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Abstract

Detecting small planets via the radial velocity (RV) method remains challenged by signals induced by stellar
variability, versus the effects of the planet(s). Here, we explore using Gaussian process (GP) regression with
Transiting Exoplanet Survey Satellite (TESS) photometry in modeling RVs to help to mitigate stellar jitter from
oscillations and granulation for exoplanet detection. We applied GP regression to simultaneous TESS photometric
and RV data of HD 5562, a G-type subgiant (M, = 1.09M, R, = 1.88R) with a V magnitude of 7.17, using
photometry to inform the priors for RV fitting. The RV data is obtained by the Magellan Planet Finder
Spectrograph The photometry-informed GP regression reduced the RV scatter of HD 5562 from 2.03 to
0.51 ms™ . We performed injection and recovery tests to evaluate the potential of GPs for discovering small
exoplanets around evolved stars, which demonstrate that the GP provides comparable noise reduction to the
binning method. We also found that the necessity of photometric data depends on the quality of the RV dataset.
For long baseline and high-cadence RV observations, GP regression can effectively mitigate stellar jitter without
photometric data. However, for intermittent RV observations, incorporating photometric data improves GP fitting
and enhances detection capabilities.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Asteroseismology (73); Stellar oscillations
(1617); Radial velocity (1332)

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

1. Introduction discrimination of the subtle gravitational perturbations exerted
by orbiting planets on their host stars (e.g., S. Hojjatpanah
et al. 2019; J. M. Brewer et al. 2020; A. F. Gupta et al. 2021).
With the RV technique being continually refined, enabling us
to identify smaller and more distant planets, it brings us closer
to the discovery of potentially habitable worlds (e.g.,
* This paper includes data gathered with the 6.5 m Magellan Telescopes R. D. Hall et al. 2018; P. D. Newman et al. 2023). Ongoing
IZ?C;;TS‘X I};as Campanas Observatory, Chile. efforts with extreme precision radial velocity (EPRV) instru-
ostdoctoral Fellow. ments, for example, Keck Planet Finder (S. R. Gibson et al.
Original content from this work may be used under the terms 2016), EXPRES (C. Jurgenson et al. 2016), WIYN NEID
of the Creative Commons Attribution 4.0 licence. Any further (C. Schwab et al. 2016), E_SPRESSO (F. Pepe et al. 2021), and
distribution of this work must maintain attribution to the author(s) and the title so on, are currently targeting nearby stars to search for small
of the work, journal citation and DOL planets or those within the habitable zone.

In the past decade, precise radial velocity (RV) measure-
ments have played a crucial role in detecting small exoplanets
(non-gas giant, smaller than Neptune), enabling the
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The bottleneck in the detection of Earth analogs through
precise RV measurements is stellar jitter, an intrinsic stellar
variability that can obscure the subtle signatures of Earth-mass
planets (e.g., J. Crass et al. 2021; National Academies of
Sciences, Engineering, and Medicine 2021). Stellar jitter arises
from both convective processes and magnetic activity within a
star, leading to stochastic RV shifts. These features can change
the depths and shapes of the stellar spectral lines, creating
extra RV variations intrinsic to the stars.

Magnetic jitter, being the most prominent bottleneck for
detecting Earth analogs (e.g., J. K. Luhn et al. 2023;
A. F. Gupta & M. Bedell 2024), has been extensively studied
in the literature. Magnetic jitter manifests in multiple ways,
typically on timescales of the stellar rotation, such as stellar
inhomogeneities, including spots and faculae (e.g., see the
review by S. V. Berdyugina 2005), as well as changes in the
convective blueshift due to the inhibition of convection in
magnetically active regions (e.g., A. F. Lanza et al. 2010;
N. Meunier et al. 2010; X. Dumusque et al. 2014; F. F. Bauer
et al. 2018). The complexity of the magnetic activity and how
they interact with the star’s convective motions make this type
of jitter hard to model and remove from RV data, so multiple
lines of works have been developed to target the magnetic
jitter, for example with the help of spectral magnetic activity
indicators such as Ca HK indices (e.g., V. Rajpaul et al. 2015;
M. R. Diaz et al. 2018; B. Ma et al. 2018; A. Burrows
et al. 2024).

The convective processes, on the other hand, are caused by
the stochastic excitation within the star related to the stellar
convection, including stellar oscillation and granulation.
Oscillation refers to quasiperiodic pulsations of stars, which
are sound waves propagating through the star (e.g.,
C. Aerts 2015). Granulation jitter is caused by the motions
of the stars’ convective cells, the granules, whicoh are large-
scale, stochastic patterns of plasma movement (A. Nordlund
et al. 2009). Such phenomena are most extensively studied in
cool stars, especially in Sun-like stars. From an asteroseismic
perspective, cool stars exhibit solar-like p-mode oscillations
that are stochastically excited by their outer convection zones,
whereas hot stars lack such signals because their convective
layers lie beneath the radiative envelope. From the exoplanet
perspective, the detection of planetary companions is also
more favorable around cool stars, due to relatively lower
stellar masses yielding larger RV amplitudes. The typical RV
amplitude of asteroseismic stellar jitter is on the order of
meters per second for Sun-like stars, which can be significant
when compared to the RV signals produced by Earth-like
planets around 10 cm s~ ' (e.g., D. Queloz et al. 2001;
N. C. Santos et al. 2002; X. Dumusque et al. 2011b).
Granulation is particularly challenging to mitigate (e.g.,
J. K. Luhn et al. 2023; A. F. Gupta & M. Bedell 2024), as it
exhibits a more irregular pattern compared to the quasiperiodic
stellar oscillations.

One approach to mitigate asteroseismic stellar jitter is
through averaging (X. Dumusque et al. 2011a), especially
efficient for stellar oscillations. Since oscillations usually
occur over minutes to hours, whereas planetary signals have
much longer periods (typically days), we can average the RVs
within time bins of minutes to hours to smooth out the shorter-
period oscillations. As noted by W. J. Chaplin et al. (2019), the
optimal binning timescale should match the period of the
stellar oscillation for maximum effectiveness, supported by
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analyzing the 8 hr RV data from UVES (H. Dekker et al. 2000)
observations on o Cen A (R. P. Butler et al. 2004). However,
averaging means a loss of information, while the character-
istics of oscillation and granulation signals carry additional
information about the star itself.

Alternatively, contemporaneous photometry has been
known to be helpful. It has been widely used in the analysis
of magnetic stellar jitter in RV studies (e.g., S. Aigrain et al.
2012; M. Oshagh et al. 2017; C. Li & G. Basri 2024).
However, the application of photometry on RV time series to
analyze asteroseismic signals is not as well established
(H. Kjeldsen et al. 2025). Both asteroseismic and magnetic
activity signals result in photometric and spectral variations
due to changes in the star’s photospheric temperature and bulk
motions. Theoretically, photometry could assist in RV analysis
by identifying and characterizing these variations.

Now that the Kepler (W. J. Borucki et al. 2010) and
Transiting Exoplanet Survey Satellite (TESS; G. R. Ricker
et al. 2014) missions have provided more photometric
measurements on numerous stars, using a photometry-trained
Gaussian process (GP) to describe the stellar activity
has been increasingly adopted in different scenarios (e.g.,
S. K. Grunblatt et al. 2015; F. Pereira et al. 2019; J. Robnik &
U. Seljak 2020; C. Beard et al. 2024). GP regression has
proven to be a powerful tool in modeling time series, with
advantages over frequency-domain analyses when dealing
with irregularly sampled data (N. K. O’Sullivan & S. Aigrain
2024). It already has numerous applications in asteroseismol-
ogy (e.g., B. J. Brewer & D. Stello 2009; S. K. Grunblatt et al.
2016; D. Hey et al. 2024). Recently, EPRV instruments have
reached the precision and cadence to sample even the p-mode
oscillations of K dwarfs (e.g., T. L. Campante et al. 2024;
M. Hon et al. 2024; Y. Li et al. 2025), making time-series
analyses of asteroseismic signals of small dwarf stars possible,
motivating future work in the time domain. In this work, we
explore the effectiveness of GP in modeling the asteroseismic
signals in precise RVs, especially evaluating the use of
contemporaneous photometry from TESS.

In this paper, we present modeling of the simultaneous
photometric and RV data of the G-type subgiant HD 5562,
with a GP to measure its oscillation and granulation
parameters. We validated the modeling method using
injection-recovery tests and compared the efficiency of jitter
reduction with our method to the averaging method. This work
is part of the RV x TESS program.?* The paper is organized as
follows: We first describe our observational data in Section 2.
We then include the stellar characterization results in
Section 3. Section 4 presents the GP modeling on the observed
data. In Section 5, we discuss our results and present a suite of
planet injection-recovery tests and a comparison between GP
modeling and the binning method in reducing stellar jitter.

2. Observations
2.1. TESS Photometry

Our full asteroseismic analysis uses all available TESS data
(see Section 3.3). And our analysis of the contemporaneous
RVs incorporates the 2 minute cadence data from Sectors 1
and 2, which overlapped with the RV observations
(Section 2.2.1). During Sector 1, reaction wheel speeds were
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Figure 1. Normalized TESS 2 minute cadence PDCSAP light curve for HD
5562 from Sectors 1 and 2. The large scatter during Sector 1 near 1350 days
originates from a misconfigured fine-pointing calibration. Note that the BJD
time has an offset of 2457000 days. See Section 2.1 for more details.

reset to low values every 2.5days to improve pointing
precision, and this "momentum dump" lasted about 5 minutes
each. These maneuvers temporarily disrupt fine-pointing
mode, resulting in degraded pointing stability, which recovers
to nominal levels after approximately 10 minutes. Thus, the
enhanced scatter observed near JD-1350 of Sector 1 results
from a misconfigured fine-pointing calibration, according to
the TESS Data Release Note.”> For the two 2 minute cadence
sectors, we derived the Presearch Data Conditioning Simple
Aperture Photometry (PDCSAP) light curves (J. C. Smith
et al. 2012; M. C. Stumpe et al. 2012, 2014) using 1ight-
kurve package (Lightkurve Collaboration et al. 2018). We
note that signals with periods at 1 day and 13.7 days due to the
orbital period of Earth and TESS are not significant (illustrated
as the gray vertical lines in the frequency domain, in Figure 7).
We normalized the TESS light curves after subtracting an
offset in absolute flux between Sectors 1 and 2, and the result
is illustrated in Figure 1.

2.2. Precise RVs
2.2.1. Planet Finder Spectrograph

We obtained 188 RV data points of HD 5562 from the high-
resolution spectroscopic observations using the Carnegie
Planet Finder Spectrograph (PFS) on the 6.5 m Magellan II
Clay Telescope located at Las Campanas Observatory in Chile
(PFS; J. D. Crane et al. 2006, 2008, 2010). PFS is a high-
resolution iodine-free template optical échelle spectrograph,
spanning a wavelength range of 391-734 nm with a resolving
power of R~ 130,000, achieved through a slit with a
dimension of 0/3 x 2'5. The point-spread function (PSF)
and wavelength calibration of the spectrograph are determined
from the absorption lines imprinted by an iodine cell spanning
5000-6200 A (J. A. Valenti et al. 1995; R. P. Butler et al.
1996). This procedure enables precise Doppler velocity
estimates for each observation epoch, with an error budget
that includes photon-counting noise, PSF residuals, and
mismatch to the iodine-free template. Typically, PFS attains
an RV precision of 0.5-1.0ms~"' on nearby, bright, and
photospherically quiet stars, within a distance of ~100 pc, V

2 hitps:/ /archive.stsci.edu/missions /tess/doc /tess_drn /tess_sector_01_
drn01_v02.pdf
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mag around 8 to 10, and log Rjjx of about —5 (P. Arriagada
2011). The process of spectral data reduction and RV
extraction was conducted through a customized pipeline
(R. P. Butler et al. 1996). Our RV observations spanned 8
nights in 2018, comprising two distinct sections separated by a
23 day gap due to the scheduling of PFS runs on Magellan. We
took 59 RV data points from UT 2018 August 2 to UT 2018
August 4 and 127 RV data points from UT 2018 August 24 to
UT 2018 August 28. For the first and last nights, the
observations cover an ~6 hr window continuously, and for
all other nights, the typical coverage is between 1300 and
1700 s. The typical exposure time for each RV point is
160420 s. The median RV uncertainty is 0.7 m s ', as
derived from the data processing pipeline, and does not
account for the additional uncertainties introduced by stellar
jitter. Two additional data points were taken in 2021
September in order to better constrain the orbit of the stellar
companion, which is described in Section 3.4.

2.2.2. Anglo-Australian Telescope

HD 5562 was also observed several times from 2002 June to
2014 October by the UCLES échelle spectrograph (F. Diego
et al. 1990) on the Anglo-Australian Telescope (AAT). These
observations provided seven RV data points for HD 5562, with
a span of 4487 days (12 yr), and we used them to examine the
long-term trend seen in the PFS RV data caused by a stellar
companion (see Section 3.4). We reduced the AAT data using a
customized pipeline by R. P. Butler et al. (1996), similar to the
one used for PFS data, ensuring consistency in the data
processing approach across different telescopes and instruments.
The mean RV uncertainty for the AAT data is 2.08 m s~

3. Stellar Characterization

We combined spectroscopic analysis, spectral energy
distribution (SED) fitting, isochrone fitting, and asteroseismic
analyses to derive the stellar parameters for HD 5562, which
are listed in Table 1. For T and [Fe/H], we adopt the results
from the specmatch spectral analysis. For the extinction Ay,
and the luminosity, we adopted the results from SED fitting.
For the mass, radius, log g, age, vna., and 6v, we adopted the
results from asteroseismic analysis.

3.1. Spectroscopic Parameters

The spectrum we used to characterize HD 5562 comes from
the Deconvolved Stellar Spectral Template (DSST), a product
of the Magellan/PFS RV pipeline. The DSST was generated
using a high-signal-to-noise ratio (SNR) spectrum stacked
from a few spectral observations taken without the iodine cell.
The stacked spectrum was deconvolved using the estimated
instrumental PSF of PFS based on iodine observations taken
through calibration stars (fast-rotating hot stars, typical of
spectral type O/B/A). In this procedure, the spectrum was
divided into 1280 segments. Each segment has its own
wavelength solution and best-fit PSF and was deconvolved
independently. To create a contiguous spectrum for each
spectral order, we stitched together the individual DSST
segments, taking into account the overlaps between adjacent
segments. We only used orders 25-59 among the 73 orders in
our analyses, since an iodine absorption cell was used to
provide wavelength solutions for these orders.
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Table 1

Basic Information on HD 5562
Parameter Value Description
TIC ID! 234516451 TESS Input Catalog
R.A. (J2000) 00:56:21.99 R.A.
Decl. (J2000) —63:57:27.84 Decl.
Jio (mas yr')? 307.408 £+ 0.080 R.A. proper motion
s (mas yr—)? 141.567 £ 0.078 Decl. proper motion
@ (mas)’ 20.96 + 0.067 Parallax distance
d (pc)2 47.20 + 0.05 Stellar distance
RV (kms ™'y’ ~74.00 + 0.44 RV
T 6.451 £ 0.0061 T-band magnitude
V! 7.17 £0.03 V-band magnitude
Spectral type® GoIv Spectroscopy type from SED fitting
Parameter Description Spectroscopy SED Asteroseismology
M, (M) Stellar mass 1.080 4 0.080 1.141 13037 1.089 = 0.067
R, (R.) Stellar radius 2.045 + 0.421 1.963 3948 1.881 =& 0.043
Age (Gyr)® Stellar age 9.92 +0.17 7.89 *02q 8.40 + 0.58
A} Extinction 0.033+0:02¢
L.(Ly)? Luminosity 2.92 + 0.22 2.76 £+ 0.09
To(K)? Effective temperature 5319 + 110 537783 5443 + 57
[Fe/H](dex)’ Stellar metalicity 0.25 & 0.06 0.227914
log g° Surface gravity 3.94 £0.16 3.94 £0.24 3.92 + 0.01
Vnax (LHZ)3 Frequency of max oscillation power 972.37 £ 70.22
Al/(u,Hz)3 Frequency separation 54.84 + 1.16

References. (1) N. M. Guerrero et al. (2021); (2) Gaia Collaboration et al. (2021); (3) This work. The final adopted stellar parameters are indicated in bold.

The DSST segments were normalized individually in the
PFS pipeline, so we had to refine the normalization for the
stitched spectra. We employed the Alpha-shape Fitting to
Spectrum algorithm from X. Xu et al. (2019) for normal-
ization. This algorithm uses an alpha shape akin to a convex
hull to estimate the high-level shape of the blaze function to
perform the normalization.

We then passed the normalized spectrum to SpecMatch-
Emp (S. W. Yee et al. 2017), which compares the input
spectrum with a library of high-resolution (R ~ 55,000) and
high SNR (SNR > 100) Keck/HIRES spectra taken by the
California Planet Search. Briefly, it first shifts and matches the
input spectrum to the rest frame of the library, and then it
compares the input to the Keck/HIRES libraries to select five
closest matches according to x statistics. For each order of the
input spectrum, SpecMatch-Emp uses a linear combination
of parameters from the five best-matched spectra to generate
estimates for [Fe/H] and Ty We calculated the average
parameters from the 25 spectral orders and used these average
values as our final spectroscopic parameters for the SED,
isochrone, and asteroseismic analyses described in the
following sections. To summarize, HD 5562 has an effective
temperature of 5319 £ 110K, a radius of 1.88 £ 0.04 R.,, and
a metallicity of 0.25 +0.06. We take the larger value of the
error reported package and the scatter as the error. We use
log g, [Fe/H], and T as priors for the SED and isochrone
fittings using astroARIADNE in the next subsection.

3.2. SED and Isochrone Fitting

Next, we analyzed the SED of HD 5562 with the
astroARIADNE package (J. I. Vines & J. S. Jenkins 2022).
We conducted SED fitting in conjunction with the Gaia DR2

parallax to estimate T, and radius.”* astroARIADNE
queries SIMBAD and gathers photometric measurements,
including far-UV magnitudes from GALEX, BT and VT
magnitudes from Tycho-2, JHK; magnitudes from the Two
Micron All Sky Survey, W1-W2 magnitudes from the Wide-
field Infrared Survey Explore, TESS magnitude from TESS,
and three Gaia magnitudes (G, GBP, GRP). Collectively, the
available photometry covers a wavelength range from 0.14 to
5 pm (Figure 2). astroARIADNE also queries Gaia DR2 for
maximum line-of-sight extinction Av and incorporates this
information into the prior.

With astroARIADNE, we performed the SED fitting with
the Phoenix stellar atmosphere models (T. O. Husser et al.
2013), with the priors for T, log g, and [Fe/H] taken from the
spectroscopic analysis (see below). We also used the Kurucz
stellar atmosphere model embedded in astroARIADNE
(ATLAS9; R. Kurucz 1993) for comparison. The results were
consistent with the Phoenix model. We present the results
using the Phoenix model here due to its smaller errors in stellar
radius and age. Then astroARIADNE proceeds with the
results from the SED fitting to fit for a set of log g, radius, and
mass by interpolating the MIST isochrones and performing
Bayesian model averaging that accounts for model-specific
systematic biases. The final results include the isochrone-
derived mass, radius, age, and luminosity of the star HD 5562,
which is classified as G9IV (see Table 1 for detailed results).

24 We use the Gaia DR2 data in this analysis because the astroARIADNE
package we are using defaults to DR2. We have carefully checked the Gaia
data and found that the parallax differences of HD 5562 between DR2 and
DR3 are within the 30 range. This level of discrepancy is not significant
enough to introduce substantial errors into our data.
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Figure 2. Top: stellar SED and the best-fit model. Blue points represent the
photometry from the literature based on SIMBAD queries by ARIADNE, while
purple diamonds denote synthetic photometry based on the best-fit stellar
model (black line). Horizontal error bars indicate the filter bandpasses.
Bottom: residuals of the fit in terms of ratios between residuals and
uncertainties of the photometries. See Section 3.2 for more details.

3.3. Asteroseismic Analyses

The pulsation spectrum reveals an oscillation pattern
corresponding to an early subgiant, resembling the oscillations
seen in G Hyi (T. R. Bedding et al. 2007) and KIC 7747078
(Y. Li et al. 2020). The radial (/ = 0) and p-dominated
quadrupole (¢ = 2) modes were identified by their regularly
spaced frequencies in Av, forming two distinct ridges in an
asteroseismic échelle diagram (Figure 3). The dipole (¢ = 1)
modes exhibit a mixed character due to the coupling between
the p and g modes. We identified six radial modes, eight dipole
modes, and six quadrupole modes. We extracted the mode
frequencies by fitting the power spectrum using a sum of
Lorentzian profiles, a process known as peak bagging
(R. Handberg & T. L. Campante 2011; G. R. Davies et al.
2016). Each Lorentzian profile represents an oscillation mode
that experiences damping over time, which is typical of solar-
like oscillations. The fitting procedure followed that described
in Y. Li et al. (2020).

To perform asteroseismic model fitting, we used theoretical
stellar models constructed with MESA (B. Paxton et al.
2011, 2013, 2015, 2018, 2019; A. S. Jermyn et al. 2023) and
GYRE (R. H. D. Townsend & S. A. Teitler 2013). The initial
free parameters of the evolutionary tracks included stellar
mass, helium abundance, metallicity, mixing length parameter,
and convective core and envelope overshoot parameters. All
stellar tracks evolved to the tip of the red giant branch. For
each model, we corrected the surface effect of model
oscillation modes following the procedures introduced in
W. H. Ball & L. Gizon (2014), combined with the amount of
surface correction calibrated in Y. Li et al. (2023). Although
this method can produce erroneous results for mixed modes,
J. M. J. Ong et al. (2021) showed that this is less problematic
for early subgiants with high coupling strength, such as HD
5562. We constructed a X,-2 function for each model in the grid
by incorporating L, Tegr, [Fe/H], and oscillation frequencies as
independent constraints. Each model i was associated with a
likelihood value of L; o exp(—Xl.z/2). The derived stellar

properties were taken as o = >.:6:L;/3; Li and the uncertain-
ties as oy = \/Zi(@- — @)QL’,-/Z,-E,-, where 0; is each stellar
property.
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Figure 3. Echelle diagram from the asteroseismic analyses (Section 3.3) with
the observed (colored symbols) and model (open symbols) frequencies
highlighted. The frequency mode (x-axis) shows the different modeled modes
with the symbol sizes of £ = 1 and 2 modes inversely proportional to their
mode inertia scaled to the closest £ = 0 modes, which indicates the mode
amplitudes.

3.4. Stellar Companion

Upon examining the RV data obtained from PFS via the
RV XTESS program, a long-term trend was clearly visible,
which appears to originate from a long-period stellar or
substellar companion. This is consistent with its entry in the
Washington Double Star (WDS) Catalog (link on VizieR
here).”” Although speckle interferometry did not detect any
companion (A. Tokovinin et al. 2010), P. Kervella et al. (2019)
analyzed proper-motion differences between Hipparcos and
Gaia and specified this star in the WDS catalog. Notably,
N. R. Hinkel et al. (2019) predicted that HD 5562 could be a
host to giant planets based on stellar abundance patterns, and
Gaia DR3 noted that HD 5562 is a spectroscopic binary (Gaia
Collaboration 2022; Gaia Collaboration et al. 2023). To further
characterize this binary companion in order to better detrend
our RV data, we collected two data points in addition to the
RV XTESS data and combined them with archival RVs from
AAT. We employed the Juliet package (N. Espinoza et al.
2019) to perform a Keplerian fit and used Radvel
(B. J. Fulton et al. 2018) to calculate the derived orbital
parameters (a and M), sini). The best-fit orbital parameters and
their prior settings are listed in Table 5 in the Appendix. The
RV fit indicates that the companion is an M dwarf with a
minimal mass of 0.41 solar mass, an orbital period of 4066
days, and an eccentricity of 0.31.

To further determine the nature of the companion, we
performed a joint orbital fitting with the RVs and the
Hipparcos-Gaia astrometry using the method developed by

5 vizier.cds.unistra.fr/viz-bin/ VizieR-5?-ref=VI1Z682dfdd 141a98&-out.
add=.&-source=J/A%2bA /623 /A72 /hipgpma&recno=4350


http://vizier.cds.unistra.fr/viz-bin/VizieR-5?-ref=VIZ682dfdd141a98%26-out.add=.%26-source=J/A%2bA/623/A72/hipgpma%26recno=4350
http://vizier.cds.unistra.fr/viz-bin/VizieR-5?-ref=VIZ682dfdd141a98%26-out.add=.%26-source=J/A%2bA/623/A72/hipgpma%26recno=4350
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Table 2

The Optimal Orbital Parameters and the Prior Settings for HD 5562 B
Parameter Unit Meaning Value Prior
P day Orbital period 39758433 Log-U(—1, 16)
K ms~! RV semi-amplitude 473778 U107°, 109
e Eccentricity 0.3351°0%0% Uo, 1
w deg Argument of periapsis —8.721387 U, 2m)
My deg Mean anomaly at JD 2452456 0.327934 U, 2m)
i deg Inclination 99.837093 Cosi-U(—1, 1)
Q deg Longitude of ascending node 26351033 U, 2m)
Aa* mas a* offset —10.93*9:32 U(—10°, 10
AS mas 8 offset —10.6679% U(—109, 109
ANTI mas yr~ Uas Offset —7.338+0:932 U(—10°, 10%
Aps mas yr— ' s offset —15.576 %! U(—10°, 109
Aw mas @ offset —0.21870:9%4 U(—10°, 10°)
P yr Orbital period 10-8851—8.'8%2
a au Semimajor axis 51519928
My M Companion mass in solar mass 0.465870:0%3
T—2400000 JD Periapsis epoch 52452.81%§
AAAT ms ! RV offset for AAT —2300°88 U(—107°, 10°)
APES ms”! RV offset for PFS 306679 U(—107°, 10°)
JAAT ms~! RV jitter for AAT 173433 U, 10
JFES ms! RV jitter for PFS 3.007 04 U(0, 109

Note. Log-U(a, b) is the logarithmic uniform distribution between a and b, Cosi-U(a, b) is the cosine uniform distribution between a and b, and M(a, b) is the

Gaussian distribution with mean a and standard deviation b.

F. Feng et al. (2023; hereafter Feng23; a modified Python
version is available in G.-Y. Xiao et al. 2024).26 In addition to
Hipparcos intermediate astrometry data (IAD; new reduction
of F. van Leeuwen 2007), Feng23 has also been optimized to
use Gaia second and third data releases (GDR2 and GDR3;
Gaia Collaboration et al. 2018, 2023) by simulating the Gaia
epoch data with Gaia Observation Forecast Tool? (GOST).
We also considered the potential contamination to the system’s
photocenter from the companion using the mass—luminosity
relation of M. J. Pecaut & E. E. Mamajek (2013). More details
on the methodology can be found in Appendix B of G.-Y. Xiao
et al. (2024).

As shown in Table 2, the fitted parameters for our combined
analysis of RVs (binned) and Hipparcos-Gaia astrometry
include the orbital period P, RV semi-amplitude K, eccen-
tricity e, argument of periastron w of stellar reflex motion,
orbital inclination i, longitude of ascending node {2, mean
anomaly M, at the minimum epoch of RV data, and five
astrometric offsets (Aa”, Ad, Aw, Apgs, and Apg) of
barycenter relative to GDR3. Other parameters, such as the
semimajor axis a, the mass of the companion Mg, and the
epoch of periastron passage T, were derived from the above
orbital elements. The priors for each parameter are listed in the
last column. We finally derive the orbital solution by sampling
the posterior via the parallel-tempering Markov Chain Monte
Carlo (MCMC) sampler ptemcee (W. D. Vousden et al.
2016). We employ 30 temperatures, 100 walkers, and 50,000
steps per chain to generate posterior distributions for all the
free parameters, with the first 25,000 steps being discarded as

26 https://github.com/gyxiaotdli/mini_Agatha
2 https: //gaia.esac.esa.int/gost/index.jsp

burn-in. We used tempered chains to allow the visit of broader
regions of the parameter space.

The optimal orbit of the companion has a period of
10.88570018 yr, an eccentricity of 0.33517099%0 | and an
inclination of 99.83f8;3§deg, suggesting a retrograde orbital
motion. Given the stellar mass of M, = 1.1417003] M,
from SED fitting, we derived a mass of 488%1% My
(0.4658709%%3 M) and a semimajor axis of 5.1517)9¢5 au for
the companion. Therefore, HD 5562 B should be an M dwarf
star. We compared our orbital solution for HD 5562B with that
of D. Barbato et al. (2023). The two analyses yield consistent
orbital parameters within their uncertainties, except for the
argument of periastron (w), which differs at the ~3.50 level.
This discrepancy may be related to differences in the phase
coverage of the RVs or in the astrometric fitting methods.
More generally, comparing our results with other estimates
available in the literature (e.g., D. Barbato et al. 2023;
C. Soubiran et al. 2022; Gaia Collaboration et al. 2021), all
reported orbital parameters are mutually consistent within 3o.
Our estimate of the stellar luminosity agrees with those in all
other studies, with the exception of that inferred from the
CORALIE data (D. Barbato et al. 2023), which may be
attributable to a metallicity bias in the SED analysis adopted
therein. The spectroscopic [Fe/H] values in our study and all
others are in agreement well within 30. Figure 4 depicts the
best-fit orbit to RVs, Hipparcos IAD, and Gaia GOST data,
while the posterior distributions of selected orbital parameters
are presented in Figure 13 in the Appendix.

4. GP Analysis and Results

We analyzed the RV time series of HD 5562 to model the
stellar oscillation and granulation signals, and evaluate the


https://github.com/gyxiaotdli/mini_Agatha
https://gaia.esac.esa.int/gost/index.jsp
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Figure 4. Joint fitting to the RVs, Hipparcos, and Gaia astrometry. (a) RV curve of HD 5562 B. The thick black line shows the best-fit Keplerian orbit. Residuals
(O — C) between the observation and the model are plotted underneath. (b) The best-fitting astrometric orbit of HD 5562. The black dashed line inside the orbit
connects the ascending node and the descending node. The plus symbol denotes the system’s barycenter, and the gray line connects it with the periapsis. The post-fit
Hipparcos abscissa residuals are projected into the R.A. and decl. axes (gray dots) and have been binned into single points with colors. The brightness of these points
gradually increases with observation time (the temporal baseline of each satellite is normalized to 1). The orientations of the error bars of each point denote the
along-scan direction of Hipparcos. The curl at the lower left corner denotes the orientation of the orbital motion. (c) Zoom-in of the rectangular region of panel (b),
which depicts the best fit to Gaia GOST data and the comparison between best fit and catalog astrometry (positions and proper motions) at the GDR2 and GDR3
reference epochs. The blue shaded regions represent the uncertainty of catalog positions and proper motions after removing the motion of the system’s barycenter.
The dot and slope of two lines (blue and green) indicate the best-fit position and proper-motion offsets induced by the companion. (d) The residual (O — C) of

Hipparcos abscissa.

efficacy of various choices of models and priors under the
framework of GP. For all analyses in this section, we have
removed the Keplerian signals caused by the stellar companion
in the RVs.

We first describe the overall GP model setup in Section 4.1.
Then, in Sections 4.2 and 4.3, we introduce the informative
priors for the GP regression from frequency analyses or GP
fitting using the TESS light curves. We then describe our GP
modeling with the high-cadence and intermittent RV observa-
tions on HD 5562 in Sections 4.4 and 4.5, respectively.

4.1. GP Model Setup

We briefly introduce our specific choice of model and kernel
setup with GP in this section, while a more general and in-
depth introduction to GP regression can be found in
C. E. Rasmussen & C. K. I. Williams (2006). GP regression
provides a flexible, non-parametric approach to modeling
time-series data, treating each data point as a correlated
random variable. With the given datasets, a multivariate
normal distribution is constructed with a mean vector and a
covariance matrix, where each element encodes the covariance
matrix between pairs of data points. This covariance matrix is
described by a kernel function, which populates the matrix as a
positive semi-definite matrix, describing the physical correla-
tion between pairs of data points in the time series, and can
encode various properties such as smoothness, periodicity, and
linearity. The covariance between any two data points » and m
taken at times 7, and 7, is given by the function

Ka(Tnm) - Uiénm + k(x(Tnm)» (1)

where aﬁ represents the measurement uncertainties, 6,,, is the
Kronecker delta, k.(7,,,) is the kernel function parameterized
by «, and 7,, is the absolute value of the time difference
between £, and f,,. With an appropriate selection of a kernel
function, GP subsequently identifies the optimal set of kernel

parameters that most accurately models the observed data in a
probabilistic manner.

We modeled both light curves and RVs using the
celerite package, a scalable library for one-dimension
GP regression (D. Foreman-Mackey et al. 2017). Celerite
offers a physically motivated kernel function for p-mode
oscillations—the stochastically driven simple harmonic oscil-
lator (SHO). This kernel function is designed to capture the
quasiperiodic nature of these oscillations and is particularly
well-suited to asteroseismic signals. The kernel function
k(Tpm) in celerite is constructed using a mixture of
exponential and periodic components, which can be expressed
with only three hyperparameters in the frequency domain as a
power spectral density (PSD):

Sowg

2
S = .|— .
«) V7 (w — wi)? + wiw?/0?

Here, Sy represents the amplitude, wg is the characteristic
frequency (i.e., Viax for p-modes), and Q is the quality factor.
The value of Q corresponds to different asteroseismic terms: as
illustrated in Figure 1 of D. Foreman-Mackey et al. (2017), for
0 < 1/2, the model exhibits no oscillatory behavior, indicating
that the system’s damping is sufficient to suppress periodic
signals. For large Q, the shape of the PSD near the peak
frequency approaches a Lorentzian. Specifically, low Q ~ 1
can capture the granulation signal, while high Q > 1 is a good
model for stellar oscillations. Generally, to reflect the critically
damped nature of granulation, the granulation term is fixed at
1/\/5 (E. Michel et al. 2009; T. Kallinger et al. 2014;
D. Foreman-Mackey et al. 2017). This PSD equation
describing the stochastically driven SHO provides a flexible
and accurate model for the observed asteroseismic signals.
Celerite then allows the evaluation for maximum
likelihood for a time series with N measurements in O(N)

@)
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operations. By maximizing the likelihood function, celer-
ite determines the optimal hyperparameters that best fit the
given data with the model.

4.2. Preparing the GP Regression through Frequency
Analyses

GP modeling using photometric data has shown to be
helpful in disentangling stellar magnetic activity signals (e.g.,
spots) from planetary signals, either by training the GP model
using photometry before applying it to the RV data, or
performing joint fits to both photometry and RVs (e.g.,
R. D. Haywood et al. 2014; T. Gan et al. 2021; Q. H. Tran &
B. P. Bowler 2024). In our study, we plan to follow the first
approach to model the asteroseismic signals in RVs, with the
first step being to establish a good GP model for the TESS
photometry. For this work, we only used the TESS sectors that
overlapped with the RV observations (Sectors 1 and 2), rather
than using all available sectors, to better illustrate how the
method might be applied to other stars for which only one or
two contemporaneous sectors are available.

Our asteroseismic analysis of the full TESS light curve
involved identifying and analyzing the individual oscillation
modes (Section 3.3). However, for our GP modeling of the
much shorter RV time series, we only need to capture the broad
envelope of the oscillation signals and provide a good set of
priors for the GP hyperparameters, i.e., Un,x, quality factor Q,
and amplitude S,. Although detailed fitting of individual
oscillation modes is possible with tools like celerite (e.g.,
D. Foreman-Mackey et al. 2017, Section 6.4), we chose not to
pursue this approach because this would involve too many free
parameters for fitting the RVs and would over-complicate the
model. As shown below, the simple model adopted in this work
seems to suffice in fitting the RV data, and our RV data do not
show resolved individual modes. We thus focus on obtaining a
good set of initial parameters and their priors for the GP
hyperparameters describing the overall oscillation signals using
the TESS light curve in this section.

Initially, we attempted to perform GP fitting on the TESS
light curve using uninformative priors. However, the high
noise level in the light-curve data made it difficult to capture
the oscillation signal, leading to the SHO term converging
toward an additional granulation-like signal. This issue
highlights the need for a more robust approach to set
informative priors for the GP hyperparameters, especially for
the oscillation quality factor Q. and oscillation frequency
wose- Therefore, to perform GP fitting on the light curve, we
began with prior identification following the procedure
described below.

The power spectrum of the TESS 2 minute cadence SPOC
light curves from Sectors 1 and 2, which overlap with the RV
time series, shows an excess from the oscillations. Several
peaks in the power spectrum near 1000 pHz are due to
oscillations (see Section 3), but it is hard to extract the broad
envelope of the oscillation from these sporadic peaks. We thus
extract the overall oscillation parameters through a Gaussian fit
in frequency space following T. Kallinger et al. (2014), which
tested different modeling approaches and determined the
granulation and global oscillation parameters and relevant
scaling relations for a large set of Kepler targets.

The frequency analysis follows a sequential process, as
illustrated in Figure 5, consisting of the following steps:

Tang et al.

estimating ¥max, the power amplitude P,, then the quality factor
0, providing both initial guess and priors for GP regression.

The first step is to estimate 14,,x. We first selected the region
of the PSD where the oscillation hump is, specifically between
700 and 1200 pHz, to fit a Gaussian model using the
Levenberg—Marquardt least-squares fitter. The Gaussian model
is defined by three parameters: amplitude, mean, and standard
deviation. We then passed the best-fit value of v, (938 uHz)
in this step, which represents the frequency at the peak of the
power hump, to the next step.

The second step is to use the best-fit v,x to estimate the
amplitude of the overall oscillation envelope, P,. Since GP
regression requires an initial guess and a prior for the quality
factor Q, which is not easily determined from TESS data alone
due to the relatively low SNR, we instead used the height of
oscillation power excess hump P, to build a connection
between the Gaussian form and SHO form of PSDs, which will
be linked to the quality factor in the next step. Here, we fit the
Gaussian shape based on T. Kallinger et al. (2014) in which P,
is the only free parameter, and the PSD in this Gaussian form
is given by

V — Vmax 2
P (V)Gaussian =A €Xp (_(2%]

Vmax

* * ax 2
= n(u)z(Pg exp(%)), (3)

where Pg, Unmax, and o are the height, central frequency, and
width of the hump, respectively. The term P(v)in this equation
is equivalent to the oscillation PSD, S(w), in the SHO model as
presented in Equation 2. From the previous step, we already
have the value of 1/,,,, and o is derived from the full width at
half-maximum (FWHM) using the relation FWHM/(2+/21n2),
whereas FWHM is approximated as v4,,¢/2, based on the work
of T. L. Campante et al. (2016). 77(1/)2 is the attenuation factor
due to the averaging over integrations, which equals sinc(mv,,),
where #;,, is the typical integration time of each exposure (e.g.,
N. Barac et al. 2022). Finally, we determined the only free
parameter, P,, as having a best fit of 4.39 ppm”Hz ' in
this step.

The third step is to obtain a good constraint on Q to be used
in GP regression in Section 4.3. As Q is related to the overall
shape of the SHO function, we can obtain a rough estimate of
0 by approximating the SHO function (Equation (2)) using the
Gaussian function (Equation (3)), as both describe the shape of
the PSD of the oscillation. Note that 14,,x in Equation 3
corresponds to wy in Equation (2), which represents the central
frequency of the oscillation hump. Using P(v = wy) =
S(w = wp) and wy = Vpax, We can obtain

P, T
So = Q—’;\E @)

Among the three free parameters for the SHO function, S, and
Q are linked together via Equation (4) above, and wy = Vax
has already been determined, so effectively, Q is the only free
parameter. The O value that would best match the SHO
function to the shape of the Gaussian function is 3.08, with an
uncertainty of oo = 0.15 as estimated by the least-squares
optimizer. This Q value and its uncertainty then provide a
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Figure 5. PSD of the light curve of HD 5562 from TESS Sectors 1 and 2, covering the whole frequency range (left) and a zoom-in view (right). The green line
represents the smoothed spectrum for illustrative purposes, and the blue line is a Gaussian fit to the power spectrum between 700 and 1200 pHz. The pink line
represents the original, unsmoothed power spectrum. The red line is an initial guess for the SHO model in our GP regression to fit the light curve, which was derived
based on the best-fit Gaussian model (blue) within 700-1200 pHz. See Section 4.2 for more details.

Table 3
The Estimated Hyperparameters and Their Prior Settings for the GP Fit on the Light Curve and RVs of HD 5562, Respectively
Parameter Unit Meaning Value Prior
TESS light curve
1n(Seran,1.c) ppm? pHz ™! Amplitude of granulation in the light curve 42197598 Log-U(—15, 15)

In(wgran,Lc) In(cycles day™") Frequency of granulation in the light curve 4.623f8j8§% Log-U(0, 8)
In(Qgran,LC) Quality factor of granulation in the light curve ln(l/ﬁ) Fixed

In(Sese.Lc) ppm? pHz ™! Amplitude of oscillation in the light curve 0.280+911} Log-U(—15, 15)
In(Wose,L.c) In(cycles day™") Frequency of oscillation in the light curve 6.245f8:8§§ Log-U(6.2, 6.4)
In(Qose.Lc) Quality factor of oscillation in the light curve 0.9977595¢ Log-14(0.96, 1.26)
In(orc) ppm Jitter term for white noise in a light curve 5.104f8:88§ Log-U(—20, 20)
PFS RV

In(Sgran,rv) m2s~2 uH271 Amplitude of granulation in RV —5.240f8j2f§ Log-U(—9, 15)
In(wWeran,rV) In(cycles day™") Frequency of granulation in RV 4.5399‘8%3 Log-U(3, 6)
In(Qgran,rV) Quality factor of oscillation in RV In(1/ J2 ) Fixed

In(Sose.rv) m%s 2 pHz ™! Amplitude of oscillation in RV —7.3815038 Log-U(—8, 8)
In(Wose.RV) In(cycles day™") Frequency of oscillation in RV 627510913 Log-N(6.244, 0.023)
In(Qose.rV) Quality factor of oscillation in RV 2.230933 Log-14(0.34, 3.00)
In(ory) ms ! Jitter term for white noise in RV —0.5081033 Log-U(—20, 20)

Note. Log-U(a, b) is the natural logarithmic uniform distribution between a and b, and log-MN(a, b) is the logarithmic Gaussian distribution with mean a and

standard deviation b.

more accurate initial guess and tighter prior for the GP
regression in the following sections.

4.3. Light-curve Modeling with GP

With relatively reliable initial guesses and priors given by
the frequency-space analyses above, we then applied GP
modeling on the TESS light curves using the SHO kernels.

The GP kernel function is based on Equation (2), which is
the power density for each component of the kernel, i.e., a
granulation term to capture low-frequency stochastic varia-
tions, and an oscillation term to model high-frequency periodic
variations. On top of those two components, our SHO kernel
requires an extra diagonal jitter as the “white noise” term. The
kernel function of the model is then the sum of these three
terms. Granulation and oscillation terms have three hyperpara-
meters each, being the amplitude Sy, quality factor Q, and
frequency wy.

For the granulation term, the amplitude Sg gr.y 18 set as a free
parameter, and initial values are calculated from

1 1

N
_ .__2
So= S gu U 7 5)

wo i

where f stands for the flux for each light-curve data point. The
quality factor Qg is fixed at 1/ J2 (D. Foreman-Mackey
et al. 2017). The frequency wp gran iS set to have the initial
guess value of 80 pHz, determined through visual inspection
of the data since the characteristic frequency for granulation is
about the turning point where the power falls blueward in
frequency space, and the prior is an uninformative, wide log-
uniform distribution (see Table 3).

For the oscillation term, the amplitude S o5 also takes the
initial guess from Equation 5 and a wide, uninformative prior.
We adopt an informative prior for the quality factor Q.. a
log-uniform prior covering the 30 range of the estimated Q.
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Figure 6. GP model in time series of both TESS Sectors 1 and 2 (left) and zoom-in plot of 1 day duration within Sector 1, better illustrating part of the GP model in
the time domain (right). The orange line marks the best-fit GP model (with SHO kernels), and the black circles mark the TESS data points (same as Figure 1). See

Section 4.3 for more details.

from the frequency analyses in Section 4.2. We set the prior
for the peak frequency wgesc in the same way as Qos.. The
jitter term, o, typically introduced to describe any additional
white noise, is given a wide, uninformative prior.

To summarize, the model has six free parameters: one
granulation component with two hyperparameters—the ampl-
itude So gran and frequency wg gran; ONe oscillation component
with three hyperparameters—the amplitude Sg s, the fre-
quency wo esc, and the quality factor Qos; one jitter component
with one hyperparameter—a nuisance parameter, the jitter
term o.

GP modeling operates directly in the time domain, as
depicted in Figure 6. To validate the fitting results, we can
transform both the observed data and the model into the
frequency domain using the Lomb-Scargle periodogram, as
shown in Figure 7. We determined the uncertainties from
MCMC using emcee (D. Foreman-Mackey et al. 2013) with
posteriors illustrated in Figure 14, and the median value and
uncertainties derived from the posterior distributions for the
hyperparameters are listed in Table 3. The GP fitting on the
TESS photometry gives a best-fit oscillation frequency wygs. of
952.8 uHz, and the best-fit characteristic frequency of
granulation Wey,y, is 67.5 pHz.

4.4. RV Modeling with GP

We then applied GP modeling to the RV data, using the
posterior parameters from the photometric GP analysis to
inform the initial guesses and priors for RV modeling. The
model parameters, priors, and fitting results are included in
Table 3.

We constrain our model to four free hyperparameters plus a
jitter term. For the granulation term, the quality factor Qgan is
kept fixed as 1/+/2, and the frequency Weran has its prior
informed by light-curve GP fitting, being a wide log-uniform
prior around the best-fit value (wider than +60¢). Similar to the
previous subsection, the amplitude Sgr., is a free parameter
with its initial guess from Equation (5) and an uninformative
prior. The quality factor Q,s gets its initial value from the
light-curve GP fitting result, and we adopt a very wide prior
for Qs since the light-curve GP modeling provided very little
constraint on it. For the oscillation term, the frequency w,,. has
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Figure 7. The TESS photometry and the best-fit GP model in Fourier space.
The blue line represents the PSD of the TESS light curve using the fast chi-
squared method of D. M. Palmer (2009); the bright blue line is the smoothed
PSD (labeled with “smoothed data”); the red line represents the best-fit GP
model, while the dashed orange lines represent each kernel of the GP model
with their names labeled. Gray vertical lines indicate two typical aliasing
frequencies in TESS data as a result of the satellite’s orbits and the rotation of
the Earth.

a normal prior matching the light curve’s posterior, as this is
the key prior constraint carried over from the light curve. The
initial value for oscillation amplitude S, is also calculated
from Equation (5) with an uninformative prior, although in
principle this could be estimated from asteroseismic scaling
relations (e.g., H. Kjeldsen & T. R. Bedding 1995).%®

With the set of priors provided by the light curve described
above, we applied GP modeling to the entire RV dataset.
However, due to a 21 day gap in the dataset, celerite
encountered difficulties in numerical stability through such a
discontinuous time series. To address this, we separated the
data into two segments sharing the same set of hyperpara-
meters and calculated the joint likelihood for GP regression.

28 We do not test the scaling relation between the light curve and RV
oscillation amplitude in this paper, as it could further complicate the
parameterization. We leave it for future work.
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Figure 8. The PFS RVs taken for our program over the course of 27 nights (black circles along with the best-fit GP model (orange line with 1o uncertainty in orange
shades). The lower part of the figure shows the residuals to the fit with a constant offset of —25 m s~ ' (blue dashed line) for clarity. See Section 4.4 for more details.

The first 3 nights were counted as the first segment, while the
other 5 nights were counted as the second.

The RV data typically have weaker signals of granulation,
since the spectroscopic data of this randomly distributed
convection motion is averaged through the entire surface of the
star, the microscopic changes of RVs caused by granules with
smaller scales compared to oscillation will be averaged out
during the observation, mainly due to the lack of long-baseline
RV (J. W. Harvey 1988; F. Grundahl et al. 2007; S. Turck-
Chieze et al. 2008; H. Kjeldsen & T. R. Bedding 2011;
R. A. Garcia et al. 2013; S. Basu & W. J. Chaplin 2018;
H. Kjeldsen et al. 2025). Therefore, we performed a model
comparison to see whether granulation should be included.
The model comparison showed that for RV data, having both
granulation and oscillation could better fit the data than a
model with the oscillation term alone. We run Akaike
information criterion (AIC) and Bayesian information criterion
(BIC) tests with the equations AIC=2k — 2In(L) and
BIC=k In(n) — 21n(L), where k is the number of parameters
in the model, n is the number of observations, and L is the
maximum value of the likelihood function for the model.
Specifically, the AAIC between the two-term case and the
oscillation-only term is —12.9, while the ABIC is —6.45. We
therefore kept the granulation term.

The result for the RV GP modeling is listed in Table 3. The
best-fit values and their uncertainties are calculated from the
median and standard deviation of the posteriors, plotted in
Figure 15. The total RV scatter is reduced from 2.03 to
0.51 ms ", close to the minimal reported RV uncertainty in our
dataset (0.58 ms™"), perhaps close to the RV systematic floor.
Figure 8 shows the GP fit for the entire RV dataset, and Figure 9
shows the zoom-in plots for all nights. For the Sun, it is well
established that the value of vp,x derived from photometry is
slightly lower than that from velocity measurements, with a
typical difference of about 2% in frequency (e.g., H. Kjeldsen
et al. 2008; M. F. Andersen et al. 2019; R. Howe et al. 2020).
This offset is thought to arise from differences in the atmospheric
layers probed by intensity and velocity observations. In the case
of HD 5562, the values of 14,,x obtained from the light curve and
from the RV data are In(vmaxrc) = 6.245 £ 0.022 and
In(Umax rv) = 6.275 £ 0.014, respectively, in units of
In(cycles day~'). These are statistically consistent within their
uncertainties, indicating that the TESS data do not have
sufficient precision to detect a subtle solar-like offset between
the photometric and RV determinations of 14,,x. Therefore, we
treat the two determinations as consistent.

As the whole RV dataset has very inhomogeneous sampling,
we only show the power spectra for the first and the last nights
with longer contiguous observations in Figure 10. We show
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the power spectra up to the effective Nyquist frequency. Given
that the RV data for HD 5562are not exactly regularly spaced,
we calculated using the median sampling cadence

fagg = 1/2At, ©6)

Here, At is the median cadence. For the first section (nights
1-3), this is 481 s, which results in a Nyquist frequency of
1040 pHz, while for the second section (nights 23-27) it was
222 s, resulting in a Nyquist frequency of 2252 pHz (with both
times including the CCD readout time of ~60 s).>” Therefore,
the upper limit of the frequency coverage is set at the larger
value.

The power spectrum shows that GP fits both granulation and
oscillation features fairly well in the RV data. The power
spectra shown in Figure 10 illustrate that GP captures both
terms in the RV data, although the granulation model does not
look like a very good fit due to the limited RV coverage on
longer timescales (at lower frequencies, approximately days).

Next, we test and show that the input priors from the
photometric data are essential for RV GP modeling for our
dataset on HD 5562. When we modeled the RV data with only
uninformative priors, the GP was able to capture the v,,,x value
and reduce the RV jitter to a submeter level. However, the
shape of the best-fit overall oscillation signal skewed heavily
toward lower frequency signals, i.e., preferring a significantly
smaller Q.. value. This made the overall oscillation envelope
wider than what seems reasonable, and the hyperparameters
for the granulation term failed to converge. It was only when
photometric data provided informative priors that the RV
modeling could accurately represent the true power of both the
granulation and oscillation terms.

Our RV cadence provides high sensitivity to oscillations but
carries little leverage on longer-term granulation and activity
signals, which therefore remain weakly constrained. Some of
the weak residual structures (e.g., in the data of night 27) could
plausibly originate from such incompletely modeled compo-
nents. We note that the generalized Lomb-Scargle power
spectrum of the RV residuals shows no significant peaks that
could be associated with residual asteroseismic oscillations or
stellar rotation.

Several physical and methodological factors may also
contribute to the low-level correlated structure remaining in
the residuals. First, limitations in oscillation model complexity
and frequency resolution may play a role. Our GP includes a

2 The exposure time was longer during the first night due to worse seeing, as
we tried to maintain a similar SNR per exposure between observations, but
back then, we thought the v, of the star was much smaller (~40 min) as
derived from the earlier stellar parameters, and we thought both exposure
times were short enough.
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Figure 9. Zoom-in RV plots for Figure 8 with the same legend. The rms values are calculated for each observing night and displayed respectively in each subplot.
Nights 1-3 and nights 23-27 are each modeled with a GP kernel but fitted with a joint likelihood to share the same set of hyperparameters for the GP, which is done

to effectively accommodate the long gap in the baseline.

single oscillation term to describe the solar-like envelope. We
experimented with adding a second oscillation term, but AIC/
BIC favored the one-term model for the present dataset. Given
the limited frequency resolution and duty cycle, a weaker
additional component could remain only partially captured and
leak into the residuals. Second, window function and sampling
effects can imprint additional structure. The irregular sampling
and night-to-night cadence differences enhance spectral
leakage and aliasing near the oscillation band, allowing small
quasiperiodic features to appear in the time domain residuals
even when the overall rms is low. Third, solar-like oscillations
are stochastically excited and damped, with finite mode
lifetimes (for subgiants, typically days to weeks). Because
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our first and last nights are separated by nearly a month, the
oscillation realization (phases and amplitudes) need not be
identical across nights. Although 14,,x remains unchanged,
individual modes may be more or less damped at different
epochs, naturally producing subtle differences in the residual
patterns that are not individually significant but collectively
visible.

We examined the Sk and Ho indices in both the time and
frequency domains and found no significant periodicities or
peaks indicative of magnetic activity. Therefore, stellar
magnetic activity was not considered in this work.

To summarize, the RV modeling in this subsection demon-
strates that GP could capture the oscillation and granulation
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Figure 10. PSDs of the RVs taken on each of the two long-observation nights. The light orange and light blue lines represent the original PSDs, while the darker
lines are the smoothed. The green solid lines represent the PSDs of the best-fit GP model (same model as in Figures 8 and 9), while the dashed lines are for the model
components (granulation, oscillation, and white noise). The PSDs validate the goodness of-fit for the GP models in the frequency domain since the GP regression

was only done in the time domain (Figure 9). See Section 4.4 for more details.

signals in HD 5562 and help reduce the RV scatter. Although
due to the limited data quality in the TESS light curve of HD
5562, we did not feel justified to fix any hyperparameters to help
reduce the number of free parameters in the RV GP modeling,
incorporating the priors from the light-curve GP modeling
provided considerable help to the RV GP regression, especially
in constraining the granulation term, which is weak in the
RV data.

4.5. Fitting the Intermittent RVs

Given that typical RV datasets for planet searches are
sporadic or infrequent instead of having long-term, continuous
observations like the ones on nights 1 and 27 presented here,
we also tested fitting the intermittent RVs (i.e., nights 2, 3, 23,
24, 25, 26) in our data of HD 5562 to assess the performance
of GP regression. To be specific, we excluded the two 5 hr
contiguous observations on nights 1 and 27, retaining only the
RVs from the 6 nights with 30 minute continuous coverage
each, typically consisting of a few data points (two to nine
exposures; see Figure 9).

We first tested whether granulation should be part of the GP
model. The model comparison suggests that having only the
oscillation kernel provides a better fit. Therefore, granulation is
excluded from all tests mentioned below.

We then tested and summarized five different scenarios for
modeling stellar jitter using GP using the HD 5562 data,
varying the input dataset and prior or model choices. We
mostly focus on two sets of comparisons: using the full RV
dataset versus the intermittent one, and using the light-curve fit
to inform the priors versus uninformative priors. Table 4
presents a description of these different scenarios, the model
and prior choices, the corresponding RV rms values, and
comments on the results. The results suggest that, for sporadic
RV measurements, GP regression can successfully fit the RV
data and identify a suitable set of parameters, particularly the
characteristic frequency of oscillation v,x can be identified
even without the light curve providing the priors. However, the
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model exhibits overfitting, closely following most of the data
points, especially in the cases with uninformative priors. The
practical implications of this behavior will be further discussed
in Section 5.

5. Discussion
5.1. Was the Light Curve Helpful for Modeling the RVs?

In general, precise light curves can be instrumental in RV
fitting to guide the models on stellar jitter, particularly when
RV data is limited in duration and cadence and thus
insufficient in capturing the key timescales of stellar variability
(e.g., R. D. Haywood et al. 2014; T. Gan et al. 2021). What we
have seen with our results on modeling the asteroseismic
signals in HD 5562 indicates that, if the RV data are of high
cadence and span a sufficiently long time, the light curve may
not be absolutely necessary to provide additional constraints,
though still helpful. However, when the RV data coverage is
short and intermittent, the light curve can help restrict the RV
model, improving its accuracy and reliability.

To be specific, the first and last night of the HD 5562 RV
dataset spans ~6 hr with a high cadence of every ~2 minutes,
the GP modeling gets most of its constraints on the
asteroseismic signals from these 2 nights, especially for the
p-mode oscillation, which seems to be sufficiently constrained
using these high-cadence RV data alone. However, without
any prior information from the light curve, the RV GP fitting is
highly sensitive to the initial guesses and bounds given to the
optimizer, and the way to mitigate this modeling uncertainty is
to run the MCMC sampling to obtain the posteriors. The power
spectrum of such high-quality RV data alone already provides
sufficient information for a good initial guess; therefore, a light
curve is not required for a good model convergence, though it
helps, especially for the granulation term to converge onto a
more accurate one.

On the other hand, intermittent RV alone has clear
limitations in constraining the asteroseismic signals due to
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Table 4
Summary of Modeling Results, Varying the Priors or the RV Dataset (See Section 4)
Data Model and Priors Raw rms Residual rms ~ Notes
Full RV dataset  Model: granulation + oscillation; input: scaling 203ms ! 0.37ms™! The best-fit model using least-squares fitting is very sensitive to the initial guesses, but reasonable initial
relations and RV PSD ZUESSES 0N Woge and Weray are helpful, although the best-fit model has excessive power in granulation and
a small Q.
Full RV dataset ~ Model: granulation + oscillation; input: from the 2.03ms™! 051 ms! A good balance between model accuracy and reduced jitter (Section 4.4).
light-curve fit
Intermittent RV~ Model: granulation + oscillation; input: scaling 2.11ms™! 036ms ! The same as the result with the Full RV dataset with no light-curve input (i.e., excessive granulation power
relations and RV PSD and too-small Q).

Intermittent RV Model: granulation + oscillation; input: from LC fit 2.11m s™" 0.42m s A good balance between model accuracy and reduced jitter. In particular, the light curve gives adequate
information for a good guess and prior for granulation, which prevents the model from converging
toward excessive power in granulation.

Intermittent RV~ Model: oscillation; input: from light curve fit 211ms™! 033ms! The goodness of fit is better than the granulation + oscillation model, but the best-fit model does not seem

to capture the oscillation accurately (small Qo).
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Figure 11. Completeness maps for planet searches using RVs of HD 5562 presented in this work before (left panel) and after (right panel) subtracting the best-fit GP
model, which represents the stellar RV jitter from the asteroseismic signals. The comparison between the left and right panels illustrates the improved effectiveness
of planet detection enabled under an idealized condition, where stellar jitter could be subtracted a priori without affecting any underlying planetary signals, and thus
it shows the best-case scenario. The circles are injected planet signals that can (blue) or cannot (red) be recovered. The red contours illustrate the probabilities of
recovery, where the solid black line marks the 50% detection probability. The maps were made using RVsearch. See Section 5.2 for more details.

its short observing window per night, but such data are more
realistic for exoplanet searches using RVs. First, it is
challenging to derive a good set of initial guesses and bounds
for GP fitting from intermittent RVs alone; second, we found
that the oscillation term tends to converge toward having a
lower quality factor Q value, and the power spectrum of the
best-fit model often shows almost no granulation feature. In
fact, model comparison prefers a model without granulation.
Therefore, using light-curve GP fitting to inform RV GP fitting
is crucial when dealing with only intermittent RVs.

5.2. Injection-recovery Tests for Planet Detections

We performed two sets of simple injection-recovery tests to
assess the impact of stellar jitter on the detectability of
exoplanets within the HD 5562 system, which currently does
not have any known planets. We first tested the case with a
simplistic approach where we subtracted the asteroseismic
signals using a GP model a priori, and then the other case
using a simultaneous Keplerian and GP fit. The GP model for
the RVs is informed by the light curve.

We first performed injection-recovery tests on the RV
dataset to examine its sensitivity to planetary companions
using just the original RVs, and then we subtracted the best-fit
GP model (see Section 4.4) from the RVs and ran the test
again for comparison. Using the RVSearch package
(L. J. Rosenthal et al. 2021), we first conducted an iterative
periodogram search for existing periodic signals and sub-
tracted them; only the long-period stellar companion was
subtracted in this first step. Subsequently, RVSearch injected
a variety of synthetic planets and performed an iterative search
again to test the recovery capabilities. No additional
companions were detected either before or after the GP model
subtraction. We conducted 5000 injections and plotted the
completeness contour maps based on the planet period and
M sini drawn from log-uniform distributions (Figure 11).
Without GP model subtraction, planets with a mass less than
10M, in the HD 5562 system were not recoverable. However,
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after applying GP to reduce the jitter scatter, the sensitivity to
planetary signals improved significantly, with the minimum
detectable M sini decreasing from the ~10M, level to around
1 M.

Our injection-recovery test here on the RV dataset used in
this work is meant for a quick demonstration only. As
commented in previous sections, unlike the data here, in a
typical exoplanet-monitoring cadence composed mainly of
short, sporadic nights, the number of data points per night
would only include a couple of oscillation cycles. A
comprehensive evaluation of planet detection capabilities with
realistic, intermittent RVs would require dedicated injection-
recovery tests under different observing cadences, which
represents an important but separate effort beyond the scope of
this paper.

While this test provides an initial assessment of the gain in
planet detection after removing the asteroseismic signals, it
oversimplifies the treatment of stellar signals by directly
subtracting the best-fit GP model a priori. In practice, such
prior knowledge of stellar signals is unrealistic when the
planetary signals and stellar jitter signals co-exist in the RV
data. To address this overestimation of detectability, we
conducted another experiment, where we injected a single
planetary signal into a set of simulated RV data and performed
a planetary search using a simultaneous fitting approach. We
chose to use simulated data instead of the real HD 5562 data
because the high observing cadence of HD 5562 is not
commonly available in real RV planet search observations.

We simulated a set of RV data based on the p-mode
oscillation properties of HD 5562, without the granulation
term in the SHO kernel, across 16 days of observations. Each
night has only 15 minutes of observation (5 data points per
night, 3 minute cadence on average, placed randomly at a time
within the night), making the dataset a contiguous observation
with half a month involving relatively high-cadence observa-
tions. We did not add granulation signals since the best-fit
model for HD 5562 indicates that the power in granulation is
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significantly smaller than that in oscillations. In this scenario,
we assume we only know some prior information on the
p-mode oscillation signals (e.g., from scaling relations using
stellar parameters), and the planet search process is a blind
search.

Based on the result of fitting the intermittent RVs in
Section 4.5, for such a short coverage per night, it is most
appropriate to apply GP with a kernel consisting of only one
oscillation term for stellar jitter and white noise (a decision
that perhaps one would make even without knowing that the
input stellar jitter signals only contain oscillations). The
celerite package allows an easy incorporation of Kepler-
ian models, where the users can set the mean model of GP to
be a customized model. This allowed us to account for
planetary signals along with stellar oscillations simultaneously
in the GP regression. With this Keplerian+GP model setup,
we conducted four tests where a planet signal was injected
with varying amplitudes, corresponding to different planet
masses: 10ms~ ' (which should be an easy task to detect),
3ms~' (comparable in amplitude to stellar oscillations),
Ims~" (close to the typical error bars of 0.7ms~" for PFS
RVs), and 0.5 m s} (comparable to the lowest rms achieved
from the GP fitting in Section 4). All tests assumed an orbital
period of 3.37 days for the injected planetary signal, chosen to
maintain consistency across the tests and to represent a typical
timescale for planetary signals that would be detectable for the
selected baseline of 16 days.

After fitting the Keplerian+-GP model using maximum
likelihood, we ran MCMC to estimate the significance of
planet detection by evaluating the precision on period and RV
semi-amplitude K of the best-fit planet signal. We require the
constraint on K to be non-zero at least within 5o to count as a
detection (recovery), with a 20—3¢ being a marginal detection.
We found that our joint fit successfully recovered the planetary
signals in the 10 and 3 m s~ cases with the correct period and
RV amplitude, demonstrating its robustness in detecting strong
and moderately strong signals. For the 1 ms ™' case, the model
also recovered the planetary signal accurately without under-
estimating the planet’s RV amplitude (a common concern
when using GP), although it was a somewhat marginal
detection. In the most extreme scenario of 0.5ms™ !, the
model failed to recover the correct planetary signal. This
demonstrated that incorporating GP modeling on p-mode
signals does not reduce the detectability of planetary signals or
bias the RV amplitude, at least for scenarios close to the test
case presented here (i.e., moderate cadence coverage close to
1 /Unnax nightly over a baseline of ~ x4 planetary period). The
results match the expectations based on simple criteria of RV
detection (e.g., A. W. Howard & B. J. Fulton (2016)),
K/ory - /Nops > 6, where if we assume that ogy ~ 0.5 ms ™"
based on the residuals in the GP fits in Section 4, then
detecting a K = 1 ms ™' planet would be somewhat marginal
while K = 0.5 ms~!' would be not reachable, consistent with
the results above.

Various mechanisms, such as magnetic activity and
metallicity dependence, could suppress the oscillation ampl-
itude, making the stellar jitter modeling more challenging
(S. Mathur et al. 2019; A. F. Gupta et al. 2022). To fully
answer the question of how GP modeling of asteroseismic
signals affects or does not affect planet detections, one would
need to run more extensive tests covering a larger parameter
space in both the planet’s and the stellar oscillation signals
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with a variety of RV observational cadences, which are beyond
the scope of this study. Our simple tests highlight the potential
of GP modeling in mitigating the asteroseismic jitter to boost
planet detection sensitivities.

5.3. Comparing GP Modeling with Binning

Binning is another way to mitigate the stellar jitter
originating from p-mode oscillations (e.g., X. Dumusque
et al. 2011a). We applied the binning method to the HD 5562
data to compare it with the GP modeling method. In Figure 3
of W. J. Chaplin et al. (2019), they analyzed the residual RV
amplitude as a function of exposure duration (i.e., length of
binning window) for the Sun. They suggested setting the
exposure /binning window to be the inverse of the peak
oscillation frequency, which appeared to be the most efficient
timescale for binning. We tested a range of binning windows
on HD 5562 RV data to determine how effectively binning
reduces the asteroseismic signal. We applied binning windows
of various lengths to the HD 5562 RV data and calculated the
average RV within each bin. We then calculated the rms of the
new binned RV series and compared the results with
W. J. Chaplin et al. (2019).

To better demonstrate the impacts of various binning
windows, we tested the binning method on both the full RV
dataset (on 8 nights) and also specifically on night 27 (the
night with the longest coverage and highest RV cadence), and
the results are shown in Figure 12. We overlaid the predicted
relation between the binning window and the rms shown in
Figure 3 from W. J. Chaplin et al. (2019; black curve) with the
results from our binning (gray dots). The horizontal or vertical
lines mark the rms from GP fitting (red), the median photon-
limited RV error (orange), the Nyquist limit (light blue dashed
line), and the oscillation peak (dark blue dashed line). The
night 27-only plots displayed more data points than the all-
RV-used plots because for the intermittent nights (with nightly
coverage of ~30minutes), binning windows considerably
smaller than the nightly coverage length would yield similar
RV rms, leading to fewer distinct values on the plot.

Our findings indicate that for our dataset on HD 5562, the
binning method basically worked as expected, reaching the
first minimum in RV rms at the window length of 1/1/,,, but
this minimum RV rms is larger than that of the GP modeling.
Additionally, for relatively short total exposures (binning
windows) not exceeding an hour per night, which are common
in exoplanet detection, GP fitting is comparable or even
outperforming the binning method in reducing the RV rms,
although it tends to overfit, as evidenced by the GP rms being
considerably lower than the photon-limited error (but again,
this does not seem to bias the planet detections, as described in
the previous subsection). We speculate that this overfitting
might improve if each mode of the stellar oscillation can be
resolved and accounted for, leading to more precise and
realistic GP fitting results.

In conclusion, with sufficient sampling, GP modeling seems
to be more advantageous than binning in reducing the RV rms.
In addition, GP modeling could also provide asteroseismic
characterization of the star itself (even without the light curve),
which is another advantage.
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Figure 12. Illustration of how RV rms decreases as we bin the RVs with changing bin sizes. The x-axes of the left panels are the lengths of the bin in units of Vi,
which is 17.14 minutes (Table 1), and the x-axes of the right panels are bin sizes in minutes. The top panels are for night 27 data only, while the lower panels are for
the entire RV dataset. The gray dots represent the RV rms for each bin size. The lower panels have fewer bins due to the short baselines in nights 2-26. The vertical
dashed lines indicate the Nyquist frequency of our RV data (light blue) and v, (dark blue). The horizontal lines mark the rms level after subtracting the stellar jitter
signal derived from GP modeling from the original data (red) and the median error of the RV dataset (orange). The black solid line denotes the predicted relation
from Figure 3 of W. J. Chaplin et al. (2019), stretched and shifted to match our data for illustration purposes. See Section 5.3 for more details.

6. Conclusion and Future Work

In this work, we tested using GP regression to mitigate
stellar jitter caused by stellar oscillation and granulation in
RVs, with simultaneous photometry data from TESS providing
informative priors. We conclude that:

1. Similar to using GP to mitigate stellar magnetic activity,
we found that when modeling asteroseismic signals,
using GP to fit photometry data to give informative
priors for RV GP fitting can help improve the RV
precision for exoplanet detection. In our data of HD
5562, GP reduced the RV scatter from 2.03 to
0.51 ms™'.

2. With high cadence (sufficient to sample oscillations
above Nyquist) and relatively long-baseline RV coverage
(~1 night), GP can provide good constraints on the
asteroseismic parameters and achieve effective stellar
jitter mitigation using the RV data alone, i.e., without the
help of photometric data.

3. Our injection-recovery tests of planet detection indicate
that GP modeling of stellar asteroseismic jitter has the
potential to help discover smaller exoplanets around
evolved stars without biasing the RV semi-amplitudes.
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4. Compared with the binning method, GP can be just as
effective or even outperform binning in terms of
reducing the RV rms. Although it might overfit the
RVs, it could provide useful asteroseismic information
on the star for stellar characterization.

Regarding future missions, an important question is whether
we want to get by on intermittent RV data as part of a survey
(e.g., HWO precursor survey). Would these data benefit
significantly if each star in the survey also had 1 night of high-
quality RVs to characterize oscillations and granulation on a
star-by-star basis? Our preliminary results suggest that a single
night of high-cadence RVs or accurate stellar parameters may
already suffice to constrain oscillation signals, whereas
modeling granulation likely benefits from longer photometric
baselines.

The future goals of the RV XTESS project include further
testing the jitter reduction techniques for both evolved stars
and dwarfs, as well as application to planet-hosting stars with
significant asteroseismic signals that prevent the detection or
confirmation of small planets, especially the transiting ones.
Additionally, we aim to explore other correlations between the
RV and photometric asteroseismic signals, including the
amplitude scaling relation between RV and light-curve
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variations (e.g., H. Kjeldsen & T. R. Bedding 1995; Z. Guo
et al. 2022) or the phase effects between these two channels
(e.g., A. Jiménez et al. 1999; P. G. Beck et al. 2020). By
refining our understanding of these relationships and improv-
ing our methodologies for more accurate modeling of the
stellar asteroseismic signals, we hope to enhance the
sensitivity of RV surveys, and consequently, increase the
chances of discovering new exoplanets, including those that
may be habitable.
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Appendix
Plots of the Posterior Distributions and RV-only Orbital
Fit Parameters

This appendix presents supplementary results from our
Bayesian analyses, providing additional context for the
modeling discussed in the main text. Figures 13, 14, and 15
show the posterior distributions of key parameters inferred
from different components of the analysis, including the
combined RV and astrometric solution, and the GP hyper-
parameters derived from the photometric and RV datasets,
respectively. Table 5 summarizes the adopted prior distribu-
tions, best-fit values, and corresponding 68% credible intervals
for the orbital and companion parameters of HD 5562. For
completeness and reproducibility, the full RV dataset used in
this work is provided in Table 6 and made available in its
entirety in machine-readable format.
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Figure 14. Posterior distributions for hyperparameters of the light-curve GP fit. All parameters are log values. Sy is the amplitude, Q is the quality factor, and o is the

jitter term. Term belongings are indicated in the subscripts.
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Figure 15. Posterior distributions for hyperparameters of RV GP fit. All parameters are log values. S is the amplitude, Q is the quality factor, and o is the jitter term.
Term belongings are indicated in the subscripts.
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Table 5

The Prior Settings, Best-fit Values, and the 68% Credible Intervals of the Companion of HD 5562
Parameter Prior Best Fit Description
Companion’s parameters
P (days) N (4000, 300) 4066.3973839 Orbital period of the companion.
fo (days) U (2,452,000, 2,455,000) 2453109.723}33 Mid-transit time of the companion.
e U (0.1, 0.9) 0.312075:9443 Eccentricity of the orbit.
w (deg) U (s, 175) 6.49517 4388 Argument of periastron passage.
My sini (M) 0410853911 Mass of the companion.
a (au) 14191730338 Semimajor axis of the companion.

RV parameters

K (ms™h U (0, 8000) 4576.777133%% RV semi-amplitude of the orbit.
AAT and PFS parameters

fiaar (ms™) U (-4000, 4000) —2318.17+130% Systemic offset for AAT.

piprs (m s~ 1) U (-4000, 4000) 3116.68735:% Systemic offset for PFS.

oaar (M s LU (1072, 1000) 428.52+43L18 Extra jitter term for AAT.

oprs (m s LU (1072, 1000) 1.221043 Extra jitter term for PFS.

Note. N (i, o) refers to normal priors with mean £ and standard deviation o. U (a, b) refers to uniform priors in the range a-b. £/ (a, b) signifies log-uniform priors
ranging from a to b.

Table 6
RV Data of HD 5562

JD RV ORV SHK Ha Photon Counts Exposure Time

(ms™" (ms™h (s)
2458332.66318 14.83 0.92 0.1576 0.03303 8043 361
2458332.66975 15.44 0.99 0.1497 0.03295 7169 421
2458332.67551 14.07 0.91 0.1384 0.03289 8679 420
2458332.68104 15.29 0.93 0.1422 0.03288 7079 420
2458332.68664 14.99 0.92 0.1384 0.03290 9020 420

2458332.69234 14.87 0.86 0.1381 0.03304 9724 420

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.

(This table is available in its entirety in machine-readable form in the online article.)
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