Section 5.

5. Discussion

5.1. The Frequency of Giant Planets inside the Water Ice Line
over Time

To place constraints on the migration pathway of giant
planets, we compare our measurement of the occurrence rate
of giant planets interior to the water ice line at young ages to
similar measurements at older ages and assess how this
frequency evolves over time.

J. A. Johnson et al. (2010) used a sample of 1266 stars from
the California Planet Survey to measure the prevalence
of planets with K > 20ms~' orbiting within 2.5au of
old (several Gyr) Sun-like (0.7 < M,/M., < 1.3 and
[Fe/H] =0dex) stars. Their field-age stellar sample is an
older analog of our targets, allowing us to directly compare
results from both surveys. However, their large sample size
translates to a higher precision relative to our results inferred
with a sample of 85 stars. Moreover, substantially higher jitter
levels in our program translate into reduced sensitivity, which
further lowers the effective number of targets in the statistical
analysis (Section 4.6). Our occurrence rate constraint, which
peaks at 1.9%, is lower but statistically consistent within 20 of

the 6.5%
(2010).

Figure 5 displays two measurements of the prevalence of
giant planets inside the water ice line as a function of stellar
age and how observed trends in this frequency over time
broadly trace different migration mechanisms. These results
point to an increasing occurrence rate over time and suggest
that the inner regions of planetary systems are being
increasingly populated with giant planets over Gyr timescales
that formed beyond the water ice line and migrated inward.
This implies that a dynamically disruptive process, such as
planet—planet scattering, is an important inward migration
mechanism shaping this population of giant planets (e.g.,
K. R. Anderson & D. Lai 2017; A. J. Mustill et al. 2017;
R. Frelikh et al. 2019; F. Marzari & M. Nagasawa 2019).
These dynamical processes operate on timescales longer than
the ages of the systems in this study ( 20-200 Myr).

Although an increasing occurrence rate is preferred, we
cannot confidently exclude the possibility of a constant
frequency over time. In situ formation, inspiraling disk
migration, or early planet scattering is also plausible (e.g.,
W. R. Ward 1997; W. Kley & R. P. Nelson 2012; S. Albrecht
et al. 2012). In this case, the occurrence rate we observed was
established earlier than the ages of our targets ( 10'—108 yr).
Larger sample sizes of young giant planet systems are needed
to confidently rule out statistically distinct measurements over
this broad range of stellar ages. Instead, we can more securely
rule out a decaying frequency over time.

We further attempt to model the evolution of the giant
planet frequency. We can approximate this trend with a power-
law relationship using the giant planet frequency we measure
at young ages together with the value for field stars from
J. A. Johnson et al. (2010). We use a power law with the
functional form

0.7% frequency measured by J. A. Johnson et al.

fop (1) = Ct°, 3
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Figure 5. The inferred occurrence rates of giant planets orbiting interior to the water ice line of Sun-like stars as a function of age. Schematic decreasing, consistent,
and increasing giant planet frequency over time trends, resulting from different migration pathways, are also plotted as gray dashed, solid, and dotted lines,
respectively. Our young measurement of 1.9%*2$% and the field-age measurement of 6.5% 0.7% from J. A. Johnson et al. (2010) are displayed in the blue and
orange distributions, respectively. The shaded regions under each distribution show the 1o, 20, and 30 confidence intervals. If the occurrence rate of giant planets
increases over time, then dynamical processes are the dominant migration pathway of giant planets. If the giant planet frequency is consistent between young and old
systems, then giant planets likely arrived at their present-day locations through disk migration. A decreasing trend suggests that giant planets are efficiently engulfed
by their host stars at early ages.
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Figure 6. Left: constraints on the giant planet frequency inside the water ice line of Sun-like stars over time, assuming that this evolution follows a power-law
functional form. Overplotted is the inferred occurrence rate of giant planets at young (blue circle) and old (orange square) ages. The spread of power-law trends
represents the possible evolutionary pathways that the occurrence rate of giant planets may undergo. Right: the distribution of the power-law coefficient, , generated

from the young sample in this work compared with the field-age sample from J. A. Johnson et al. (2010). A positive corresponds to an increase in the frequency of
giant planets over time. A negative means that the giant planet occurrence rate decays over Gyr timescales. If is 0, then the frequency remains constant.

where fgp is the frequency of giant planets inside the water ice As is computed using the logarithm of the difference
line at a particular stellar age #, C is a constant, and  is the between simulated giant planet occurrence rates at young
power-law coefficient that represents the strength of growth or (fop,young) and old (fgpoia) ages, each  value can be

decay in the giant planet frequency over time. This coefficient
is equivalent to the slope of a linear relationship between the
two measurements in logarithmic space. Thus, we can evaluate
the power-law coefficient using the differences between giant
planet frequencies at young and old ages (log Afsp) and the
differences between the stellar ages (log Ar). More simply,

is equivalent to the ratio of these differences (log Afgp /
log At). If = 0, that would mean that there is no change in
the giant planet frequency over Gyr timescales. A positive
means that the prevalence of giant planets increases over time,
while a negative  represents a decay of the giant planet
frequency over time.

translated to a ratio between the two frequencies, or the
fractional change of the frequency over time. As a result, the
distribution of  values can be mapped to a distribution of
fGP,Ymmg/ fop,o1a Tatios, which quantifies the relative change
of fgp over time. For instance, the characteristic ~ value of
0.23754% corresponds to a +147%{23% fractional change in
the frequency of giant planets over time. Figure 6 displays the
distribution of power-law relations and coefficients generated
from this simulation.Figure

From the and corresponding fGP,Young/pr,om distribu-
tions, we exclude the possibility that the young age rate is
1.3x and 1.9x the field-age rate at 95% and 99% confidence,
respectively. All fractional changes larger than these values are
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excluded at even higher confidence levels, strongly ruling out
the most severe cases of decaying occurrence rates over time.
This rejects a scenario where planets are being significantly
lost over time on timescales of 10%-10° yr, through processes
such as engulfment by their host stars via tidal decay.

5.2. Comparison to Young Giant Planet Occurrence Rates
from Literature

Here we contextualize our results in the larger landscape of
young giant planet frequency measurements. The demo-
graphics of giant planets has also been the focus of a number
of RV programs targeting young stars (e.g., W. D. Cochran
et al. 2002; D. B. Paulson et al. 2004; D. B. Paulson &
S. Yelda 2006; L. Prato et al. 2008; J. I. I. Bailey et al. 2012;
C. J. Crockett et al. 2012; A. M. Lagrange et al. 2013;
J. F. Donati et al. 2014; J. Gagné et al. 2016; C. M. Johns-Krull
et al. 2016; L. Yu et al. 2017; J. 1. Bailey et al. 2018;
S.-Y. Tang et al. 2023). However, due to the difficulty of
detecting and characterizing planets around more magnetically
active young stars, only a handful of RV campaigns have
reported planetary occurrence rates at younger ages. Table 2
compiles measurements of the giant planet and BD occurrence
rates from RV surveys targeting stars younger than 1 Gyr.

Our inferred frequencies of young HJs, giant planets interior
to the water ice line, and BDs are consistent with values
determined by other RV surveys. Altogether, it is clear that the
frequencies of giant planets and BDs orbiting within several
AU are intrinsically low at intermediate ages. However, these
constraints are fairly broad relative to measurements of field-
age stars, due to smaller sample sizes and more modest survey
sensitivities. Further RV observations and a larger sample of
young stars are needed to increase the precision of these
occurrence rate measurements. This would enable a more
robust constraint on how the giant planet frequency evolves
over time, opening the possibility of confidently distinguishing
between a constant and increasing frequency over time.

5.3. Tracing Evolutionary Pathway versus Birth Environment

Our sample of young stars was assembled to match the
stellar parameters of targets from J. A. Johnson et al. (2010).
This enables us to directly compare these two results in a fair
way without inadvertently being impacted by known correla-
tions in the occurrence rate of giant planets, such as with
stellar metallicity and mass (D. A. Fischer & J. Valenti 2005;
J. A. Johnson et al. 2010; L. A. Buchhave et al. 2012;
E. L. Nielsen et al. 2019).

However, one of the less explored properties of these
samples is stellar birth environment. The majority of field stars
are expected to have formed in clusters embedded in giant
molecular clouds (C. J. Lada & E. A. Lada 2003). Differences
in initial cluster properties, surrounding environment, and
evolutionary histories, such as star formation histories and
rates (e.g., M. J. Pecaut & E. E. Mamajek 2016), proximity to
other, more massive stars (J. J. Hester & S. J. Desch 2005), and
previous dynamical encounters (S. F. Portegies Zwart 2016),
will all subsequently affect the sizes and lifetimes of
protoplanetary disks (D. Lynden-Bell & J. E. Pringle 1974;
K. E. J. Haisch et al. 2001). The formation and evolution of
giant planets are expected to heavily depend on these
fundamental disk properties.
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If the birth environments of YMG stars observed in this study
are distinct from those of the field stars observed in J. A. Johnson
et al. (2010), then observed trends in the prevalence of giant
planets could reflect differences in stellar birth environment
instead of (or in addition to) time evolution. Precise measure-
ments of the giant planet frequency across many distinct well-
characterized environments (e.g., open clusters and young
associations) may enable us to identify this environmental bias.

6. Summary

We have presented the results of the EGPM planet search
program, a precise RV survey targeting intermediate-age Sun-
like stars with the NIR HPF spectrograph located on
McDonald Observatory’s HET. Below we summarize our
main conclusions:

1. We use the HPF spectrograph to obtain 2666 spectra for
104 young stars. A total of 18 systems were identified as
binaries, and one system was later determined to be older
than 200 Myr, leaving 85 for our main young planet
search program. Each target in our sample has an average
of nine epochs, 26 individual RVs, and a time baseline of

4 yr. From these RV observations, we estimate survey
completeness of 0.79, 0.63, and 0.98 for giant planets
(0.3M; < msini < 13Mjy) within 10 days, giant planets
located within 2.5 au, and BDs (13M; < msini < 80Mj)
within 5000 days, respectively.

2. We detect one young HJ candidate, HS Psc b. Taking
into account completeness corrections, we estimate an
occurrence rate of 1.9%7$% for giant planets located
interior to the water ice line of Sun-like stars. By
assuming a power-law relationship between our con-
straint at young ages and the observed frequency of giant
planets at older ages, 6.5%  0.7% (J. A. Johnson et al.
2010), we find a power-law coefficient of v = 0.2370:4¢.
This constraint favors an increasing giant planet
occurrence rate over time. Furthermore, we are able to
reject the possibility that the young frequency is 1.3 %
and 1.9x larger than the old age rate at 95% and 99%
confidence, respectively.

3. As we are sensitive to giant planets within 10 days and
more massive companions, we also measure the
prevalence of HJs and BDs at young ages. We determine
occurrence rates of 1.5% 712 and <3.6% , respectively,
which agree with values from other young star RV
surveys. Furthermore, this young HJ frequency is similar
to measurements at field ages (J. T. Wright et al. 2012;
F. Fressin et al. 2013).

4. Altogether, these results indicate that young giant planets
and BDs orbiting within several AU of their host stars
are intrinsically rare, which is broadly similar to their
older, field-age counterparts. Our measurement favors a
picture in which the close-in giant planet population is a
mixture of planets that are present early—perhaps
through in situ formation or early inward migration—
combined with planets that migrate in from beyond the
snow line over longer timescales of 10°-10° yr. Larger
samples are needed to more precisely constrain the giant
planet occurrence rate at young ages and in turn place
more stringent constraints on the timescale of giant
planet migration.
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provided by national institutions, in particular the institutions
participating in the Gaia MultiLateral Agreement (MLA). This
research has made use of the Washington Double Star Catalog
maintained at the US Naval Observatory.

This research has made use of the VizieR catalog access
tool, CDS, Strasbourg, France (DOL 10.26093/cds/vizier).
The original description of the VizieR service was published in
2000, A&AS 143, 23. This publication makes use of data
products from the Two Micron All Sky Survey, which is a
joint project of the University of Massachusetts and the
Infrared Processing and Analysis Center/California Institute
of Technology, funded by the National Aeronautics and Space
Administration and the National Science Foundation. This
publication makes use of data products from the Wide-field
Infrared Survey Explorer, which is a joint project of the
University of California, Los Angeles, and the Jet Propulsion
Laboratory /California Institute of Technology, funded by the
National Aeronautics and Space Administration.

Facility: HET (HPF).

Software: astropy (Astropy Collaboration et al. 2018),
astroquery (A. Ginsburg et al. 2019), barycorrpy
(S. Kanodia & J. Wright 2018), emcee (D. Foreman-Mackey
et al. 2013, 2019), HxRGproc (J. P. Ninan et al. 2018),
lightkurve (Lightkurve Collaboration et al. 2018),
matplotlib (J. D. Hunter 2007), MultiNest (F. Feroz
et al. 2009, 2019), numpy (S. van der Walt et al. 2011),
pandas (W. McKinney 2010), pyaneti (O. Barragan
et al. 2019; O. Barragdn et al. 2022), PyMultiNest
(J. Buchner et al. 2014), radvel (B. J. Fulton et al. 2018),

scipy (P. Virtanen et al. 2020), SpecMatch-Emp
(S. W. Yee et al. 2017), SERVAL (M. Zechmeister
et al. 2018).

Appendix A

Systems Excluded from Statistical Sample

A total of 18 binaries and 1 field-age target were removed
from the final statistical sample. We briefly discuss the
properties of these systems below and summarize them in
Table 3. Figures 7 and 8 display the HPF RV measurements of
all 19 systems excluded from our statistical analysis. Table 10
in Appendix E reports the measurements and uncertainties for
the relative HPF RVs and spectroscopic indicators for these 19
systems.
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Table 3
Properties of Excluded Systems
SpT YMG
Object Name J? Nepochb Nopec” At S/N¢ RY RV rms v sin i® SpT  References YMG References
(mag) (days) (pixelfl) (m s h (m sh (kms™H

2MASS 9.9 9 27 1413.1 66 83.8 161.5 102 1.0 K5 (1) Arg 1)

719224278

—0515536
BD +05 4576 7.9 10 30 1103.0 166 362.7 986.3 45 0.7 K7 ?2) AB Dor 2)
BD +21 418 B 8.4 7 21 723.0 150 80.3 880.5 59 0.7 K6 3) AB Dor 3)
BD +25 430 7.9 7 21 1613.8 180 182.5 431.3 34 1.1 GO “) Pic 5)
CI Melotte 9.1 8 24 1516.8 115 109.7 138.2 319 25 Gl 6) Pleiades )

22 102
HD 130322 6.7 10 33 1527.9 288 9.7 71.9 20 0.1 KO 8) Field
HD 21845 6.8 14 43 1837.2 284 21.7 95.6 9.7 0.6 K2 9) AB Dor (10)
HD 21845 B 8.4 6 18 499.8 128 138.0 424.9 23.0 1.5 K7 (11) AB Dor (10)
HD 240622 7.6 9 27 1557.8 196 142.4 3906.0 102 25 GO ) Carina-Near (12)
HD 26090 7.1 7 21 1498.9 247 16.3 88.4 105 25 GO (13) Carina-Near (12)
HD 285663 7.8 9 25 1558.9 197 20.3 275.1 30 07 K2 (@) Carina-Near (12)
RX 9.2 8 24 1507.9 94 82.6 230.8 133 23 K3 (14) 32 Ori (12)

J0520.5

+0616
V1084 Tau 9.5 7 21 1491.9 84 103.0 1145.1 307 1.9 G5 (15) Pleiades )
V1168 Tau 9.9 7 21 1459.8 71 84.0 186.6 322 19 G8 (15) Pleiades )
V1274 Tau 8.6 7 21 1440.1 118 644.5 1907.9 319 1.7 K5 @) AB Dor 5)
V1282 Tau 9.2 6 18 1527.1 106 2834 877.1 324 1.5 G7 6) Pleiades (@)
V1874 Ori 10.1 8 24 1482.1 61 522.8 4244.6 203 1.8 K7 (16) 32 Ori (12)
V366 Tau 10.6 7 21 1401.2 54 294.1 1812.6 157 1.7 K7 17) Pleiades )
V395 Peg 9.5 13 39 1506.9 90 210.4 246.1 323 1.6 G8 (18) Pisces (18)
Notes.

4 R. M. Cutri et al. (2003).

® Number of visits, which are composed of three contiguous observations, for each target. See Section 2.2 for more details.
¢ Number of individual observations, or RVs, for each target. See Section 2.2 for more details.

d Signal-to-noise ratio estimated at 1.07 pm.
¢ Projected rotational velocity measured in this work (see Section 2.3).

References. (1) L. Malo et al. (2013); (2) L. Malo et al. (2014); (3) B. Zuckerman et al. (2004); (4) V. V. Nesterov et al. (1995); (5) J. Gagné et al. (2018b); (6)
R. J. White et al. (2007); (7) J. R. Stauffer et al. (2007); (8) D. Montes et al. (2001a); (9) A. J. Cannon & E. C. Pickering (1924); (10) C. A. O. Torres et al. (2008);
(11) A. W. Mann et al. (2013); (12) J. Gagné et al. (2018c); (13) C. B. Stephenson (1986); (14) J. M. Alcala et al. (1996); (15) D. R. Soderblom et al. (1993); (16)
A. J. Shvonski et al. (2016); (17) C. F. Prosser et al. (1991); (18) A. S. Binks et al. (2018).

A.l. Stellar Binaries

Five systems were recently discovered to be long-period
spectroscopic binaries in Pleiades (Cl Melotte 22 102, V1084
Tau, V1168 Tau, V1282 Tau, V366 Tau) identified by
G. Torres et al. (2021). G. Torres et al. (2021) used nearly
40 yr of RV data to reveal a long-term trend indicating that CI
Melotte 22 102 is a binary in a hierarchical triple system with a
period longer than the baseline of their RV observations.
V1084 Tau is a double-lined spectroscopic binary on a
757-day orbit. The primary and secondary components have
RV semiamplitudes of 12.25 and 14.30 kms ™', respectively.
G. Torres et al. (2021) determined that V1168 Tau is a binary
with an orbital period that is substantially longer than the
duration of their observational baseline (40 yr). V1282 Tau
was characterized in detail by G. Torres et al. (2020) using
a combination of very long baseline interferometry and
spectroscopic observations. It has an orbital period of
18.18 0.11 yr, and the components were resolved with an
angular separation of 62.3370:43 mas. V366 Tau is a double-
lined spectroscopic binary with a 542-day orbit that is in a
hierarchical triple system.

BD +21 418 B, HD 21845 B, HD 21845, HD 240622, and
HD 285663 have nearby faint sources reported in the
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Washington Double Star catalog (B. D. Mason et al. 2001).
BD +21 418 B and its primary component (BD +21 418) are
separated by 34”8 (1760 au), but BD +21 418 B is itself a close
binary. Both HD 240622 and HD 285663 have a faint visual
companion (AV = 3.2 and 3.4 mag, respectively) listed in the
Washington Double Star catalog (B. D. Mason et al. 2001), with
angular and projected physical separations of p = 0”2 (19 au)
and p = 0”3 (15 au), respectively, which exclude them from our
statistical sample. Long-term trends, which we attribute to the
companions, are evident in the HPF RVs of both systems.
Similarly, HD 21845 B and HD 21845 form a wide binary with a
projected physical separation of 334 au (p = 9%2).
Furthermore, five systems are previously identified binaries
or later identified as nonsingle stars by Gaia. HD 26090 is a
known double-lined spectroscopic binary on a 60 yr orbit
(R. F. Griffin 2001), and V1874 Ori is a known single-line
spectroscopic binary on a 463-day orbit (G. Torres et al. 2002).
BD 405 4576 and V1274 Tau were both compatible with the
single-lined spectroscopic binary model in the Gaia DR3 non-
single-star catalog (Gaia Collaboration et al. 2023; Gaia
Collaboration 2022). They have best-fit orbital periods of 61.2
and 5.6 days, respectively. BD +25 430 is most compatible
with the variable acceleration solution, which indicates an
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Figure 7. HPF RVs of excluded binary systems (2MASS J19224278
—0515536, BD +05 4576, BD +21 418 B, BD +25 430, Cl Melotte 22
102, HD 21845, HD 21845 B, HD 240622, HD 26090, HD 285663, RX
J0520.5+0616, V1084 Tau, V1168 Tau, V1274 Tau, and V1282 Tau). Pre-
and post-maintenance HPF RVs are plotted as blue and purple points,
respectively. Post-maintenance RVs are corrected with the empirically
measured velocity offset reported in Appendix D. Long-period orbital motion
is evident for BD +21 418 B and HD 285663.
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Figure 8. HPF RVs of excluded binary (V1874 Ori, V366 Tau, and V395 Peg)
and field-age (HD 130322) systems. Long-period orbital motion is evident for
V1874 Ori.

astrometric acceleration due
companion.

Finally, we assess the Gaia renormalized unit weight error
(RUWE) and the Gaia Image Parameters Determination
fraction of multiple peaks (IPDFMP) for the 104 stars in our
sample.'® The Gaia RUWE is an astrometric goodness-of-fit
statistic, where RUWE > 1.4 is an approximate threshold that
generally signifies a poor single-star model fit (L. Lindeg-
ren 2018; V. Belokurov et al. 2020). The IPDFMP parameter is
the percentage of astrometric scans with multiple peaks
identified, indicating the possible detection of a visually
resolved double star. Known single stars with RUWE < 1.4 in
our sample exhibit IPDFMPs below 2%, with the majority
having values of 0%. Thus, stars with RUWE values

to an intermediate-period

18 RUWE and IPDFMP values are from Gaia DR3 if available. 2MASS
J19224278—0515536 and BD +21 418 B RUWE values are obtained from
Gaia DR2.
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significantly exceeding 1.4 and high IPDFMPs are likely
binaries.

We find that 19 targets have RUWE values greater than 1.4. Of
these 19 stars, 12 are among the known or newly identified
binaries detailed above. The RUWE values of the remaining 7
targets are either moderate (< 1.5; 2MASS J05200029+4-0613036,
2MASS 105234246+4-0651581, and HW Cet) or large (>2.2;
2MASS J19224278—-0515536, RX J0520.5+0616, V395 Peg,
and V700 Tau). Notably, the RUWE value for V395 Peg is 19.0.
The three stars with RUWE excess between 1.4 and 1.5 have
IPDFMPs of 0%. On the other hand, 2MASS 119224278
—0515536, RX J0520.5+0616, and V700 Tau have RUWE
excesses greater than 2.2 and IPDFMPs greater than 20%. The
combination of high IPDFMP and/or RUWE suggests that
2MASS J19224278—-0515536, RX J0520.5+0616, V395 Peg,
and V700 Tau are likely binary systems.

A.2. The Field-age System (HD 130322)

HD 130322 is a KO dwarf originally identified as a member of
the 110 15Myr Pleiades (D. Montes et al. 2001b; Gaia
Collaboration et al. 2018). It has a Gaia DR3 parallactic distance
of 31.8970:0% pc (Gaia Collaboration et al. 2023) and a stellar-
isochrone-inferred mass of 0.79 M, (S. Udry et al. 2000).

Multiple approaches have resulted in inconsistent age estimates
for HD 130322. S. Udry et al. (2000) noted a chromospheric
activity indicator value of log Rfjx = —4.39 that suggested
an age of 350 Myr based on empirical relations (R. A. Donahue
1993; R. J. Garcia Lopez et al. 2001) and kinematic properties
comparable to those of young Pleiades members. Similarly,
D. Montes et al. (2001b) classified HD 130322 as a member of
Pleiades, which is inconsistent with the distance of 31 pc. The
BANYAN ¥ young association classification tool predicts an
84% and 16% probability that HD 130322 is a member of the AB
Dor moving group and a field star, respectively (J. Gagné et al.
2018c). However, subsequent log ~ Rf;jx measurements are lower
than —4.6, supporting an age older than several Gyr for HD
130322 (—4.78, J. T. Wright et al. 2004; —4.64, J. M. Brewer
et al. 2016; —4.70, N. Meunier et al. 2017). Inferences from
lithium abundances similarly predict ages greater than several
Gyr (I. Ramirez et al. 2012; C. Aguilera-Gémez et al. 2018;
F. Llorente de Andrés et al. 2021). Finally, The Bayesian age-
dating framework BAFFLES predicts an age of 3.5Gyr
(S. A. Stanford-Moore et al. 2020). Based on these various lines
of evidence, we consider HD 130322 to be a field-age star.
Consequently, we exclude the system from our sample, as it no
longer meets our target selection criteria.

A.2.1. Radial Velocity Modeling of HD 130322 b

HD 130322 can be used as a diagnostic to test the detection
limits of our HPF RVs. HD 130322 was first reported to host a
Jupiter-mass planet on an  11-day orbit by S. Udry et al. (2000).
The properties of HD 130322 b were further refined by
N. R. Hinkel et al. (2015), who combined new observations
with previous measurements from S. Udry et al. (2000),
R. P. Butler et al. (2006), and R. A. Wittenmyer et al. (2009)
to measure a precise RV semiamplitude of 112.5 24ms ', a
minimum mass of m sini = 1.15M; £+ 0.04Mj, an orbital period
of P = 10.7087 0.0002 days, and an eccentricity of
e=0.03 002

Using 33 HPF RVs over 4.2yr, we detect a significant
periodicity at 10.71 days, coinciding with the known orbital



THE ASTRONOMICAL JOURNAL, 170:103 (32pp), 2025 August

Table 4
Parameter Priors and Posteriors from Keplerian Model Fit of HD 130322 RVs
Parameter Prior® MAP® lo
Fitted Parameters
P, (days) N(10.7087, 0.0018) 10,7085  0.0001
T, (days) N(2456745.594, 0.85) 245674549  0.05
K, (ms™h U[50.0, 200.0] 1128 13
7 sinwy U1, 1] —0.001* 8667
@ cos wy Uu-1, 1] —0.13615:98
Opre—pr (m s~ ") J(1, 100) 10.3133
Tpost—mpr (M) J(1, 100) 29733
Orres (m s~ J(1, 100) 7343
ocoraLie (ms™") J(1, 100) 9.8%1%
Oprs (ms™") J(1, 100) 677138
T27m (m s ") J(1, 100) 11.2783
Yore_pipr (km s~ U[—0.5495, 0.6370] 0.025  0.003
Yoost_npr (km s71) U[—0.5865, 0.5234] 0.029  0.003
Yees (km s~ U[—0.6278, 0.5860] —0.028  0.002
YeoraLie (km s™h) U[—0.6340, 0.6460] 0.022  0.001
Yirs (km s71) U[—0.6132, 0.6104] —0.002  0.002
Yo.7m (km s71) U[—0.5728, 0.5837] 0.02 001
Derived Parameters
my, sini€ (My) 1.16 0.03
Terip (days) 24567481198
ey 0.022  0.012
wy (deg) —36.7"1%34
Notes.

% Ula, b] refers to the uniform distribution bounded by a and b. N(a, b)
describes a Gaussian distribution with average a and standard deviation b.
Ja, b) refers to the modified Jeffreys prior as defined in Equation (6) of
P. C. Gregory (2005), P(x) = 1/(a + x) - 1/In[(a + b)/a].

MAP refers to the maximum a posteriori value.

¢ Planetary mass is derived assuming a stellar mass of My, = 0.92  0.03 M,

period of HD 130322 b. The HPF RVs have an rms of
70.8 ms !, peak-to-peak amplitude of 223.4ms ', and an
average measurement uncertainty of 9.7 ms ' (Figure 8). We
perform the first multiwavelength characterization of HD
130322 b using a combination of NIR HPF RVs and
previously reported optical RVs (S. Udry et al. 2000;
R. P. Butler et al. 2006; R. A. Wittenmyer et al. 2009;
N. R. Hinkel et al. 2015) in Appendix A.2.1.

We use the pyaneti modeling suite (O. Barragén et al. 2019;
O. Barragén et al. 2022) to perform a multiwavelength Keplerian
model fit on both new NIR HPF RVs and previously reported
optical RVs of HD 130322 for five orbital parameters: orbital
period (P}), time of inferior conjunction (7 ;), RV semiamplitude
(Kp), and parameterized forms of eccentricity and argument of
periastron (\/e;, sinwy and ./e;, cos wy). We also fit for zero-point
velocity offsets (;) and “jitter” (o;) terms for each set of RV
observations. Based on the well-characterized nature of HD
130322 b, we adopt informed priors from the inferred parameters
of N. R. Hinkel et al. (2015). We impose uniform priors on the

eccentricity ~ parameters, P(./e, sinwy) = U[—1, 1] and
P(Jep coswy) =

U[—1, 1], and RV semiamplitude, P(K,) = U[50.0, 200.0]
ms . For the orbital period and time of inferior conjunction,
we adopt Gaussian priors where the mean and standard deviation
are equal to the inferred values and uncertainties inflated by a
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Figure 9. RV curve of HD 130322 phase-folded to the best-fit orbital period.
The blue and orange points denote the pre- and post-maintenance HPF RVs,
respectively, and the best-fit Keplerian model is shown as the solid black line.
The gray points represent RV measurements from other instruments. The fit
residuals are plotted in the bottom panel.

factor of 10 from N. R. Hinkel et al. (2015), P(R,) =
N110.7087, 0.0018] days and P(Ty ;) = U[2456745.594, 0.85] days,
respectively. Parameter posterior distributions are sampled using
a Markov Chain Monte Carlo Metropolis—Hasting algorithm
(S. Sharma 2017). Each distribution comprises 50 independent
chains of 100,000 iterations with a thinning factor of 10. A
Gelman—Rubin statistic threshold of 1.02 is used to determine
convergence (A. Gelman & D. B. Rubin 1992).

Table 4 summarizes the results of the Keplerian model fit,
and Figure 9 displays the best-fit RV curve phased to the
orbital period of HD 130322 b. Our inferred planetary
properties are in excellent agreement with the values reported
by N. R. Hinkel et al. (2015). The addition of the HPF RVs
improves the time baseline of the observations to 24 yr,
enabling us to further refine the properties of HD 130322 b.

Appendix B
Long-term RV Trends

Aside from the binaries discussed in Appendix A, we identify
one long-term RV trend in the HPF RV time series of HD 24194
(Figure 23). We fit a linear model using the emcee open Python
package (D. Foreman-Mackey et al. 2013, 2019) and measure a
slope of 65.1  4.6ms 'yr' (0.178  0.013ms 'day ")
over a baseline of 1758 days. The peak-to-peak amplitude of the
HPF RVs is 365 ms . Following the framework from G. Torres
(1999) and the Monte Carlo approach from B. P. Bowler et al.
(2021), we use the RV trend and the Gaia DR3 distance
(131.3773:3¢ pe) to constrain the mass and orbital separation of a
companion that would produce a trend of this amplitude. The
observed slope is most consistent with a giant planet with a mass
between 5Mj and 15M) orbiting beyond the water ice line and
within 4 AU, a BD orbiting between 4 and 9 au, or a star
beyond 9 au. We are unable to determine the true nature of the
companion with the current RV data, but future observations will
be able to identify the true nature of this companion. Gaia DR4,
which will be sensitive to massive companions beyond several
AU (M. Perryman et al. 2014), is an especially promising
pathway.

Appendix C
Properties of Targets in the EGPM Survey

Table 5 reports properties of our sample, including
information on RV observations and physical characteristics.
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Table 5
Properties of the EGPM Sample of Young Stars
SpT YMG
Object Name J? Nepoen®  Nepec At S/N¢ RY RV rms vsini® SpT  Reference YMG Reference
(mag) (days) (pixelfl) (m sH  (m sfl) (km s7 1)
2MASS 11.7 7 21 1501.9 30 242.1 330.1 49 20 K5 (€)) Pleiades 2)
J03402958
42333040
2MASS 9.9 7 21 1818.1 75 494 60.1 51 05 G8 3) Pleiades ?2)
103433440
42345429
2MASS 9.9 7 21 1479.2 79 54.8 68.7 69 08 G8 3) Pleiades ?2)
103444398
42413523
2MASS 9.3 7 21 1586.9 93 158.0 207.3 303 49 GI ) Pleiades ?2)
103445383
42355165
2MASS 9.8 7 21 1601.8 74 47.1 51.1 27 05 G7 5) Pleiades ?2)
J03474811
+2313053
2MASS 11.0 10 30 1502.9 42 136.1 121.1 55 1.1 K4 3) Pleiades 2)
J03515733
42320219
2MASS 9.9 7 21 1516.0 73 462.8 649.2 323 1.8 K6 6) 32 Ori 5)
105234246
+0651581
ASAS J232157 9.4 11 33 1500.9 89 118.1 173.9 317 19 KO @) Pisces )
+0721.3
BD +11 1690 7.5 8 24 1505.7 218 12.7 13.3 23 09 G5 (O] AB Dor (10)
BD +17 455 7.6 7 21 1594.8 240 8.9 9.6 66 14 KO 5) Carina-Near 5)
BD +17 641 8.2 8 24 1594.6 176 17.3 14.3 11.5 4.1 GO 5) Carina-Near 5)
BD +20 1790 7.6 6 18 1852.7 225 38.3 160.0 106 1.1 K5 an AB Dor (12)
BD +21 418 7.3 7 21 1832.0 262 24.3 41.3 314 15 G5 (13) AB Dor (13)
BD +21 504 8.8 7 21 1503.9 124 101.1 96.2 320 13 GO ) Pleiades 2)
BD +22 548 9.0 7 21 1444.9 120 105.8 74.2 312 24 GO (14) Pleiades 2)
BD +23 527 9.3 7 21 1579.7 102 46.6 58.8 49 09 GO (15) Pleiades 2)
BD +25 610 9.0 7 21 1475.0 111 43.5 49.3 128 23 GO (©) Pleiades 5)
BD +26 592 9.0 8 24 1599.6 103 40.1 553 94 20 GO () Pleiades ?2)
BD +41 4749 7.6 13 39 1651.7 187 16.4 20.2 44 04 G4 (13) AB Dor (13)
BD +49 646 8.0 8 24 1754.0 168 1153 339.9 320 24 KO (16) AB Dor (10)
BD —03 5579 8.6 10 30 758.0 126 53.1 133.1 11.2 14 K4 @) Car @)
BD —05 1229 7.4 9 27 1552.7 217 10.2 8.7 1.5 06 G5 17 Pic (10)
BD —08 1195 8.5 8 24 1499.9 132 112.9 136.9 326 18 G7 (18) Columba @)
BD —08 995 8.8 9 27 1865.9 100 48.9 69.8 79 0.7 KO (19) Columba (19)
BD —09 1108 8.5 8 24 1440.1 127 65.8 117.1 316 1.6 G5 (18) Tuc-Hor 19)
Cl* Melotte 22 9.5 6 18 1082.0 94 38.9 36.7 26 06 G4 (10) Pleiades ?2)
DH 352
CI* Melotte 22 11.5 7 21 1565.9 35 292.7 250.5 119 23 KS§ (20) Pleiades 2)
DH 875
Cl Melotte 10.1 7 21 1522.0 66 75.3 81.2 55 08 KO 3) Pleiades 2)
22 2126
Cl Melotte 9.7 7 21 1494.7 92 71.6 73.3 317 1.8 G4 (5) Pleiades 2)
22 248
Cl Melotte 11.3 7 21 1468.0 35 211.4 168.6 55 08 K7 5) Pleiades 2)
22 513
Cl Melotte 10.3 7 21 1460.0 67 155.0 194.2 31.8 26 G4 21) Pleiades ?2)
22 659
EX Cet 6.2 8 24 1561.7 386 10.6 13.2 25 04 KO 22) Pic (10)
HD 147512 6.1 17 51 1380.2 454 73 8.0 27 12 G8 (23) AB Dor (10)
HD 16760B 8.4 5 15 1846.0 171 20.5 23.7 56 06 K2 (24) AB Dor 5)
HD 189285 8.3 11 33 728.0 166 29.5 49.2 315 1.8 G5 (25) AB Dor 19)
HD 20439 6.6 7 21 1512.0 341 10.2 14.0 11.7 20 GO (26) Carina-Near 5)
HD 221239 6.7 12 36 1657.7 276 8.8 9.9 25 08 K2 27) AB Dor (10)
HD 22680 8.9 8 24 1900.0 109 194.2 178.4 30.1 63 GO (28) Pleiades 2)
HD 23464 7.6 8 24 1651.7 201 17.0 21.1 69 15 GO (28) Pleiades 2)
HD 236717 7.2 19 57 1699.1 261 10.5 12.8 21 02 KO (29) AB Dor (10)
HD 23975 8.6 6 18 1477.9 121 134.2 198.7 328 07 GO 9) Pleiades 5)
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Table 5
(Continued)

SpT YMG

Object Name J? Nepochb Ngpec” At S/N¢ RY RV rms vsin i® SpT  Reference YMG Reference
(mag) (days) (pixelfl) msH @@msh (km s~ ")
HD 24194 9.0 6 18 1758.2 115 38.2 124.0 45 1.1 GO 3) Pleiades 2)
HD 24463 8.7 7 21 1746.2 126 554.4 507.2 329 1.2 GO ) Pleiades )
HD 244945 8.5 8 27 1542.0 143 224 28.3 11.9 27 GO (28) 32 Ori (10)
HD 24681 7.7 8 24 1761.3 197 55.5 2432 293 5.8 G5 25) AB Dor (10)
HD 26257 6.7 9 27 1518.7 328 15.3 12.0 141 24 QG2 (25) Carina-Near 5)
HD 282954 9.1 7 21 1540.0 107 135.3 154.4 323 14 GO 7)) Pleiades 2)
HD 282958 9.6 7 21 1448.0 87 78.9 85.3 314 1.7 G5 W) Pleiades ?2)
HD 283869 8.4 8 24 1517.1 150 15.1 222 1.6 0.6 K7 (17) Carina-Near o)
HD 285367 7.7 8 23 1498.9 213 13.7 323 73 13 KO 17) Carina-Near 5)
HD 286693 8.1 7 21 1469.2 163 20.2 15.0 31 09 K2 17) Carina-Near 5)
HD 287167 8.3 7 21 1463.2 148 11.9 18.6 105 1.1 KO a7 Pic (10)
HD 29621 7.6 10 30 1523.6 229 12.0 10.7 79 28 G5 (30) Carina-Near Q)
HD 48370 6.7 8 24 1594.7 325 16.1 41.7 15.1 3.1 KO (25) Columba 19)
HS Psc 8.4 24 72 1701.1 135 210.2 22007 284 31 K7 31 AB Dor 32)
HW Cet 8.6 9 27 1832.8 145 26.3 54.7 64 05 K2 (10) AB Dor (10)
IS Eri 7.2 7 21 1836.0 221 19.3 29.3 73 14 G8 25) AB Dor 12)
LP 745-70 8.4 14 42 757.9 114 29.9 38.1 49 09 K9 (33) AB Dor (13)
MR Tau 11.5 7 21 1491.9 32 304.7 342.1 97 13 K7 3) Pleiades ?2)
NX Agr 6.4 8 24 735.0 268 10.7 20.6 1.8 06 G5 (@) Oct-Near (34)
OT Tau 11.1 6 18 1782.1 40 183.8 204.1 37 07 K3 3) Pleiades )
PR Tau 11.7 7 18 1543.8 30 829.6 811.0 186 44 K7 35) Pleiades 2)
PW And 7.0 38 114 1679.2 271 74.5 291.2 204 32 K2 (36) AB Dor (13)
Parenago 2752 9.6 7 21 1159.8 85 41.1 43.0 27 04 G8 (37) AB Dor 19)
RX 9.3 7 22 1103.1 97 415 71.5 64 12 K4 (6) 32 Ori 5)
J0520.04+0612
StKM 1-382 9.3 8 24 1469.0 105 23.8 29.1 21 03 K4 (22) Carina-Near 5)
StKM 1-543 8.4 8 24 1524.8 137 16.4 17.8 1.8 04 K5 (22) AB Dor (10)
TYC 1090-543-1 9.5 13 39 1060.1 95 93.9 182.9 16.3 14 K4 37 AB Dor (19)
TYC 1853- 8.5 8 24 1551.8 144 13.6 14.7 1.4 03 K7 ) AB Dor (10)
1452-1

TYC 3385-23-1 8.1 7 21 1497.9 172 17.1 27.8 32 04 G8 (10) AB Dor (10)
V1169 Tau 9.5 7 20 1789.9 94 52.6 60.2 52 05 Gl 3) Pleiades 2)
V1173 Tau 114 7 21 1523.6 33 231.3 281.2 6.0 1.2 K5 (€)] Pleiades 2)
V1174 Tau 10.7 7 21 1412.9 47 164.4 205.4 72 08 G5 (38) Pleiades 2)
V1841 Ori 8.4 8 25 1900.0 139 59.1 134.7 145 12 K2 (@) Pic (10)
V370 Tau 11.0 7 21 1515.1 51 100.9 109.3 42 10 K3 3) Pleiades ?2)
V446 Tau 11.5 7 21 1799.1 32 230.9 240.0 34 14 K8 (@) Pleiades 2)
V623 Tau 11.5 7 21 1829.2 34 571.2 846.5 202 13 K5 3) Pleiades ?2)
V677 Tau 11.1 7 21 1589.7 41 512.7 750.1 288 7.8 K6 39) Pleiades ?2)
V700 Tau 10.5 7 21 1500.9 53 101.8 117.5 49 1.1 K3 3) Pleiades ?2)
V810 Tau 10.3 6 18 1151.1 59 77.9 98.7 57 07 G8 5) Pleiades ?2)
V814 Tau 10.5 6 18 1602.8 54 78.1 84.9 36 06 K3 3) Pleiades 2)
V815 Tau 10.6 7 21 1622.8 50 92.8 96.1 56 09 K4 5) Pleiades 2)
V963 Tau 9.5 8 24 1816.0 93 74.8 96.8 330 1.2 G5 o) Pleiades 2)
V966 Tau 10.0 7 21 1764.2 80 106.4 151.7 312 37 G8 (26) Pleiades 2)
Wolf 1259 8.7 7 21 1748.2 137 28.7 57.8 64 0.8 K1 (10) AB Dor (10)
Notes.

? R. M. Cutri et al. (2003).

® Number of visits, which are composed of three contiguous observations, for each target. See Section 2.2 for more details.

¢ Number of individual observations, or RVs, for each target. See Section 2.2 for more details.

d Signal-to-noise ratio estimated at 1.07 pm.

“f Projected rotational velocity measured in this work (see Section 2.3).

" The rms of RV residuals after subtracting the best-fit planetary model reported by Q. H. Tran et al. (2024).

References. (1) C. F. Prosser et al. (1991); (2) J. R. Stauffer et al. (2007); (3) D. R. Soderblom et al. (1993); (4) O. C. Wilson (1963); (5) J. Gagné et al. (2018c); (6)
A. J. Shvonski et al. (2016); (7) C. A. O. Torres et al. (2006); (8) A. S. Binks et al. (2018); (9) S. Roeser & U. Bastian (1988); (10) J. Gagné et al. (2018b); (11)
I. N. Reid et al. (2004); (12) B. Zuckerman et al. (2011); (13) B. Zuckerman et al. (2004); (14) R. P. Kraft (1967); (15) E. E. Mendoza V. (1956); (16) S. J. Hill &
J. Schilt (1952); (17) V. V. Nesterov et al. (1995); (18) J. M. Alcala et al. (1996); (19) C. A. O. Torres et al. (2008); (20) K. Findeisen & L. Hillenbrand (2010); (21)
M. Breger (1984); (22) C. B. Stephenson (1986); (23) R. J. White et al. (2007); (24) H. A. Abt (1988); (25) N. Houk & C. Swift (1999); (26) G. Cayrel de Strobel
et al. (2001); (27) R. O. Gray et al. (2003); (28) A. J. Cannon & E. C. Pickering (1924); (29) K. M. Yoss (1961); (30) T. Adolfsson (1954); (31) B. P. Bowler et al.
(2019); (32) J. E. Schlieder et al. (2010); (33) R. O. Gray et al. (2006); (34) B. Zuckerman et al. (2013); (35) G. Haro et al. (1982); (36) D. Montes et al. (2001a); (37)
P. Elliott et al. (2016); (38) B. A. Skiff (2014); (39) D. R. Soderblom et al. (2005).
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Appendix D
Instrumental Velocity Offset for HPF

Throughout the EPGM survey, we continued regular
observation of three RV standard stars, HD 221354 (F. Bouchy
et al. 2013), HD 116442 (C. Chubak et al. 2012), and HD 3765
(C. Chubak et al. 2012), to characterize instrumental stability
over time. These RV standards were originally established in
the optical as slowly rotating stars with constant RVs and,
initially, no apparent signs of long-period companions.
However, after our survey began, L. J. Rosenthal et al.
(2021) reported a giant planet candidate with an orbital period
of P = 12261)3 days, an RV semiamplitude of K = 3.91)3
ms ™', and an eccentricity of e = 0.4 around HD 3765. We
nevertheless continued to monitor this star throughout the
duration of our campaign. Tables 6 and 7 summarize the
properties and pre-maintenance and post-maintenance HPF
RV observations of each RV standard star, respectively.

Having continued monitoring these stars over the instrument
maintenance period allows us to estimate the velocity offset
between pre- and post-maintenance HPF RV measurements.
We fit a flat trend to both data sets and compare the intercepts
of each fit. The observed differences between post- and pre-
maintenance RVs (HPF,,—HPE,.) are —53.5 13 m s,
—424 40ms ', and —543 1.7ms”' for HD 221354,
HD 116442, and HD 3765, respectively. The measured offsets
are consistent within 3o. The higher offset of HD 116442 may
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be caused by the lower number of post-maintenance RVs,
higher intrinsic measurement error relative to the other two
standard stars, and difference in spectral type. The weighted
average difference for the three standards is —53.1
27ms™ .

Furthermore, we note that HD 130322 b provides an
additional opportunity to estimate the difference of the velocity
zero-points between pre- and post-maintenance HPF RVs.
From the model fit of HD 130322 b (A.2.1), we find that the
difference between velocity offsets of pre- and post-main-
tenance HPF RVs is 3.8 ms ™!, comparable to the uncertainties
of the individual offsets (3 m s_l). Furthermore, we perform a
similar Keplerian model fit without applying this HPF velocity
correction. In this uncorrected fit, the inferred velocity offsets
of the pre- and post-maintenance HPF RVs are 25.43
3ms~' and —23.9 3ms~', respectively. The difference
between these offsets is —49.3 42ms~ !, which is
consistent with the value of —53.1 2.7ms~" estimated
from three RV standard stars. All other inferred planetary and
instrumental parameters are in excellent agreement between
the corrected and uncorrected model fits.

Altogether, these tests support the adoption of the
empirically measured HPF velocity offset. Figure 10 displays
all RV measurements, including the velocity offset correction,
for the three standard stars. Table 9 in Appendix E reports
measurements for each standard star.
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Table 6
Properties of RV Standards

RV Standard Name J? SpT SpT Reference Optical RV rms Optical Nry Optical Baseline Optical Inst. Optical Reference
(mag) (ms (days)

HD 221354 53 KO R. O. Gray et al. (2003) 22 43 174 SOPHIE+ F. Bouchy et al. (2013)

2.1 406 3375 HIRES R. P. Butler et al. (2017)

HD 116442 5.6 G5 A. J. Cannon & E. C. Pickering (1924) 4.2 74 6366 HIRES R. P. Butler et al. (2017)

HD 3765 5.7 K2 P. C. Keenan & R. C. McNeil (1989) 4.8 198 6366 HIRES R. P. Butler et al. (2017)

Note.

4 R. M. Cutri et al. (2003).
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Table 7
Summary of Pre- and Post-maintenance HPF Observations for RV Standards
RV Standard Name Pre-HPF RV rms Pre-HPF Ngvy Pre-HPF Baseline Post-HPF RV rms Post-HPF Ngrv Post-HPF Baseline
(ms™) (days) (ms™ (days)

HD 221354 7.0 45 775 5.9 42 394

HD 116442 9.3 56 1134 13.5 9 60

HD 3765 6.0% 18 708 6.1% 30 428

Note.

# For HD 3765, RV mms is calculated after removing the signal of the giant planet candidate using the best-fit parameters from L. J. Rosenthal et al. (2021).

Appendix E
HPF RVs and Activity Indicator Measurements

HD 221354 HD 116442 HD 3765
S it @ " e I RO SR Table 8 reports the measurements and uncertainties of the
i teow i p !: i LR ¢ relative HPF RVs and associated spectral indicators for all
Z (1) n pi 32 i D science targets in our sample. Table 9 reports the same values for
= : an : the three RV standards (HD 116442, HD 221354, and HD 3765)

5000 9500 0000 5000 9500
BID - 2450000 (d) BID - 2450000 (d)

00 9500 T0000
BID - 2450000 (d)

observed as part of the EGPM program. All post-maintenance
Figure 10. HPF RV time series for the three standard stars, HD 221354, HD RV observations have been corrected following the procedure

116442, and HD 3765. Pre-maintenance and uncorrected post-maintenance . . .
RVs are shown as blue and gray circles, respectively. Post-maintenance RVs described in Appendix D. Table 10 reports the same measure-

corrected with the empirically measured offset, —53.1 2.7 ms™ ', are plotted ments for the 19 excluded systems (see Appendix A). See
as purple points. Section 2.2 for more details on these observations.
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Table 8
Relative HPF RVs, Activity Indicators (ALW and CRX), and Indices of the Ca II IRT Lines for the 85 Science Targets

BID1ps dLW CRX Call IRT 1 Call IRT 2 Call IRT 3 Maintenance Period” Object

(days) msh (m* 5% (ms ' Np)

2458779.9590 604.2 163.4 498.7 580.5 0.10 0.25 0.809 0.028 0.753 0.042 0.738 0.033 Pre 2MASS J03402958+-2333040
2458779.9629 56.1 140.5 —618.9 621.2 0.07 0.21 0.796 0.032 0.689 0.050 0.846 0.037 Pre 2MASS J03402958+2333040
2458779.9669 —39.8 192.6 156.8 322.6 0.27 0.28 0.799 0.057 0.750 0.073 0.520 0.067 Pre 2MASS J03402958+-2333040
2458784.9519 —79.5 99.3 —1330.8 433.6 0.09 0.14 0.773 0.040 0.582 0.061 0.671 0.050 Pre 2MASS J03402958+2333040

Notes. This table is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.

4 Denotes whether observation was obtained pre- or post-maintenance period of HPF.
b Np refers to Neper, or logarithmic (e) wavelength ratio (M. Zechmeister et al. 2018).

(This table is available in its entirety in machine-readable form in the online article.)
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Table 9
Relative HPF RVs, Activity Indicators (ALW and CRX), and Indices of the CaII IRT Lines for the Three RV Standards

BID1pg RV dLW CRX Call IRT 1 Call IRT 2 Call IRT 3 Maintenance Period” Object
(days) (ms™") (m*s™%) (ms~ ' Np~hP°

2458583.7431 1.2 9.8 61.2 15.0 —0.01 0.01 0.4988 0.0009 0.3659 0.0011 0.3573 0.0009 Pre HD 116442
2458583.7443 7.3 14.6 76.5 13.6 —0.00 0.02 0.4972 0.0007 0.3708 0.0008 0.3694 0.0007 Pre HD 116442
2458583.7454 23.1 11.8 72.4 23.7 0.02 0.01 0.4884 0.0016 0.3743 0.0020 0.3699 0.0016 Pre HD 116442
2458589.7134 -7.6 11.9 88.1 20.4 —0.00 0.01 0.4964 0.0007 0.3663 0.0008 0.3675 0.0007 Pre HD 116442

Notes. This table is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
a . . . .

Denotes whether observation was obtained pre- or post-maintenance period of HPF.
b Np refers to Neper, or logarithmic (e) wavelength ratio (M. Zechmeister et al. 2018).

(This table is available in its entirety in machine-readable form in the online article.)
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Table 10
Relative HPF RVs, Activity Indicators (ALW and CRX), and Indices of the Ca Il IRT Lines for the 19 Excluded Systems
BID1pg RV dLW CRX Call IRT 1 Call IRT 2 Call IRT 3 Maintenance Period® Object
(days) (m s7h (m2 572) (m s7! prl)b
2458711.6886 —396.9 80.1 —1277.4 378.5 —0.07 0.14 0.943 0.019 0.863 0.025 0.737 0.019 Pre 2MASS J19224278—0515536
2458711.6925 —243.9 109.7 —909.5 333.7 0.08 0.19 1.015 0.015 0.874 0.020 0.847 0.015 Pre 2MASS J19224278—-0515536
2458711.6966 —343.7 108.7 —-922.3 261.7 0.03 0.19 0.950 0.015 0.897 0.020 0.833 0.016 Pre 2MASS J19224278—0515536

Notes. This table is published in its entirety in the machine-readable format. A portion is shown here for guidance regarding its form and content.
 Denotes whether observation was obtained pre- or post-maintenance period of HPF.
b Np refers to Neper, or logarithmic (e) wavelength ratio (M. Zechmeister et al. 2018).

(This table is available in its entirety in machine-readable form in the online article.)
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Appendix F
Relationship between Activity Indicators and Physical
Parameters

Figure 11 displays the rms of measured activity indicators
(dLW, CRX, Call IRT 1, 2, and 3; for more information on
these indicators, see Section 2.2) as a function of each target’s
projected rotational velocities, spectral types, and ages.
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Figure 11. The rms of various activity indicators as a function of projected
rotational velocity, stellar spectral type, and stellar age for all stars in our
sample without stellar companions. Beginning from the top, each row displays
the dLW (orange), the CRX (yellow), and the Ca I1 IRT indices for the Ca 1l 1,
2, and 3 IRT emission lines (purple, pink, and cyan, respectively).
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Appendix G
Generalized Lomb-Scargle Periodograms of HPF RVs for
Systems with Significant Periodic RV Signals

Figure 12 shows the HPF RVs, GLS periodograms, and
window functions of the three stars that have at least one
significant periodic signal identified in Section 4.1.1 (HD
236717, HS Psc, and PW And). A description of the HPF RV
measurements is provided in Section 2.2. The methodology of
applying a GLS periodogram to each star is described in
Section 4.1.1.
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Figure 12. HPF RV measurements, GLS periodograms, and corresponding
spectral window functions for targets HD 236717, HS Psc, and PW And. The
orange dashed horizontal line represents the FAP = 0.01% threshold. The
most significant peak in the periodogram is highlighted with a blue vertical
line. The GLS periodogram is computed up to a period of 1500 days, but a
period of only 50 days is shown for each target, as all significant peaks have
periods less than 50 days.
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Appendix H
Light Curves and Inferred Stellar Rotation Periods for
Systems with Significant Periodic RV Signals

Figure 13 displays the TESS light curve, best-fit quasi-
periodic Gaussian process model, and inferred posterior
distributions of the stellar rotation period for the two stars
that have a significant peak in their GLS periodograms and
TESS light curves with persistent and strong modulations (HS
Psc and PW And). The inferred stellar rotation periods for all
objects are summarized in Table 11. The procedure for
obtaining TESS light curves, fitting Gaussian process models,
and inferring stellar rotation periods is discussed in
Section 4.1.1. Multiple TESS sectors with large observational
gaps are separated, and independent stellar rotation periods are
inferred for each isolated set of light curves. If there is only

HS Psc TESS Sector 17 Pro, 17=1.086£0.004 d

A WAMARATAAAAN .
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EHr TESS Photometry ' ' ' ' ] ' '
g 3
©
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R55 7860 2865 2870 B75 2850 1.08 TI0
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Figure 13. TESS light curves for systems that have significant peaks in their
periodograms. The best-fit Gaussian process model and 1o variance are plotted
as solid blue lines and shaded regions, respectively. The posterior distributions
and MAP values (dashed vertical line) for the quasi-periodic Gaussian process
P, hyperparameter are displayed in the right panels for targets HS Psc and
PW And.
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Table 11
Inferred Stellar Rotation Periods of Objects with Significant Periodic Signals
in HPF RV Time Series

Object Name TESS Sector Inferred P,y

(days)
HS Psc 17 1.086  0.004
57 1.086  0.003
Adopted 1.086  0.003
PW And 17 1757 0.006
57 1764  0.008
Adopted 1.760  0.003

one TESS sector or one continuous group of TESS sectors,
then the average and standard deviation of the P, posterior
distribution are adopted as the rotation period and uncertainty,
respectively. If there are multiple contiguous groups of TESS
sectors, then the stellar rotation period and uncertainty are the
weighted average and standard deviation, respectively, of each
independent P, posterior distribution for each target.

Appendix I
Correlations between HPF RVs and Spectroscopic Activity
Indicators for Systems with Significant Periodic RV
Signals

Figure 14 displays the correlations between the HPF RV
time series and various spectral indicators (dLW, CRX, and
Call emission-line indices) for the three stars that exhibit a
significant peak in the periodograms of their RVs. Each panels
corresponds to a different index. A description of each time
series is presented in Section 2.2. The best-fit slope (m),
Pearson’s correlation coefficient (r), and corresponding
p-values are labeled at the top of each panel. These metrics
are described in detail in Section 4.1.3. Objects with a
significant correlation between the HPF RVs and a spectral
indicator (p < 0.01) have the best-fit linear trend overplotted as
a black dashed line. Measurements for all time series are
reported in Table 8 in Appendix E.
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Figure 14. Correlations between HPF RVs and various activity indicators for targets HD 236717, HS Psc, and PW And. From the top left to bottom right, each panel

plots the correlations for the dLW (orange), the CRX (yellow), and the Ca 1l IRT

indices for the Call 1, 2, and 3 IRT emission lines (purple, pink, and cyan,

respectively). The best-fit slope (m), Pearson’s correlation coefficient (r), and corresponding p-value are reported at the top of each panel. Significant correlations

(p < 0.01) are denoted in panels where the best-fit linear correlation is overplotte
significant correlations with the HPF RVs, indicating that observed RV signals are

Appendix J
RV Time Series and RV Semiamplitude, Planet Minimum
Mass, and Orbital Period Completeness Functions

Figures 15-31 show the HPF RV time series for stars in our
statistical sample. The middle and right panels display the

25

d as a dashed black line. The activity indicators for HD 236717 all exhibit
stellar activity driven.

corresponding completeness functions in the P—K and m sin i—
P domains, respectively. A description of these HPF RVs is
provided in Section 2.2. The methodology for calculating these
completeness functions is described in Section 4.5. For all
measurements, see Table 8 in Appendix E.



THE ASTRONOMICAL JOURNAL, 170:103 (32pp), 2025 August Tran et al.

2MASS J03402958+2333040

soof® = L
= 3 = o} ] 1
1) 3 $ . 2 L
& s 8 o . = wf ]
z e . Z
g 10 E k|
8750 9000 9250 9500 9750 10000 10250 1(‘)‘ Il‘)Z It"l‘ 10 107 10° 8750 9000 9250 9500 9750 10000 10250 |6' ](‘)1 H‘)\ l(‘)‘ 107 107
BID - 2450000 P(d) P(d) BID - 2450000 P(d) P(d)
OMASS J03433440+2345429 BD+20 1790 ,
e . T : : : : . . . ; ; . . : . :
10°F 12 [ ] 10°F 1=
~ "F 7 W ~ 0 s ol
< i ol : g 10'F 7 { ) s 10!
£ ofe ° 1 = g L} £ g
Ng (] LK) = 100 E s Y ° «]1 £ 10 P
~ _jo0f ¢ . p % & . 11 o] <l 1%
L L L L L L L L L L L s 0'g L L L 3 - ® L L L s 0 L AL L 3
8500 8750 9000 9250 9500 9750 10000 10250 10" 107 10° 10" 10° 10° 9000 9500 10000 10" 10% 10° 10! 10° 10°
BID - 2450000 P P BID - 2450000 P P
2MASS J03444398+2413523 BD+21418
. T . . T : T " " " " : : : : . . . . . .
200+ o] 10°F 1 "? 100f 1
= . el = 10'F = L B
2 ! T e = L osoke e °]
£ 07: E .' e 210 E WUM‘/\]\/\)MW H 50 : )t
> H LI vt £ 0°p 1 ofe 8 E b 1
= b ok 1% z °s
~200 4 5 ) 4 -0 ! E L 4
750 9000 9250 9500 9750 10000 1025 u‘v |;)Z u‘)‘ 1(‘)‘ ulF It"ﬂ‘ xs‘oo 9&00 95‘00 Iot‘mo |6‘ 1(‘)1 16‘ \5‘ ,61 |6‘
BID - 2450000 P P& BID - 2450000 P P
2MASS J03445383+2355165 BD+21 504
oF 1- e i : —1_ : T :
~ s00F 1 41 ~ § L ~ 200F [] : 1 " _% |
L 7 s P .« *19 s "F
£ 1] 10 g z - 102 =
s ofe 13 £ £ 10 1 s ors e ° " £ = 10 p
& b ’ o] ol 1z 4 ! I ok 1%
? =k ] 0o ] £
OE ] " " . o . . - e T . . , L A " .3
8750 9000 9250 9500 9750 10000 10250 10" 107 10° 10" 10° 10° R300 8750 0000 0250 0300 9750 101 Tor 07 07 o7 107 107
BID - 2450000 P(d) P(d) BID - 2450000 P(d P (d)
2MASS J0347481142313053 BD+22 548
200FT T T T T T ™ T v T ! T T T T T T T T T T T T T T T T
= . 0 1s : 200 1
T, 100k . E s 0 E T )t LS
g ® = H » D)
> off ! I G £ 10"WW S CE B f .
& . ° % = o .
° £ .
~loop L L L L L L . L L L 10'g L L L 3 —200F ] L L L L " L
R750 90009250~ 9500 9750" 10000 10230 [T [T §800" 0005200~ 300" 98009800 10000" 10200 U TR T T
BID - 2450000 P () P(d) BID - 2450000 P(d P
Figure 15. HPF time series and corresponding completeness functions for Figure 17. HPF time series and corresponding completeness functions for
targets 2MASS J03402958+-2333040, 2MASS J03433440+-2345429, 2MASS targets BD +17 641, BD +20 1790, BD +21 418, BD +21 504, and BD
J03444398+-2413523, 2MASS J03445383+2355165, and 2MASS J03474811 422 548.
+2313053.
2MASS J03515733+2320219 | BD+23 527
10 iz . 10° 1=
~ e 3 5 ~ 100F o] _ = ol
Pl SR 4 T = ] PR TR TS ="
£ . --‘ ¢ 2z 1= £ ofe . ° ] L% =z
g ] . o] = £ 10 4 > . o4 = wf ]
& 2s0f H 1 %o} 1% ool o E a8 1%
g ¢ 5l ]
~500f L L L L L L d L n L 107, L L L , L L L L L L L L L L " L
8750 9000 9250 9500 9750 10000 10250 10" 107 10° 10 107 10° 509000 9250 9500 9750 10000 10250 10" 10° 10° 10" 107 10°
BID - 2450000 P P BID - 2450000 P P&
2MASS J05234246+0651581 BD+25 610
2000k E 10k ~ 10°f 12
= tooof* [ E H = 100f ° ? 1~ E_E" 10'F 4
2 ° . s 10f =) g ° . s Lok i<
S ¢ L 8] E = s H ¢ E = b ]
£ ' iz = S o ] o 13 £
2 000k o] 10 4% & o ® L4 . 1wk 17
L] g . g L ]
. | 1 , . | | . . . L " T S00E e ] . . . 1o . " .
- 8500 8750 9000 9250 9500 9750 100 10" 10° 10° 10 10° 10° 9000 9250 9500 9750 10000 10250 10" 10° 10° 10 10° 10°
BID - 2450000 P(d) P BID - 2450000 P(d) P(d)
ASAS J232157+0721.3 " BD+26 592 "
00 10°F 412 2000 1 10°F 1z
soob E £
o ' [] = = 10'F = . = = 10'F 1
> pe N = 10 E e L] £ £ 10
e -500p 1 %ol 4% N ] <ok %
— 100 L L L L L L L L L s 07 L i L 3 I L L n L L " ] L L L 5 107! L A
8750 9000 9250 9500 9750 10000 10" 107 10° 10" 10° 10° 8750 9000 9250 9500 9750 10000 |0-§-5‘5- 10" 107 10° 10' 10° 10°
BID - 2450000 P(d) P BID - 2450000 P(d) P(d
BD+11 1690 BD+41 4749 |
10°F E k) S0F . 10°F 132
{:50’ s . o] ) EE 10'f 4 —: o2 .: °1 = W § 10'f E
E [ L] 42T 1= g 'Y I 8] 2w i<
> . L X 1 £ 10p > . * < g 10p 3
& of . 1 ~wf 1% ] 10'E 1%
g 107! + g 107! 1
85‘00 37‘50 90‘00 92‘50 95‘00 97‘50 106 16' 1‘0: 1‘0‘ Ia‘ Ii‘Jl Il.ll’ 8750 9000 9250 9500 9750 10000 10250 I\‘)‘ 107 107 10! 10 10°
BID - 2450000 Pd) P(d) BID - 2450000 Pd) P(d)
BD+17 455 BD+49 646 N
) s w0k iz . s, s 'l ,} ‘
D o3 ' T s 0 1 % s . = < b f
a 3 10 i< 102k <
E ofe £ = E of b =
> o b4 $1 S = 100 > o] & = wf ]
= 1 L ' L L L Sk L " P
TSSO S ST STSe o000 0530 o " TS " T g 83500 8750 9000 9250 9500 9750 10000 10250 Tor 107 107 Tor 0010
BID - 2450000 P P BID - 2450000 P P
Figure 16. HPF time series and corresponding completeness functions for Figure 18. HPF time series and corresponding completeness functions for
targets 2MASS J03515733+2320219, 2MASS J05234246+0651581, ASAS targets BD +23 527, BD +25 610, BD +26 592, BD +41 4749, and BD
J23215740721.3, BD +11 1690, and BD +17 455. +49 646.

26



THE ASTRONOMICAL JOURNAL, 170:103 (32pp), 2025 August Tran et al.

BD-03 5579 CI Melotte 22 659

; 10°F 2 S00F ® 2
= (X ) ~ 2 o = ol 4
A M ol T b 1= L 250F ° =
£ o o 2] £" z E g0 s [ <
s R 3 . £ 10 E
z ® ¥ <o} 1z & 250) T &
-250fF ]
40 , , | . " . Sk . . .3 ! , . . , , . . . Fof . " .
8800 9000 9200 9400 10" 10° 10° 10" 10° 10° 9000 9250 9500 9750 10000 10250 10! 10 10° 10" 102 100
BID - 2450000 P(d) P(d) BID - 2450000 P(d) P(d)
BD-05 1229 EX Cet
1wk {1~ 100 ] 10 1~
5 - 5
= ol ] B . 2 o ]
g 12 bl =
£ wf p i o e . ] E 1
1 En of-*
‘ ; 0p a3 VUV VU TOONT T R AR
8750 9000 9250 9500 9750 10000 10250 10" 10° 10° 10" 10° 10° 8750 9000 9250 9500 9750 10000 10250 107 10? 107 10" 102 10°
BID - 2450000 P(d) P(d) BID - 2450000 P (d) P(d
BD-08 1195 ) HD 147512
400F 4 10°F 412 10°F 42
~ . : — 5 il 1 ~ 20F s ? 1 -~ g wk ]
' 200p R 12 B o ’ ook 1=
: 0 : i i g =Rt s ?! & o] E = 0
> O . E £ P > = ok A
z ¢ 3 M ok 1% Z . o <ok 1%
—200F E L § ] —20r * 5l
. A
00052503300 S50 TR000—T0350 o T o e 9000 9200 9400 9600 9800 10000 10200 10400 Tor [T 100 10010
BID - 2450000 P(d) P BID - 2450000 P(d) P(d)
BD-08 995 N HD 16760B .
00FT T T T T T T T T T 100FT T T T 3 T T T T T T
10°F 1= 10°F 2
s . 5
= 100f °q ~ = 0k = =~ = 10 E
A % L& A = L osof g0 1% 0 =
E o L] !; *q £ iz s ] £ b ] o] E ] \E/ 100
> = = 1
& ok 1% Z o~} 1%
—loop . 1 H H
107'F E 107'E
. " . . . . " . . . . .
8500 9000 9500 10000 10" 10 10° 10! 10° 10° 8500 9000 9500 10000 10" 10° 10° 10" 10 10°
BID - 2450000 P P BID - 2450000 P (d) Pd)
BD-09 1108
ol 1 o™ T " T 7 _ T T T
T o - E ~ e s E
L ! b ol T s °F i i, . t s 1
B of § 4 [ 1 zw 1< £ of¥ o N p <
> H ol S £ 10 E > . £ 10 P
= a00f g 0 1% & [ 38 3 7
¢+ Sl 4 —100p ? 1 TS 4
] . " . . . . . . . . " .
9000 92007 9400 9600 9800 10000 10200 10400 107 10° 10° 10" 10° 10° 9000 9200 9400 9600 10" 10° 107 10" 10° 10
BID - 2450000 P(d) P BID - 2450000 P(d) P(d)
Figure 19. HPF time series and corresponding completeness functions for Figure 21. HPF time series and corresponding completeness functions for

targets BD —03 5579, BD —05 1229, BD —08 1195, BD —08 995, and BD targets Cl Melotte 22 659, EX Cet, HD 147512, HD 16760B, and HD 189285.
—09 1108.

Cl* Melotte 22 DH 352

' ' ' ' ' ' ok 1~ ' ' ' HD 20439 }
~ 10of L4 ] g o o T T T T T T ) T T T T T T
. =~ = 0'f L p L 1~
2 e o® o] 2wt 2 = ] " e
E oft e 1 E =T L, 20f i1 = 3 1
Ny H [ £ 10°F E . oo Y 102k 4<
= ok 1% £ ] b 8 = 0
of i: L ]
—~100f E g 4 Z 1 X0 g
| | . . | . . " . . . . 10'F is
9200 9400 9600 9800 10000 10200 107 107 107 10" 10° 10° -20F e 1 = 00 1
BID - 24: T S ST I I " " " . " .
] 50000 P@ P 8750 9000 9250 9500 9750 10000 1025 107 10010 107 107 107
CI* Melotte 22 DH 875 N BID - 2450000 P (d) P(d)
wh 1~ HD 221239
b . ] B oy : . . ! . . .
= soof ~ = w0f E 109 =
A . PRt 12 ~ p® H 3
& “’, *y € = = a0f 1~ = ol 1
g * = = 10 9 e T 10 2
> el = g . : o] vk i<
Z b 1 =<l 1z o—" ] o] £ = ob
= b ] . o < 7
. " . . . . 20k 1 &
8750 9000 9250 9500 9750 10000 10250 10" 10 10° 10" 10° 10° - * g 101
BID - 2450000 P () P(d) P Y SPUPUAY SPUPNY SUPPU WU ST S L L L E. L " P
750 9000 9250 9500 9750 10000 10230 Tor 10010 107 07 10
CI Melotte 22 2126 | BID - 2450000 P (d) P
10°F {12 HD 22680
~ 200 . 1 & T T T T T T T T T T
T e 'y o] & s 0 300 0k 1=
o 13 O ) Bl
2 10°F 1z = ~ = ol
H : ! i WW_E o ] - L% s £
2 : ol <ol 1z R 84 2 0f 42
. & s s & = 100 ]
200 1 = b ] 2 b4 < Z
, , , . , | " . . . E 1%
0000 92509300970 To000— 1025 10" 10° 10° 10" 10° 107 H 10!
BID - 2450000 P(d) P . . . A " .
107 010 107 07 10
P(d) P(d)
~ HD 23464
. 200F . R g T T T T T T T T T T T T
n . : = 100F ] 10°f iz
g o .4 Z o ofe =~ = g p
z S Ly £ £ sf ¢ ' 102 12
~ % E e E =
. 5 z M { (1] % 2w 1
~200k , , . , , . . " . L ] 10'F E
750 9000 9250 9300 9750 10000 10250 o7 0710 re * * g ot
BID - 2450000 P . A s " . ! . . 3
8750 9000 9250 9500 9750 10000 10250 10" 10° 10° 10" 10 10°
CI Melotte 22 513 BID - 2450000 P(d) P(d)
00T T T T T T T T T T T T T
2 HD 236717
~ s ER | 4 T T T T T T T T T T T T T
o oF ] = 40f o 1 10°g iz
£ $ L ] e ~ ~ R
= ) = 0 E s 20f 3 ? ..— T s F i
L 2 £ [ 4 [] 29 EDs
& _s500 2 £ H | ¢l = =
£ of8 o [ 4 £ = 00k
- ] R [ S z e ? . LS 2
500 8750 9000 9250 9500 9750 10000 10" 0710 107 00 10 “oF ! ] MWMW\’V £
BID - 2450000 P P \ , \ , | , | ! . . 10 . " e
§300 8750 9000 9350 9500 9750 10000 107 107100 107 107 100
BID - 2450000 P(d) P(d)

Figure 20. HPF time series and corresponding completeness functions for
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Figure 23. HPF time series and corresponding completeness functions for Figure 25. HPF time series and corresponding completeness functions for
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Figure 24. HPF time series and corresponding completeness functions for Figure 26. HPF time series and corresponding completeness functions for

targets HD 26257, HD 282954, HD 282958, HD 283869, and HD 285367. targets HW Cet, IS Eri, LP 745-70, MR Tau, and NX Aqr.
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Figure 27. HPF time series and corresponding completeness functions for Figure 29. HPF time series and corresponding completeness functions for

targets OT Tau, PR Tau, PW And, Parenago 2752, and RX J0520.0+0612. targets V1169 Tau, V1173 Tau, V1174 Tau, V1841 Ori, and V370 Tau.
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Figure 28. HPF time series and corresponding completeness functions for
targets StKM 1-382, StKM 1-543, TYC 1090-543-1, TYC 1853-1452-1, and Figure 30. HPF time series and corresponding completeness functions for
TYC 3385-23-1. targets V446 Tau, V623 Tau, V677 Tau, V700 Tau, and V810 Tau.
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Figure 31. HPF time series and corresponding completeness functions for
targets V814 Tau, V815 Tau, V963 Tau, V966 Tau, and Wolf 1259.
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