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HARPS-N, TESS, and CHEOPS# discover a transiting sub-Neptune and
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ABSTRACT

We provide a detailed characterization of the planetary system orbiting HD 85426 (TOI-1774). This bright G-type star (M,: 0.99
Mpo; R.: 1.13 Rg; age: 7.4 Gyr; V mag: 8.25) hosts a transiting sub-Neptune, HD 85426 b, with an orbital period of 16.71 d and a
blackbody equilibrium temperature of 824J_FH K. By jointly analysing HARPS-N RVs, TESS, and CHEOPS photometric data and
using two different stellar activity mitigation techniques, we constrain planet b’s mass to 6.0 Mg and 8.57 |3 Mg, depending
on the mitigation technique. We investigate the dependence of these results on the priors, data selection, and inclusion of other
Keplerians in the modelling. Using this approach, we identify the presence of two non-transiting planetary companions with
minimum masses near 10 Mg and orbital periods of 35.7 and 89 d. Additionally, we reject the initial hypothesis that the 35.7-d
periodic signal was due to stellar activity. We also determine HD 85426 b’s radius to be 2.785 03 Rg and compute a transmission

spectroscopy metric in the range of 82 to 115, making this planet a highly valuable target for atmospheric characterization.

Key words: techniques: photometric —techniques: radial velocities — techniques: spectroscopic —planets and satellites: compo-
sition —planets and satellites: fundamental parameters — stars: individual (HD 85426).

J. Borucki et al. 2010) or the Transiting Exoplanet Survey Satellite

1 INTRODUCTION (TESS; G. R. Ricker et al. 2015), has enabled the precise charac-

The synergy between radial velocity (RV) instruments on the ground
and photometric satellites, such as the Kepler space telescope (W.

*This article uses data from the CHEOPS Guaranteed Time Observation
programme CH_PR100024.
* E-mail: florian.lienhard @phys.ethz.ch

© The Author(s) 2025.

terization of the mass, radius, and orbital parameters of numerous
planets (e.g. J. Teske et al. 2021; A. Chontos et al. 2022; A. S.
Bonomo et al. 2025). These analyses are essential for atmospheric
characterization, e.g. with the James Webb Space Telescope (JWST;
J. P. Gardner et al. 2006) and provide target information for future
missions. The combination of planetary mass and radius information,
together with stellar host properties, allows us to draw conclusions

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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about the interior composition of the planets (e.g. L. Zeng & S. Seager
2008) and to probe planetary formation and evolution mechanisms.

In this study, we analyse the planetary system orbiting the solar-
type star HD 85426. This star hosts a transiting planet, HD 85426 b
(S. Giacalone et al. 2021), which belongs to the class of sub-Neptune
planets. These planets are of particular interest because they represent
a very common class of planets (e.g. B. J. Fulton & E. A. Petigura
2018), yet their properties are still debated. With no equivalent in the
Solar system, sub-Neptunes are typically defined and characterized
by their distribution in the radius-period diagram. In this diagram,
the sub-Neptunes sit just above the radius valley, which is located
around 1.5-2 Rgy (B. J. Fulton et al. 2017; V. Van Eylen et al. 2018)
and separates sub-Neptunes from the smaller super-Earths (e.g. J. L.
Bean, S. N. Raymond & J. E. Owen 2021). The dearth of planets in
the radius valley occurs prominently for solar-type stars such as HD
85426 and is an active topic of research (e.g. J. L. Bean et al. 2021;
L. Parc et al. 2024). The mechanisms proposed to explain the origin
of the radius valley are linked to the composition of super-Earths
and sub-Neptunes. However, the latter occupy a degenerate space in
the mass-radius diagram, meaning that different compositions can
account for their bulk densities. According to one model, the bulk
densities of the sub-Neptunes could be explained by a solid rock/iron
core with a primordial H/He rich atmosphere (e.g. E. D. Lopez &
J. J. Fortney 2014; B. Benneke et al. 2019; J. G. Rogers, H. E.
Schlichting & J. E. Owen 2023). In this case, the observed radius
gap between sub-Neptunes and super-Earths is mainly thought to
be due to photoevaporation (e.g. J. E. Owen & Y. Wu 2017; S. Jin
& C. Mordasini 2018) and core-powered mass-loss (S. Ginzburg,
H. E. Schlichting & R. Sari 2018; A. Gupta & H. E. Schlichting
2019), stripping the atmospheres of lower mass planets, whereas
cooler, more massive planets retain their primordial atmospheres.
Alternatively, sub-Neptunes’ bulk densities can be due to a water-
rich composition with a steam atmosphere, in which case the super-
Earths’ smaller radii are thought to be due to a lower water content
(e.g. A. Léger et al. 2004; O. Mousis et al. 2020; A. Aguichine et al.
2021; R. Burn et al. 2024), with photoevaporation playing a critical
role in shaping the radius valley (J. Venturini et al. 2020; R. Burn
et al. 2024).

To advance the study of sub-Neptunes, we conducted a detailed
analysis of the sub-Neptune HD 85 426b (also known as TOI-1774b),
along with its planetary system and host star. We gathered spectra of
HD 85 426 with HARPS-N (R. Cosentino et al. 2012) to analyse the
RV and activity indicator time series and characterize the star.

In addition to the available TESS data, we obtained observations
with the CHaracterizing ExOPlanet Satellite (CHEOPS; W. Benz
etal. 2021; A. Fortier et al. 2024) to refine the characterization of the
transiting planet and search for potential transit timing variations. The
spectral and photometric data were analysed jointly to estimate the
mass and radius of HD 85 426 b and search for planetary companions.
We applied two independent stellar activity mitigation techniques
to the RVs and tested the dependence of our inferred masses and
orbital parameters on various methodological choices. Our results
highlight the need to investigate to what degree the identification
and characterization of planets is affected by the activity mitigation,
the selection of data, or the priors. By applying an ensemble of
methods, we derive an accurate mass range for the transiting planet.
This approach is in the spirit of the findings that stellar activity is
very challenging to mitigate to date (e.g. J. Crass et al. 2021; L. L.
Zhao et al. 2022) and there can be a significant dependence of the
inferences on the chosen priors (e.g. H. L. M. Osborne et al. 2025).

This study is structured as follows. Section 2 presents the collected
data and describes the processing methods. The properties of the
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host star are detailed in Section 3. Section 4 outlines the modelling
of the RV signatures of planet b and other signals using various
techniques. We conclude about the existence of massive, long-period
outer planets in Section 5 and search for Transit Timing Variations
in Section 6. The results of the stellar characterization and the joint
RV and photometric modelling are used in Section 7 to constrain the
planetary properties. Finally, suitability for atmospheric follow-up
observations is evaluated in Section 8 and our results are summarized
in Section 9.

2 DATA

The data set analysed in this study includes space-based photometric
observations described in Sections 2.1 and 2.2, as well as ground-
based spectroscopic measurements described in Section 2.3.

2.1 TESS photometry

In January 2020, TESS captured two transit-like events in the light
curve of the bright G-star HD 85426 in sector 21. This target was
subsequently upgraded from TESS Input Catalog object 4 897275
(TIC 4897275) (K. G. Stassun et al. 2018) to TESS Object of Interest
1774 (TOI-1774). The observations were processed by the Science
Processing Operation Center (SPOC) pipeline (J. M. Jenkins et al.
2016) at NASA Ames Research Center, which detected the transits
with a noise-compensating matched filter (J. M. Jenkins 2002; J. M.
Jenkins et al. 2010, 2020), were fitted with an initial limb-darkened
transit model (J. Li et al. 2019), and passed the suite of diagnostic
tests (J. D. Twicken et al. 2018), including the difference image
centroiding test, which located the host star to within 5.3£2.6 arcsec
of the transit source. The data validation results were reviewed by
the TESS Science Office at MIT and were alerted to the public on 12
March 2020 (N. M. Guerrero et al. 2021). The transiting planetary
companion of HD 85 426 was statistically validated in S. Giacalone
et al. (2021), ruling out other transit-producing scenarios. The star
was reobserved in TESS’s sector 48 in 2022, which remains the last
observation by TESS until at least September 2026. Each sector is
observed for two successive orbits of the spacecraft. In the middle
of the sector’s time series, at orbit perigee, the data are downlinked
to Earth, producing a gap in the light curve (G. R. Ricker et al.
2015). In this analysis, we used the 2-minute cadence Presearch
Data Conditioning Simple Aperture Photometry flux (PDCSAP)
light curves, which are corrected for instrumental systematics (J.
C. Smith et al. 2012; M. C. Stumpe et al. 2012, 2014). The data were
retrieved from the MAST data archive.' using the PYTHON package
Lightkurve (Lightkurve Collaboration et al. 2018).

Two transits of HD 85426 b were captured in sector 21, whereas
the planetary transit occurred in the gap in the middle of the light
curve of sector 48, as shown in Fig. 1. Therefore, there are no recorded
transits in sector 48. The increased flux near BJD 2459 630 is caused
by a secondary object passing by the target star. Propagating the
orbits of all sufficiently bright objects recorded in the Minor Planet
Center? database to the time of the flux peak, we identify this object
as the asteroid 581 Tauntonia, orbiting the Sun at about 3.2 au in the
outer region of the asteroid belt, as detailed in Appendix A.

"Mikulski Archive for Space Telescopes, https://archive.stsci.edu/missions-
and-data/tess.
2IAU Minor Planet Center, https://www.minorplanetcenter.net.
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Figure 1. Photometric 2-min cadence PDCSAP time series of TIC 4 897 275
(HD 85426) in TESS sectors 21 (top panel) and 48 (bottom panel) are shown
in grey, with 30-min binned data overlaid in black. The transits of HD 85426
b are indicated by the blue box transits. The rise in flux shortly after BJD
2459630 is caused by a passing asteroid. The predicted conjunction time
windows for planet ¢ and planet candidate d are shaded in orange and violet,
respectively. The width of these conjunction time windows was set to twice
the predicted uncertainty.

2.2 CHEOPS photometry

The first transit was successfully recovered by CHEOPS on 4
April 2022 at a cadence of 1 min. The star was reobserved on 13
and 30 January 2023, and 21 March 2023 at the same cadence.
These observations were made under the CHEOPS Guaranteed Time
Observation (GTO) programme CH_PR100024 and are listed in
Table 1.

The CHEOPS data were reduced with Version 13.0 of the
CHEOPS data reduction pipeline (S. Hoyer et al. 2020), using
the default aperture of 25 px, and detrended individually for each
of the four visits with PYCHEOPS (P. E. L. Maxted et al. 2022).
Simultaneously with the transit fit, we detrended against first and
second-order sinusoidal fits (i.e. sin¢, cos¢, sin(2¢), cos(2¢))
to the spacecraft roll angle ¢ and a linear trend in time. This
correction is necessary because CHEOPS is in a sun-synchronous
nadir-locked orbit, which means the field-of-view rotates once per
98 min, resulting in modulations in flux as a function of roll angle and
other parameters. Detrending against background, contamination by
neighbouring stars, CCD smear due to nearby bright stars, and a
thermal ramp were investigated and determined not to be necessary.
An initial fit with the Levenberg—Marquardt algorithm was used as
the starting point for computing the posterior probability distributions
for all fitting parameters using the affine-invariant Markov-chain
Monte Carlo sampler EMCEE (D. Foreman-Mackey et al. 2019). The
five detrending vectors were subsequently scaled by the mean values
of their posterior distributions, and subtracted from the original flux

Table 1. Log of CHEOPS observations.

The HD 85426 system 3

light curves. These detrended light curves were used for further
analysis.

2.3 HARPS-N spectroscopy

HARPS-N is a high-precision, pressure- and temperature-stabilized,
cross-dispersed echelle spectrograph installed at the Telescopio
Nazionale Galileo in the Canary Islands. This spectrograph produces
intensity spectra in the wavelength range of 383 to 690 nm, with a
spectral resolution of R = 115 000.

The HARPS-N collaboration initiated an RV follow-up campaign
within the HARPS-N GTO programme to further characterize the
transiting planet, measuring its mass and orbital parameters. HARPS-
N observed HD 85426 in three observing seasons, with the first
observation on 20 December 2020 and the last on 17 April 2023.
In total, 151 HARPS-N spectra were taken over 141 nights, with
a median exposure time of 15 min. The mean SNR in order 50
(wavelength range between about 5690 and 5740 A) is 133.

There was an instrumental issue in May 2021 during the first
season of observations. The impact of this issue is visible in the RV
time series of other stars, such as the HARPS-N standard star HD
127334 or HD 152843 (B. A. Nicholson et al. 2024). HD 127334
shows an anomalous RV increase between 8 and 11 May 2021,
with no observations directly before or after these dates. This issue
was attributed to a problem with the guiding system that tracks
the star. We inspected the tracking images for the observations of
HD 85426 around the relevant period, finding strong brightness
asymmetries from 7 to 11 May, consistent with the diagnosed issue.
All 8 observations taken during this period were removed from the
data set, with 143 spectra taken over 137 nights remaining in the set.

2.3.1 DRS CCF RVs

Spectra, cross-correlation function (CCF) profiles, and CCF RVs
were extracted with the HARPS-N Data Reduction System (DRS)
version 3.0.1, which was adapted from the ESPRESSO pipeline (X.
Dumusque et al. 2021) using the G2 mask. The standard deviation
of these RVsis 4.10 ms™', and the mean uncertainty is 0.84 ms™!.
The DRS pipeline also computes the standard activity indicators,
i.e. the full width at half-maximum (FWHM), contrast, and bisector
inverse slope (BIS) of the CCF as well as the S-index. For the stellar
activity indicators, there was a clear offset between the first and
second observing seasons. We removed this offset by splitting the
activity time series where the offset occurs and median-normalized
both parts separately.

2.3.2 YARARA RVs

YARARA (M. Cretignier et al. 2021) is a post-processing pipeline for
high-resolution spectra producing improved RV time series. One of
its main objectives is to remove the impact of diverse contaminations,
such as cosmic rays, telluric lines, stellar activity, and instrumental

ID Start date Duration File key Efficiency Planet
(UTC) (6] (%)

1 2022-04-04T08:51:18 26.77 CH_PR100024_TG015001-V0200 60.7 b

2 2023-01-13T11:22:37 24.75 CH_PR100024_TG015002_V0200 55.7 b

3 2023-01-30T07:08:17 25.57 CH_PR100024_-TG015003-V0200 59.4 b

4 2023-03-21T09:03:18 25.25 CH_PR100024_TG016001-V0200 60.2 b

MNRAS 545, 1-26 (2026)
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systematics (interference patterns, variations in the point spread
function (PSF), contamination from fibre B, and ghosts). The code
operates on one-dimensional order-merged spectra generated by
the official DRS that are continuum normalized using the publicly
available code RASSINE (M. Cretignier et al. 2020).

A master spectrum is produced by aggregating individual spectra
and serves to compute the residual spectra. Flux variations in this
space are corrected through multilinear regressions in either the
stellar or terrestrial rest frame. Stellar activity is partially corrected
by fitting a scaled version of the S-index to each wavelength column
of the spectra time series matrix, as stellar lines exhibit first-
order variations similar to the S-index (M. Cretignier et al. 2021).
Correction of the PSF follows the approach outlined in M. Stalport
et al. (2023), where symmetric variations of the PSF of the CCFs
are extracted, decorrelated from the S-index. Lastly, the RVs are
extracted using the CCF technique with a tailored line selection
based on the master spectrum.

Absorption of planetary signals in the cleaning process can be
reduced by shifting the spectra according to a pre-fitted Keplerian
solution. We pre-fitted planet b using the period and phase informa-
tion from the photometry described in Section 4.1.

2.3.3 TWEAKS

TWEAKS (Time and Wavelength-domain stEllar Activity mitigation
using KIMA and SCALPELS) described in A. Collier Cameron et al.
(2021); A. A. John, A. Collier Cameron & T. G. Wilson (2022); A.
A. John et al. (2023) is a pipeline that aims to distill the planetary
contribution out of a CCF. More specifically, this pipeline makes
use of the SCALPELS (Self-Correlation Analysis of Line Profiles
for Extracting Low-amplitude Shifts) basis vectors computed from
the CCF to distinguish between planetary shift-driven RVs and RV
contributions produced by variations of the CCF shape induced
by stellar variability. This separation is enabled by computing
orthogonal modes of variation in the autocorrelation function (ACF)
of the CCE. Since the ACF is independent of translational shifts, this
step allows isolating shape variations. However, because planetary
RV contributions are not guaranteed to be perfectly orthogonal to
the SCALPELS basis vectors within these limited and irregularly
sampled data sets, some of the planetary RV contribution may be
absorbed in the decorrelation process. Therefore, the modelling of the
Keplerian signals and the separation of the shift and shape-driven RV
components is performed simultaneously by joining SCALPELS with
the Keplerian solver KIMA (J. P. Faria et al. 2018). This combination
is called the TWEAKS method.

The current version of SCALPELS reorders the principal compo-
nents into the sequence that gives the fastest decrease in the Bayesian
Information Criterion (BIC) of the fit to the radial-velocity time
series, as described by A. Collier Cameron et al. (2021) and M.
Ould-Elhkim et al. (2023). For HD 85426, the four leading principal
components after reordering were sufficient to achieve optimal
detrending without overfitting noise. This corresponds to the solution
that minimizes the BIC. The fact that the BIC reaches its minimum
for four principal components demonstrates, by construction of the
BIC, that there are measurable RV contributions of non-planetary
origin to the CCFs, which are removed by the SCALPELS algorithm.

2.3.4 Data selections

‘We ran YARARA and TWEAKS (A. Collier Cameron et al. 2021; A. A.
John et al. 2022; A. A. John et al. 2023) on the 143 spectra remaining
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Figure 2. In the top panel, the HARPS-N DRS 3.0.1 RVs (light blue) and
YARARA RVs (violet) are shown. The observations marked in black were
rejected due to instrumental issues or rejection by either activity mitigation
algorithm. The difference between the two RV sets are shown in the bottom
panel.

in our set after the rejection of observations affected by the guiding
issue. YARARA and TWEAKS have different rejection criteria based
on the RV, RV uncertainty, and CCF. First, we fed all 143 spectra
(called set O hereafter) to both codes and analysed the output. Due to
the different rejection criteria, YARARA included 134 nightly-binned
RVs in the analysis, while TWEAKS made use of 128 nightly-binned
observations.

Since we noticed some differences in the output of the two codes,
we created a new set (set 1) of data passing all rejection criteria
and ran YARARA and TWEAKS on this set, thus including the same
observations. This is done to ensure that any differences in the output
are due to the codes themselves, not the different data selections. The
latest observation, which was taken 194 days after the penultimate
one, was also removed in the last TWEAKS run. Therefore, we also
removed it from the YARARA set for consistency. This approach is
warranted because a single measurement taken about half a year
after the other observations is not expected to aid the analysis, given
the limited stability of RV instruments and the star’s variability.
Therefore, set 1 consists of 127 nightly binned observations.

Most analyses in this study are based on set 1 because it is least
likely to contain problematic data. For set 1, the standard deviation
of the DRS RVs is 3.9 ms~'and 3.2 ms~! for the YARARA RVs,
thus 18 per cent lower for the YARARA RVs. The mean uncertainty
of the DRS RVs is 0.8 ms™!, whereas the mean uncertainty of the
YARARA RVsis 0.6 ms~!. 38 observations were gathered in the first
observing season (December 2020 to June 2021), 47 in the second
season (December 2021 to June 2022), and 42 in the last observing
season (October 2022 to April 2023).

The RVs are shown in Fig. 2. Visually, there is no strong indication
of an RV offset between the first and second observing seasons in the
DRS or the YARARA RVs. However, YARARA removed the offset in
some stellar activity indicators, such as the contrast and the FWHM.

3 STELLAR CHARACTERIZATION

It is indispensable to characterize the host star to derive planetary
masses, radii, surface conditions, and internal structure. In this
Section, we use information from various external sources, as
specified in the text, and the HARPS-N DRS spectra to characterize
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HD 85426. We derived the stellar atmospheric parameters using the
Stellar Parameter Classification (SPC) code (L. A. Buchhave et al.
2012), CCFPams? results, and ARES4+MOOG (S. G. Sousa 2014; S.
G. Sousa et al. 2015) using the HARPS-N DRS spectra. The derived
parameters were then used separately as input to the ISOCHRONE
code, together with the stellar parallax and broadband photometric
magnitudes. Using both the Dartmouth (A. Dotter et al. 2008) and
the MIST stellar evolution models (A. Dotter 2016), we then derived
stellar masses, radii, and ages. These results were condensed into a
final set of parameters following the methods detailed in A. Mortier
et al. (2020) and are shown in Table 2.

HD 85426 is very similar to the Sun in effective temperature and
metallicity. However, with an age of 7.4Jj(1):? Gyr, it is significantly
older and fits within the definition of a solar analogue (G. Cayrel
de Strobel 1996; D. R. Soderblom & J. R. King 1998). The
Gaia Renormalized Unit Weight Error (RUWE) is equal to 0.96,
suggesting that this is indeed a single star (Gaia Collaboration 2016,
2023).

In addition, we derived the galactic velocities of HD 85426
using Gaia DR3 (Gaia Collaboration 2023) data. The three velocity
components U, V, W, reported in Table 2, are calculated following
D. R. H. Johnson & D. R. Soderblom (1987). Note that these values
are not in the Local Standard of Rest. The galactic velocities of a star
can hint at membership to different galactic populations. Following
B. E. Reddy, D. L. Lambert & C. Allende Prieto (2006), we deduced
a probability of 57.99 4 0.26 per cent that HD 85426 belongs
to the thin disc, 41.69 + 0.26 per cent probability of thick disc
membership, and a probability of 0.32 £ 0.01 per cent that the star
is a part of the galactic halo. Kinematically, the case is therefore
not clear-cut. However, based on the star’s solar metallicity, lack of
alpha enhancement, and age, thin disc membership is more likely
(G. Gilmore, R. F. G. Wyse & J. B. Jones 1995; A. C. Robin et al.
2003; L. Duong et al. 2018).

Converting the S-index to log R/, following R. W. Noyes et al.
(1984), we find a mean value of log Rj;x of —4.92. Using the relation
between log R}, and the rotation periods, as a function of the
convective turnover time computed via the colour index B — V,
given in R. W. Noyes et al. (1984), we estimate a rotation period
of about 25 days. We obtain the same result using the relation in
E. E. Mamajek & L. A. Hillenbrand (2008). The rotation period
estimates from R. W. Noyes et al. (1984) and E. E. Mamajek & L. A.
Hillenbrand (2008) are based on population fits and therefore provide
a rough estimate of the rotation period but not an accurate value.

3.1 Stellar activity analysis from spectra

The mean log R}, value for HD 85426 is equal to —4.92, which
is comparable to the Sun’s mean value and indicates low but not
negligible activity. Therefore, we need to thoroughly cross-check
our inferences.

RV signals can be produced by planets orbiting the observed
star, the star itself modulated by the stellar rotation period and the
magnetic cycle (e.g. A. M. Lagrange, M. Desort & N. Meunier 2010;
N. Meunier, A. M. Lagrange & M. Desort 2010; W. J. Chaplin
et al. 2019; H. M. Cegla et al. 2019; R. D. Haywood et al. 2022;
F. Lienhard et al. 2023), as well as by telluric lines (D. Cunha
et al. 2014; S. Ulmer-Moll et al. 2019), or the instrument itself.
The activity indicators are impacted by the same effects, although
in slightly differing ways, but not by the planets. Consequently, the

3https:/github.com/LucaMalavolta/CCFpams
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Table 2. Stellar parameters of HD 85 426 and method used for the derivation
or the external source, such as Gaia DR3 (Gaia Collaboration 2016, 2023),
2MASS (R. M. Cutri et al. 2003), and AllWise (R. M. Cutri et al. 2021).

Parameter Value Source

Designations and coordinates

TIC ID 4897275

TOI ID 1774

2MASS ID J09523847+3506422

Gaia DR3 1D 796063843195758208

RA (J2016) [h:m:s] 09:52:39 Gaia DR3
Dec (J2016) [d:m:s] +35:06:40 Gaia DR3
Magnitudes and astrometric solution

B 8.913 £ 0.03 (1)

% 8.25 £ 0.025 ?2)

J 7.055 +0.024 2MASS

H 6.728 £ 0.015 2MASS
K 6.684 +0.021 2MASS
w1 6.653 +0.081 AllWise
w2 6.650 +0.021 AllWise
w3 6.682 +0.018 AllWise
Distance (pc) 53.767008 3)

7 (mas) 18.57 £ 0.02 Gaia DR3
U (kms™h) ~22.8610:C8 €
V(kms™!) —90.8070-12 )

W (kms™!) —11.95+0:C8 “4)
Stellar parameters

Tetr (K) 5746 £ 59 (&)
[Fe/H] —0.02 +0.05 )
[Mg/H] 0.03 +0.02 (6)
[Si/H] 0.00 + 0.04 6)
[Ti/H] 0.03 +0.03 (6)
[a/Fe] 0.05 +0.05 6)
microturbulence & (kms™!) 1.07 £ 0.04 6)
vsini (kms™!) <2 (7)
log gpec 43340.11 5)
10g giso 4330000 ®)
M, (M) 0.991+9027 ®)
R. (Rg) 1.130370:9069 ®)
pr (Po) 0.686" 4,07 ®)
Age (Gyr) 74799 ®)

Notes. (1) Calc. from Tycho2 Br (E. Hgg et al. 2000) in TIC 8.2 (K. G.
Stassun et al. 2018).

(2) Calc. from HIPPARCOS (M. A. C. Perryman et al. 1997) in TIC 8.2.

(3) C. A. L. Bailer-Jones et al. (2021).

(4) Calculated based on Gaia DR3 — this work.

(5) ARES+MOOG & SPC & CCFPams combined — this work.

(6) ARES+MOOG - this work.

(7) SPC — this work.

(8) ISOCHRONES —this work.

comparison of periodic signals in the RVs, expected from planets,
and activity indicator time series can help determine whether a signal
in the RV time series is due to a planet or one of the other effects.
Periodic signals can be found by analysing the periodograms of
time series. The Generalized Lomb-Scargle (GLS; M. Zechmeister
& M. Kiirster 2009) periodograms of the DRS-derived parameters,
as well as those extracted from the YARARA-processed spectra, are
shown in Fig. 3. The same data selection (set 1) was applied for both
reductions. For the DRS data, we removed the offset between the
first and the other seasons by separately subtracting the median from
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Figure 3. GLS periodograms from DRS (solid red lines) and YARARA
(dashed blue lines) for set 1. The solid vertical line indicates the periods
of HD 85426 b (16.71 d), and the dashed vertical lines show the periods
of the most dominant Keplerian signals at 35.7 and 90 d. The False Alarm
Probability of 1 (0.1) per cent is indicated by the light-grey (dark-grey)
horizontal line. The top panel shows the periodograms of the two RV sets,
whereas the second panel shows the periodograms after removing the most
dominant sinusoidal signal at 35.8 d. From the third to the ninth panel from
the top, we show the periodograms of the activity indicators, and in the last
panel, we show the window function.
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Figure 4. Time series of the DRS RVs and the CCF contrast and best-fitting
sinusoidal model. Both time series were normalized independently to match
in scatter.

the indicator time series. This procedure was not applied to the RV
data because there was no significant offset between the seasons.

The activity periodograms do not show a dominant periodic signal
that is shared among multiple indicators. However, there is a peak
at 36.0 d in the periodogram of the DRS CCF contrast that is not
present in the YARARA data because it is removed by the stellar
activity and PSF correction. The same peak can be seen for the DRS
CCF FWHM time series, although it is not the strongest peak in this
periodogram. There are a few indications that this variation of CCF
contrast and FWHM is not of stellar origin. First, the CCF equivalent
width (EW), traced by the product of FWHM and contrast, shows no
sign of periodic variation around 36.0 d. Indeed, FWHM and contrast
are anticorrelated with a Pearson correlation coefficient of —0.52,
after correction for the offset between seasons 1 and 2. A stellar
effect resulting from a change in convective flows should directly
impact the BIS (e.g. D. Dravins, L. Lindegren & A. Nordlund 1981;
D. F. Gray 2005) and should also affect the EW by changing the
temperature distribution (e.g. D. F. Gray 2005). However, there is no
indication of periodic variation in BIS or EW at 36 days. Secondly,
there are studies indicating that there is a lag between stellar activity
indicators and the radial velocities. A. Collier Cameron et al. (2019)
found that for the Sun, the RVs peak about 1-3 d before the indicators
reach their maxima. This corresponds to a lag in phase of about 20
deg. Similarly, A. Burrows et al. (2024) measured a lag of about 40
deg. For HD 85426, we determined the best-fitting sinusoid for both
the RVs and the contrast separately and measured the phase lag at
the beginning and the end of the time series. In this way, we find
a negative lag between 44 and 90 deg between the contrast and the
RVs, as shown in Fig. 4, which means that the maxima in RV follow
after the maxima in the contrast in time, which is the opposite of
the expected behaviour for RV variations linked to stellar activity.
Lastly, YARARA indeed removed the 36.0 d signal from the contrast
and FWHM time series, but it did not remove the 35.7 d signal from
the RV time series.

We investigated whether the broadening itself could potentially
produce the measured RV variation. In the DRS pipeline, a CCF
is evaluated on a fixed velocity grid with a bin size of about 0.82
kms~! (X. Dumusque et al. 2021) and is subsequently fitted with
a Gaussian. Since CCFs are generally slightly asymmetric (e.g.
D. F. Gray 2005; Cegla, 2018), we suspected that the broadening
and subsequent binning of the CCF could produce a spurious RV
signal. However, we found that the broadening only induces a
spurious RV shift with a semi-amplitude of 0.18 ms~', which is
too small by a factor of 10 to artificially create the RV signal. For
this test, we first created a high-resolution mean CCF. For each of
the 127 measurements, we convolved the high-resolution mean-CCF
with a Gaussian kernel such that the convolution product, if purely
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Gaussian, perfectly matched the measured absorption line. We then
binned this convolution product to match the velocity grid with a
velocity step of 0.82 kms~!. We fitted a Gaussian to this binned
CCF to extract the RV. This procedure can create a spurious RV
shift, but it is too small to produce the measured signal with a semi-
amplitude of about 2 ms~!.

There are significant peaks in the GLS periodogram of the DRS S-
index time series. However, inspection of the residual spectra showed
that the Ca 11 H line was contaminated by ghosts (M. Cretignier
et al. 2021; X. Dumusque et al. 2021), which produced this signal.
Indeed, the strongest four peaks in the DRS S-index periodogram,
in descending order, are at 343, 72, 177, and 89 d, corresponding
very closely to the 1-yr peak and its harmonics at 73, 183, and 91 d,
respectively. This contamination means that the DRS S-index time
series cannot be used to correct for stellar activity. The YARARA S-
index time series does not show these clear peaks that we attributed to
instrumental contamination. Instead, we see a few peaks that barely
surpass the 1 per cent False Alarm Probability around 21, 40, 72, and
102 d.

We conclude that we cannot deduce the stellar rotation period
from the spectra because no periodic signal is sufficiently strong and
shared between indicators.

With older solar-like stars generally exhibiting a magnetic cycle
period of the order of 10 yr (K. Olah et al. 2016), we cannot directly
constrain the period of the magnetic cycle with our data. However,
based on the YARARA S-index data, it appears that we captured the
minimum of this cycle, as we see a valley in the S-index time series.
Applying Student’s 7-test, assuming equal variances, to the different
observing seasons, we derive a t-statistic of 6.2 (p-value: 0.0002 per
cent) for the difference between the S-index values of season 1 and
season 2, and a t-statistic of 3.2 (p-value: 0.2 per cent) between
seasons 2 and 3. Therefore, the difference in S-index is indeed
statistically significant. The p-values do not change significantly if
we perform the 7-test assuming unequal variances. Note that the
extent of the difference in S-index between seasons 1 and 2 may be
impacted by instrumental changes, even after YARARA correction.

The spectral window function, computed as in D. H. Roberts, J.
Lehar & J. W. Dreher (1987), reveals a strong yearly peak due to
the seasonality of the data. Another strong peak appears at a period
of 1 d, reflecting that measurements are restricted to nighttime. This
peak is not included in the displayed periodogram, as it dominates
all other peaks in amplitude. Furthermore, there is a very minor peak
at 31.3 d, which may result from observational gaps introduced by
the lunar cycle. The peak at 31.3 d could indicate that the 35.7 d
is produced by aliasing from the true signal of 16.71 d from planet
b. However, the 31.3-d period in the window function just appears
in season 2, whereas it is absent in the other seasons. The 35.7
d signal in the RVs, on the other hand, persists for all seasons and
combinations of seasons, as shown in Section 4.2. This suggests that,
aside from the seasonal and nightly sampling, there are no prominent
sampling frequencies which could produce artificial peaks in the
other periodograms.

3.2 Stellar activity analysis from photometry

The 13.7-d orbit of TESS induces systematics in the SAP light curves,
making it challenging to detect weak stellar signatures with periods
longer than the duration of an orbit. HD 85426 is expected to have
a rotation period of about twice the duration of a TESS orbit. Given
that there are only two sectors of TESS data, covering a total of about
two rotations of the star, and the star’s activity is moderate to low, it
is difficult to constrain the rotation period from the TESS data.

The HD 85426 system 7

Indeed, the TESS PDCSAP light curve shows occasional variations
below 500 ppm, but no clear periodic signal beyond 20 d. In the
SAP light curve, which is dominated by instrumental factors, we
likewise find no periodogram peak beyond about 20 d that could
hint at the rotation period. The CHEOPS time series is too short
for any meaningful analysis of stellar rotation. We also analysed
data from the All Sky Automated Survey (ASAS) cameras (G.
Pojmanski 2002). The light curve of the camera br of ASAS, with
443 observations spread over 1225 days, has the least scatter of all
ASAS cameras, but still shows a standard deviation of about 18 per
cent. The periodogram evaluated up to 100 d showed a forest of
peaks without a convincing dominant signal. The WASP archive was
investigated but did not contain sufficient high-quality observations
for a meaningful result.

4 MODELLING THE PLANETARY SIGNALS

The characterization of the star in the previous Section presents
a picture of a star with contaminated activity indicators and RV
signatures that are not shared between different reductions, with the
additional complications of a series of measurements impacted by
an instrumental issue and a change in the instrument between the
first and the second observing season. We therefore opted to use
various RV cleaning and analysis methods to gain a clearer view of
the system. Significant effort was put into avoiding dependence on
one single analysis method and testing our conclusions on different
subsets of the data to ensure robustness. We first refine the planetary
parameters using the available photometric information from TESS
and CHEOPS. These parameters are used as Gaussian priors in the
subsequent parts of the analysis when the photometric data are not
fitted jointly.

4.1 Priors from photometry

We fitted the six transits with Juliet (N. Espinoza, D. Kossakowski
& R. Brahm 2019) with the Nested Sampling package DYNESTY (J.
S. Speagle 2020) to derive priors for the independent analysis of the
RVs, presented in Table 3. The RVs were not included in this fit. We
also did not include the data from sector 48 because the transits of
planet b were missed there. We also removed all data that were more
than one transit duration away from the observed mid-transit times,
thus including windows with a width of about twice the expected
transit duration, corresponding to approximately 9.6 h.

We used a broad uniform prior on the planet’s radius, allowing a
radius of up to 5 per cent of the star’s radius, which is about double
the fitted ratio. We centred the reference mid-transit time on the first
CHEOPS transit, which conveniently lies in the centre of the second

Table 3. Orbital parameters from photometry using JULIET. The orbital
period P and reference mid-transit time Ty posteriors are used as input for the
fits that do not include the photometric data. The impact factor b, inclination
i, orbital eccentricity e, and argument of periastron w are not used directly.

Symbol Value Fitted/Derived
P (d) 16.70988 =+ 0.00003 Fitted

To [BID—2400 000] 59674.41307 90008 Fitted

b 0.257943 Derived

i (deg) 89-4t8:i Derived

e 0.087504 Fitted
 (deg) 266154 Fitted
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observing season. The width of this prior was set to the expected
transit duration. The width of the uniform prior on the period was
also set to the duration of a transit and is consequently based only on
the information from the first two TESS transits. It can be visually
checked in the TESS data that the period prior is sufficiently wide.
Similarly, the prior on the reference mid-transit time covers the full
CHEOPS transit. A B prior with the parameters from D. M. Kipping
(2013a) was set on the orbital eccentricity of the planet, and a uniform
prior was set on the argument of periastron.

We parametrized the quadratic Limb-Darkening (LD) law in
(g1, q2) (D. M. Kipping 2013b) with Gaussian priors centred on
LD coefficients computed with PYLDTK (T.-O. Husser et al. 2013;
H. Parviainen & S. Aigrain 2015) for CHEOPS and TESS, and
set an uncertainty of 0.05 for both coefficients and filters. In
the parametrization used, the mean stellar density is fit. For this
prior, we chose a Gaussian distribution centred on the mean stellar
density derived from the spectra, listed in Table 2, and doubled the
uncertainty to avoid depending too strongly on this estimate.

4.2 RV periodogram analysis

The most prominent peak in the GLS periodograms of the DRS and
the YARARA RVs (shown in Fig. 3) is located at 35.7 d. Once we have
removed the best-fitting sinusoid from the YARARA data, we can see
the signal associated with the transiting planet b in the YARARA RVs.
This is not the case for the DRS RVs and highlights the importance
of proper cleaning and extraction of the RVs.

To test the coherence of this signal at 35.7 d, we computed the pe-
riodograms for all combinations of two seasons and all three seasons
individually (cf. Fig. 5). The peaks are narrower for periodograms
that include a longer observing baseline. All periodograms show a
peak at 35.7 d; this signal is, therefore, consistent across all seasons
and it is the only signal that reaches or surpasses the 1 per cent False
Alarm Probability threshold for all seven periodograms.

An additional peak at 38 d is visible in the periodogram of the
RVs from the combined seasons 1 and 3. The beat period of 35.7
and 38 d equals the separation in time between these two seasons.
This means that they describe a very similar model for seasons 1
and 3, but they are phase-shifted by 180 degrees for season 2. The
same periodic signal in the data, therefore, produces this peak. An
in-depth analysis, detailed in Appendix B, showed that the estimated
mass associated with the 38-day signal doubles if we exclude the
data of the second season. This is due to the phase being off by 180
degrees in the second season, forcing the fit to converge to a lower
amplitude if the data from this season are included. This strongly
indicates that 38 d is not the correct period for an outer companion
to planet b.

4.3 General diffusive nested sampling search for planets within
the YARARA RVs

To further probe the presence of planetary RV signals, we investigated
the preferred RV model in the YARARA data using nested sampling,
including the knowledge about the transiting planet via priors. We
used KIMA (J. P. Faria et al. 2018), which utilizes the diffusive
nested sampling algorithm Dnest4 (B. J. Brewer & D. Foreman-
Mackey 2018). Dnest4 is expected to be well suited for multimodal
problems, such as the one treated in this study, and computes the
model evidence, allowing for model comparison.

For planet b, we used transit-informed Gaussian priors on the mid-
transit time (N2, 459, 674.4130, 0.0005?] BJD) and the period
(NT16.70988, 0.000032] d) based on the parameters estimated in
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Figure 5. GLS periodograms of the YARARA RVs. The grey vertical line
indicates the period of HD 85426 b. The blue vertical line shows the period
of planet candidate HD 85426 c. The grey horizontal line indicates the level
of 1 per cent False Alarm Probability.

Table 3. The priors for the additional unknown planets are shown in
Table 4 and are similar to those in A. A. John et al. (2023). We fitted
up to 4 Keplerians to the data. The eccentricity prior was set to the
Kumaraswamy distribution (P. Kumaraswamy 1980) with the listed
shape parameters, as in M. R. Standing et al. (2022); A. A. John et al.
(2023), and closely resembles the B distribution suggested in D. M.
Kipping (2013a) favouring less eccentric orbits. The Kumaraswamy
distribution was implemented in KIMA for numerical reasons (J. P.
Faria et al. 2018). Lastly, we set the number of saves to 100 000 to
adequately sample the posterior distributions.

To compare competing models with different numbers of Ke-
plerians, we compute the Bayes factor, i.e. the ratio between the
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Table 4. Prior distributions for KIMA run. I/ indicates a uniform distribution,
LU a log-uniform distribution, M LU a modified log-uniform distribution
(e.g. P. C. Gregory 2005), and K a Kumaraswamy distribution.

Parameter Symbol Unit Distribution
Orbital period P d LU[1.1,900]
Orbital Phase ) deg U[0, 360]
RV semi-amplitude K ms~! MLU[0.01, 20]
Eccentricity e K[0.867, 3.03]
Argument of periastron 1) deg U[0, 360]

Table 5. Evidences (InZ) and Bayes factors (A InZ) for models assuming
different numbers (N;,) of Keplerians. These models were evaluated using the
RV set 0 and set 1.

RV set O RV set 1
Np InZ A InZ InZ A InZ
1 —342.2 0.0 —-327.6 0.0
2 —3359 6.3 -321.0 6.6
3 —333.3 2.6 -317.1 3.9
4 —330.1 3.2 -316.4 0.7

model evidences. These results are shown in Table 5. Following the
classification in R. E. Kass & A. E. Raftery (1995), we find decisive
evidence, i.e. A InZ greater than 4.6, for at least one other planet and
strong evidence, i.e. AlnZ greater than 2.3, for a three-Keplerian
model for both sets. There is strong evidence for including a fourth
Keplerian signal for set 0, but insignificant evidence for set 1.

The most likely period for the second Keplerian is 35.8 d, in agree-
ment with the results from the periodogram analysis in Section 4.2,
and 90 d for the third Keplerian. For the 1-, 2-, and 3-Keplerian
fits applied to set 1, we find minimum masses m sini for planet b
of 6.97]2, 8.0114, and 8.71)"] M, respectively. Note that the sini
term is smaller than 0.01 per cent for transiting planet b and thus the
minimum mass values for this planet are equal to the actual masses
within the precision quoted in this study. Applying the probabilistic
mass—radius relations described in J. Chen & D. Kipping (2017), we
expect a mass of ng Mg for planet b. Our derived planetary masses
are therefore comfortably within the expected range.

We can conclude that there are at least two, and very likely three,
detectable planets in the RV time series. The two statistically most
favoured models (2 or 3 planets) are investigated in more detail in
the following sections.

4.4 Multi-Keplerian joint fits including the YARARA RVs

In this Section, we further investigate the case for at least one
other planet and extract the respective planetary parameters. The
subsequent analyses were computed using JULIET due to its versatility
and its ability to jointly model the photometric data described in
Sections 2.1 and 2.2. We used the Nested Sampling package DYNESTY
with 3000 live points to estimate Bayesian posteriors and evidences.
To decrease the computation time, we included just the transits of
planet b with a margin of one transit duration to either side, as in
Section 4.1. We used uniform priors centred on the best-fit value for
the period and the reference time of the inferior conjunction of planet
b, i.e. the reference mid-transit time, with a width of 10 o on both
sides. The priors on the Limb-Darkening coefficients were set as in
Section 4.1. The dilution factor can be used to account for external
sources of contamination and was fixed to 1, which means that we
assume that no such source impacts the apparent transit depth. The
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mflux parameter models the mean out-of-transit flux and was set to
a narrow Gaussian prior. Lastly, we chose broad uniform priors for
the factors r; and r, which parametrize the impact factor and the
planet-to-star radius ratio, as in (N. Espinoza et al. 2019). A trend
was discernible for the first TESS transit and was subtracted together
with a separate offset from the light curve before phase-folding. The
gradient of this trend (Orgss) was 0.0004 d~" and therefore has a very
minor impact on the fit and the values of the extracted parameters.
These priors were used in all fits, except when specifically mentioned
otherwise.

4.4.1 Investigating the two most dominant Keplerian signals

For the second Keplerian, we initially set a wide log-uniform prior on
the orbital period to cover the entire baseline of the data. The posterior
again revealed a clear global maximum at 35.8 d, corroborating the
results from Sections 4.2 and 4.3, where we found the same dominant
signal using two other methods. However, Juliet found other local
maxima. The most dominant of these secondary posterior maxima
was located at 90 d. We thus redefined the prior on the period of
the second Keplerian to a uniform prior 1/(34.4, 37.4). This prior is
centred at 35.87 d, as derived from the periodograms, and its width
in frequency corresponds to twice the inverse of the baseline of about
850 d. This choice ensures that the periodogram peak and the main
peak of the posterior fit comfortably into the prior range.

We then tested the dependence of our results on the eccentricity
prior. For this, we first fitted two models (1 and 2 Keplerians) to the
YARARA RVs by setting the eccentricity priors to 2/(0, 0.95). For the
1-Keplerian model, we found an orbital eccentricity of 0.2+0% for
planet b. The 2-Keplerian model converged to a lower eccentricity
of 0.1, with the eccentricity below 0.3 for all posterior samples.
For the second Keplerian, we found a slightly higher value for the
eccentricity of 0.217017.

In conclusion, the data indicate that the eccentricity of planet b is
low and is very likely below about 0.3. This is supported by evidence
that the eccentricities of planets in multiple systems tend to be low
(e.g. V. Van Eylen et al. 2019). For subsequent fits, in addition to
the results derived using a B eccentricity prior, we also derive the
main results with a uniform eccentricity prior with an upper limit
of 0.3. This serves for comparability with the TWEAKS analysis in
Section 4.6.

In Table 6, we show the derived parameters for a 1- and 2-Keplerian
model using a B prior and a uniform prior on the eccentricity,
with the upper limit set to 0.3 as motivated above, while jointly
fitting the photometric data. This analysis showed that the mass of
planet b depends only insignificantly on whether we model a second
Keplerian and on whether we use a uniform or a 8 prior. Furthermore,
we found decisive evidence for including a second Keplerian. More
specifically, the difference between the two models, including one
or two Keplerians, in log-evidence is equal to 11.1 for the g prior
and 10.7 for the uniform prior. This agrees with our conclusions in
Section 4.3, where we also found that including a second Keplerian
was also statistically very strongly preferred.

To further probe the periodic signal around 35.7 d, we investigated
the signal’s stability in time in terms of amplitude and phase.
For this, we again created three separate sets of data, selecting
all combinations of two seasons. We then modelled these three
sets independently with 2-Keplerian models. We used the transit-
informed priors on the conjunction time Ty and orbital period of
planet b, for computational efficiency, and fixed the period of the
second signal to 35.7 d. Fixing this period serves to compare whether
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Table 6. Joint photometry and RV (YARARA, set 1) fits using one or two Keplerians using Juliet.

B eccentricity prior

U[0,0.3] eccentricity prior

Parameter Symbol Unit b c d b c d
One Keplerian

Orbital period P d 16.70988 00003 16.7098915-99003

RV semi-amplitude K ms~! 1.91’8:2 1.9f8:j

Eccentricity e 0. 12t8;8§ 0. 17J—r8:83

Argument of periastron ) deg 307;"% 30832

Minimum Mass m sin(i) Mg 7.3fi:i 7~5ﬂjg

log-evidence (InZ)

30244.5 £ 0.7

30244.8 £ 0.7

Two Keplerians

Orbital period P d 16.70988 700003 35.7%04 16.70988 759000 35701
RV semi-amplitude K ms~! 2,01'8:2 2.1 fg:i 2.0f8:§ 2.1 fg:g
Eccentricity e 0.057507 0.13700, 0.147006 0.14124
Argument of periastron w deg 273'_"331 112f324 290.01';8:8 90.01’28%0
Minimum Mass m sin(i) Mg 8.1+l 10.4118 8.0+14 107418
log-evidence (InZ) 30255.6 + 0.7 30255.5 + 0.7
Three Keplerians
: . +0.00002 +0.09 +1.8 +0.00002 +0.11 +1.3
Orbital period P d 16.7098815:00002 3573404 89.271% 1670988000002 35737040 89.5t13
RV semi-amplitude K ms~! 22403 20103 14704 20103 22403 14753
Eccentricity e 0.057507 0.067007 01571 0.05790 0.12700 01575
Argument of periastron w deg 282138 1431438 20878, 26174 7678 80™1%
Minimum Mass msinG) Mg 8.5M173 10.31)¢ 9.5%32 8.11 10.971 9.8133
log-evidence (InZ) 30258.9 + 0.8 30259.4 + 0.9
Seasons 1 and 2 Seasons 1 and 2
Seasons 2 and 3 Seasons 2 and 3
lJ
‘JF - J
S # )
4 &
Q? 1 1 Q‘t 1 1
© - 1 O i 1 %
R % 1 NS | ( et
1 &3 () & 1 Ny q, ‘ - 7N
%\ o L YR b\ |
S AP > ¥ NN N n@%qb\bq@> & NN NN
QY QY QY o° P 9P D
+5.967441 x 10* i o
T_0 [BJD - 2,400,000] K [m/s] e T.0 [BID - 2,400,000] K [m/s] e

Figure 6. Posterior distributions for the orbital parameters of planet b for all
combinations of two seasons.

the signal shifts in phase when we include different subsets of the
data. However, note that the peak in the period posterior to the second
Keplerian was always within 35.7 + 0.5 d, when not constraining
the period, as expected. The posterior distributions of the orbital
parameters are shown in Figs 6 and 7. The values for both Keplerians

MNRAS 545, 1-26 (2026)

Figure 7. Posterior distributions for the orbital parameters of planet c for all
combinations of two seasons.

are remarkably consistent, indicating robustness. Specifically, for the
second Keplerian signal, the inferior conjunction times 7y are very
consistent (2459498.3 + 1.1, 2459499.6 + 1.2, 2459498.6 £ 1.3)
given the long period of 35.7 d. Furthermore, while slightly more
variable, the semi-amplitudes are consistent within the error bars.
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Figure 8. Periodogram of RVs with the contribution of planets b and c
removed. The horizontal grey line indicates the 1 per cent FAP value.

The extracted minimum masses associated with the second Keplerian
correspond to values between 9 and 12 Mg, in very good agreement
with the value derived from the entire RV time series.

With the remarkable coherence of the second Keplerian in the RV
time series and given the decisive statistical preference in favour of
including a second Keplerian, we consider it warranted to deduce that
the Keplerian signal is caused by a previously unknown planet, HD
85426 c. Even in the case that this signal turned out to be spurious, it
is warranted to include it in the fit because of its stability over time.
We show the priors and posteriors for the 2-Keplerian model with
the B prior set on the orbital eccentricity in Table C1.

4.4.2 A third planetary signal

We have shown that including a second Keplerian is very strongly
preferred over a 1-planet solution and that the extracted parameters
are coherent in time. In this Section, we test whether there may be an
additional planet and how the modelling of this planet would change
our other inferences. This is due to evidence found in Section 4.3
that a 3-Keplerian model is a very good fit to the RV data.

Since multiple approaches with broad log-uniform priors recover
the 35.7 d signal, and have shown its strong coherence in time, we
consider it warranted to posit that this signal is real and not caused
by the interplay of other Keplerians. If we subtract the RV signatures
of planets b and ¢, according to the 2-Keplerian fit, from the RVs and
recompute the GLS periodogram we find four periodic signals with
False Alarm Probability below 1 per cent: 16.3, 24.6, 71.5, and 89 d
(cf. Fig. 8).

The reliability of an RV periodogram analysis after subtracting a 2-
Keplerian fit is limited due to uneven data sampling and the potential
partial absorption of a third Keplerian signal into the existing fit.
However, the periodogram can suggest candidate periods that can be
compared statistically in a subsequent step.

The 16.3 d period cannot be attributed to a planet because it would
strongly interact with planet b with its orbital period of 16.71 d.
Two of the remaining periods (71.5 and 89 d) are yearly aliases. A
periodogram peak analysis following R. I. Dawson & D. C. Fabrycky
(2010) did not clearly favour one of the two periods. To compare the
three candidate periods, we modelled the RV data using the same
priors for the first two Keplerians, while applying three different
priors on the third Keplerian in three separate model runs. More
specifically, we set the prior on the period of the third Keplerian to
U(23.8,25.2) d, U(66.0, 78.1) d, and 1/(80.6, 99.4) d, respectively.
The range to either side of the central value is again set to the inverse
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of the baseline in frequency space. The width of the prior on the
conjunction time was set to the maximum period for each case. The
other priors were set identically to the previous 2-Keplerian model
in Section 4.4 with the g prior on the eccentricity. The period of 89
d was decisively favoured over the 24.5 d period with a A InZ of 4.8
and strongly favoured over the 71.5 d period with A InZ equal to 3.3.

In fact, we can also find the 89 d signal by setting the log-uniform
prior £U(1.1, 850) d on this Keplerian’s period. This run clearly
also favoured the period of 89 d for the third Keplerian. However,
the posterior distribution of the reference conjunction time of the
third Keplerian showed multiple modes, separated by multiples of
the favoured period of about 89 d. We therefore needed to rerun the
model restricting that prior distribution to /[59 500.0, 59 590.0] d to
avoid artificially inflating the error bars of the reference conjunction
time.

We conclude that the 89 d period is clearly preferred, in agreement
with the findings from Section 4.3. The relevant results of the model
with the broad log-uniform prior £I/(1.1, 850) d applied to the period
of the third Keplerian are shown in Table 6 and the full priors and
posteriors are shown in Table 7. There is strong statistical evidence
for this model as compared to the 2-Keplerian solution, with A InZ
being 3.3 in favour of the 3-Keplerian model when applying the 8
prior on the orbital eccentricities. The True Inclusion Probability (N.
C. Hara et al. 2022) for the 89 d signal is 75 per cent, adding weight
to the hypothesis that there is a detectable planet with a period of
about 89 d. We find A InZ to be about 3.9 in favour of the 3-Keplerian
model if we use the uniform priors on the eccentricity, suggesting
strong evidence in favour of this model.

The mass estimates for the modelled signals depend marginally,
but are within the 1-sigma uncertainties, on how many other Keple-
rians we model and whether we choose a restricted uniform prior or
a B prior (cf. Table 6). The eccentricities for all three Keplerians are
low and the arguments of periastron, although hard to constrain given
the low eccentricities, are consistent across the different models. This
shows that we have extracted robust orbital parameters.

Analogously to the approach in Section 4.4.1, we investigated
the stability of this third Keplerian in terms of semi-amplitude and
phase. This is again achieved by fitting a 3-Keplerian model to the
data in three different runs, excluding one season at a time. We set
normal priors on the period and time of conjunction for planets b
and c using the results from the 2-Keplerian fit and g priors on the
eccentricities. We fixed the period of the third Keplerian to 89 d and
set a uniform prior with a width of 90 days on the time of conjunction.
The posteriors for the third Keplerian at 89 d are shown in Fig. 9. The
times of conjunction for all three runs align well given the long orbital
period (2459 548.4 + 7.7, 2459 544.6 & 4.8, 2459 553.9 £ 3.6). The
semi-amplitudes align well too; however, the signal amplitude is less
constrained if the first season of data is included. The amplitudes and
times of conjunction of this third Keplerian align slightly less well
compared to the values we extracted for planet ¢, shown in Fig. 7.
This is, however, expected because the orbital period is 2.5 times
longer, the semi-amplitude is lower, and there are more parameters
to fit. Given these considerations, the signal coherence is still a good
indicator for the stability of the signal at 89 d. Nevertheless, long-
term observations are necessary to further solidify this detection.

Lastly, since there is limited evidence for non-circular orbits, we
also ran our model constraining the orbits to be circular. We chose
the same priors as in Table 7, apart from the eccentricity and the
argument of periastron, which we set to zero. This produced posterior
distributions that were very similar to those obtained with the 8 or
the uniform eccentricity prior. For example, the minimum masses
of planets b, ¢, and d converged to 8.5%}3, 10.7*13, and 10.3%23
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Table 7. Prior and posterior distributions for the 3-Keplerian joint run. ¢/ indicates a uniform distribution, LU/ a log-uniform distribution, and 8 a beta

distribution.
Parameter Symbol Unit Prior distribution Posterior
Fitted parameters
Planet b
Orbital period Py d U[16.70959, 16.71019] 16.70988™ 00000
Reference conjunction time Top d U[59 674.408, 59 674.418] 59674.41317 39005
RV semi-amplitude Ky ms~! LU[0.1, 10.0] 22793
Eccentricity eccp B10.867, 3.03] 0.0510:07
Argument of periastron Wy deg U[0.0, 360.0] 2821'22
I, I, U[0.0, 1.0] 0.510]
1, 2, u[0.0, 1.0 0.022570003
Planet ¢
Orbital period P, U[34.4,374] 357310
Reference conjunction time Toc U[59 600.0, 59 637.4] 59608J_r{
RV semi-amplitude K. ms™! LU[0.1, 10.0] 2.0793
Eccentricity ecce B10.867, 3.03] 0.067597
Argument of periastron e deg U[0.0, 360.0] 1433?8
Planet candidate d
Orbital period Py LU[1.1,850.0] 89ﬂ
Reference conjunction time Toq U[59500.0, 59590.0] 59548ﬂ|
RV semi-amplitude Ky ms! LU[0.1, 10.0] l.4fgj
Eccentricity eccq 10.867, 3.03] 0.157933
Argument of periastron wd deg U[0.0, 360.0] 208J_r?§0
Stellar and instrumental
Mean RV HARPS-N [AHARPS-N ms™! UI-5.0,5.0] 0.3793
Quadratic 1d coefficient qlrgss NT0.33,0.05%] 0.3175%
Quadratic 1d coefficient PrEss N10.36,0.052] 0.3675%
Quadratic 1d coefficient qlcuEops N10.45,0.052] 0.4675%
Quadratic 1d coefficient A2CHEOPS NT0.41, 0.05%] 0.3975:03
Stellar density o kg/m? NT966.0, 70.0%] 973132
dilution—TESS Fixed 1.0
mflux—TESS NT0.0,0.012] 5121073
Offset—TESS PrESS U[—-0.001, 0.001] ~0.00005+0:00003
Gradient—TESS O1ESS d-! U[—0.001, 0.001] 0.00038 100007
Scatter TESS OTESS ppm LU[1.0, 500.0] 27211
dilution—CHEOPS Fixed 1.0
mflux—CHEOPS NT0.0,0.012] 7+310°6
Scatter CHEOPS OCHEOPS ppm LU[1.0,500.0] 851’2
Scatter HARPS-N OHARPS-N ms~! LU4[0.1, 10.0] 2.3%02
Derived parameters
Planet b
Radius Ry Rg 278100
Impact parameter b 0.241'8: g
Scaled semi-major axis a/R, 24.31’8:2
Inclination ip deg 89.4*_'8:2
Transit duration T h 5.411’8:8;
Minimum mass my, sin(ip) Mg S.Sf}j
Equilibrium temperature (black body) Teq K 82411
Planet ¢
Minimum mass planet ¢ me sin(ic) Mg 10.3f}:g
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Table 7 — continued
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Parameter Symbol Unit Prior distribution Posterior
Scaled semi-major axis a/R, 40.3f812
Equilibrium temperature (black body) Teq K 640Jj3
Planet candidate d

Minimum mass planet candidate d me sin(ic) Mg 9,53:‘%
Scaled semi-major axis a/Ry 74f§
Equilibrium temperature (black body) Teq K 4721’}3

Seasons 1 and 2
Q
0

.w‘wzl‘\()ll.\ 2 ill]‘]
|
— ,JJ‘ tn R S

K [m/s]

) Q O ®
» NN

T_0 [BID - 2,400,000] K [m/s] e
Figure 9. Posterior distributions for the orbital parameters of planet candi-
date d for all combinations of two seasons.

Mg, respectively. The differences between these masses and those
produced using the other two eccentricity priors are negligible.

4.4.3 Analysis of the favoured model

In this Section, we examine the properties of the 3-Keplerian model
derived using the B eccentricity prior. This model was selected
because it is statistically preferred over the 2-Keplerian models. The
selection of the eccentricity prior has a very minor effect on the
derived parameters. However, since the B prior is more commonly
used in RV analyses, we have chosen this model for further analysis.

The phase-folded RV time series are shown in Fig. 10. As apparent
in this Figure, the phases of all three signals have been sampled
appropriately, and the RVs agree well with the model.

We computed the stacked Bayesian GLS (BGLS) periodograms
(A. Mortier & A. Collier Cameron 2017) for two cases displayed in
Fig. 11: (1) the RVs with the signals from planet b and candidate d
removed, and (2) RVs with the signals from planets b and ¢ removed,
such that the signal of only one planet is expected to remain in the
RVs. The stacked BGLS periodogram is generated by computing the
BGLS periodogram (A. Mortier et al. 2015) for the first i observations
and stacking these periodograms. This serves to investigate whether
the power of the signal in the periodogram increases as we include
more data, as expected for a real signal, or whether the signal is

P=16.71d
54
//’—-—-"\\
04 -7 \\ -
\‘_//
—54
P=23573d

= [
R=h 01 // \\ Y
= AT U AN oy
75 o
P=289.21d
5 i
./’,_‘_—__\\ /—
01 \~\_—’//
75 o
0.4 0.2 0.0 02 04
Phase

Figure 10. Phase-folded RV curves for all three signals present in the HD
85426 data. The best-fitting model is shown by the blue solid line. The RV
measurements, with the contribution of the two other signals subtracted, are
shown in grey. The orbital periods are displayed above each panel.

generated by a strong artefact in the time series and its power subsides
with the inclusion of more data points. For the RV signal of planet
¢, we find very good agreement with this premise. The case is less
clear for planet candidate d, as discussed in Section 4.4.2 and shown
in Figs 8 and 9. However, it is still in line with a real signal, given the
complications of having seasonal data and a comparably long period
of about 89 d.

We show the phase-folded transits in Fig. 12. The radius posterior
of planet b shows a slight correlation with the eccentricity, with the
radius estimate increasing with eccentricity. This produces a slightly
asymmetric uncertainty estimate. However, the derived radius is
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Figure 11. In the top (bottom) panel, we show the stacked BGLS peri-
odogram for the YARARA RVs with planets b and d (b and c) removed.
The orbital period of planet ¢ (d) is indicated by the dashed vertical
line.
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Figure 12. TESS (left) and CHEOPS (right) light curves phase-folded with
the period of planet b with best-fit transit model from joint fit with JULIET
(red). The flux values are plotted in grey. The cadence for TESS was 2 minutes
and 1 minute for CHEOPS. The phase-folded light curves binned in 30-min
bins are overplotted in black.
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Figure 13. Posteriors of the orbital elements corresponding to the 3-
Keplerian solution with B eccentricity prior. The initial values of the stable
orbital solutions are indicated with green vertical lines.

perfectly consistent with the independently extracted value assuming
circular orbits in Section 6.

We tested the stability of the 3-planet configuration derived with
the § eccentricity prior using a CPU version of the hybrid symplectic
integrator GENGA (S. L. Grimm & J. G. Stadel 2014; S. L. Grimm
et al. 2022). Of the 2300 simulated systems, 1471 systems survived
without collisions for at least 10 million years, corresponding to
the maximal duration of the simulation. The initial values of the
stable solutions are all consistent with the derived posteriors, with a
slight preference for lower eccentricities for planet candidate d than
expected from the posterior, see Fig. 13. The argument of periastron
is set to 200 degrees if the eccentricity is equal to zero, which explains
the accumulation of these values, specifically for planet b with its
tight eccentricity posterior close to zero. We conclude that the true
orbital parameters of the system, which we expect to correspond
to one of the stable solutions, are fully consistent with the derived
posteriors.

By propagating the impact factor of planet b of 0.24t3;{§ within
1 o, we infer that all objects in a coplanar orbit with planet b and
periods below 64 d are expected to transit. Therefore, we would
expect planet c to transit if it were in a perfectly coplanar orbit with
planet b. Based on the RV data, if planet ¢ were in a transiting orbit, it
would have passed between Earth and its host star during the second
half of TESS sector 21, cf. Fig. 1. However, no transits are discernible
in the TESS light curve at the expected time of transit or generally
in the light curve, despite the expected high signal-to-noise ratio of
HD 85426 c’s transits. Therefore, planet ¢’s inclination must be less
than 88.6°, as compared to the derived value of 89.4° for planet b.

To further explore the stability of the system, we also performed
dynamical stability analyses following A. C. M. Correia et al. (2005)
and J. Couetdic et al. (2010). These analyses also found that the
system is indeed stable and indicated that the non-transiting planets
may be in a stable 5:2 resonance. By varying the inclinations of
planets ¢ and d with the longitude of the ascending node set to 0°,
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we find a broad region of stability ranging from 20° to 160° for both
non-transiting planets. This implies that the true masses of planets ¢
and d are likely less than approximately 30 M.

4.5 Gaussian Process regression applied on DRS RVs

In this section, we briefly describe attempts to extract the planetary
signals directly from the DRS data (set 1). The fits presented so far
in this study were based on the assumption that there is a negligible
amount of residual stellar activity and instrumental noise in the
RVs after post-processing with YARARA. To test our inferences, we
attempted to extract the planetary signals directly from the DRS
RVs. The latter contain the unfiltered stellar signal manifesting as
correlated noise, which we attempted to account for with Gaussian
Process (GP; C. E. Rasmussen & C. K. I. Williams 2006) regression,
as is commonly done in RV analyses (e.g. R. D. Haywood et al.
2014; V. Rajpaul et al. 2015; N. Espinoza et al. 2020; S. Dalal et al.
2024). We did not use the multidimensional GP approach (e.g. V.
M. Rajpaul, S. Aigrain & L. A. Buchhave 2020; O. Barragén et al.
2022) due to the contamination of the DRS activity indices. Instead,
we employed a one-dimensional GP model, as in e.g. N. Espinoza
et al. (2020) or S. Dalal et al. (2024), fitting the GP simultaneously
with the Keplerians to the RV data. For this, we tested the exp-
sine-squared kernel described in R. D. Haywood et al. (2014) and
the exponential kernel defined in CELERITE (D. Foreman-Mackey
et al. 2017). While we obtained planetary mass estimates for planet
b consistent with the masses derived in the previous sections, we
found that the GP kernel’s decay time-scales converged to 2-3 d.
These short time-scales are atypical for stellar activity. Therefore,
other noise components are interfering with the modelling, and the
stellar contribution to the RVs has not been properly accounted for.
Given the limited number of RVs with uneven sampling, we conclude
that the results from the GP runs cannot contribute to a meaningful
analysis of this RV data set, and we explored other methods to test
our results.

4.6 TWEAKS analysis

Our results from the previous sections rely on YARARA as an RV post-
processing pipeline. However, cleaning stellar spectra and properly
extracting RVs is a very challenging task. No current method is
expected to perfectly disentangle RV contributions from the planets,
the star, the instrument, or variations due to the atmosphere of the
Earth (L. L. Zhao et al. 2022).

To test our previously obtained results, we ran TWEAKS on the
DRS 3.0.1 data. The inner workings of this pipeline are explained
further in Section 2.3.3. We used set 1 to include the same data as in
the YARARA-based analysis above. Since there is ample evidence for
at least one other signal, we ran TWEAKS modelling two, three, and
four Keplerians in three separate runs, with the parameters of planet
b being informed by the transits, i.e. we used Gaussian priors on the
conjunction time and period, as in Section 4.3.

4.6.1 A different solution from TWEAKS

In the first run, we set the same uninformative priors as in Section 4.3
on the orbital parameters of the non-transiting planets. For a 2-
Keplerian fit, TWEAKS favoured a companion to planet b with a
period of about 70 d in an eccentric orbit. This signal persisted if
we allowed more Keplerians, with these runs favouring an additional
Keplerian with a period of about 38 d. The mass associated with
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planet b converged to a value between 4 and 5 Mg and is thus
significantly below our previous estimates, which led us to cross-
check this solution in the YARARA RVs.

We could recreate the architecture favored by TWEAKS with the
YARARA data by setting a uniform prior ¢/[36.6, 38.8] d on the period
of the second Keplerian, excluding the period of 35.7 d that was
otherwise preferred, but allowing the solution found by TWEAKS. In
this way, we found a very similar solution involving three Keplerians
with periods 16.7, 38, and 71. As in the solution suggested by
TWEAKS, we found a large eccentricity for the third Keplerian of
0.530 0. The mass estimate for planet b converged to 7.577 Mg,
which is consistent with our other estimates but shows an intrinsic
difference between the masses inferred by TWEAKS and the masses
derived from the YARARA RVs. As shown in Appendix B, the 38 d
solution is not stable in time for the YARARA data, implying a phase
offset in season 2, and raising first doubts about the validity of this
solution. However, one could imagine a real effect, such as periastron
precession, or an inadequate model fooled by the superposition
of Keplerians to produce the discrepancy in mass estimates. We,
therefore, performed N-body simulations with GENGA drawing from
the posteriors of the 3-Keplerian fit to test the stability of this orbital
solution. We expect to observe a stable planetary system, as it is
very unlikely to observe an unstable system given the age of the
star.

We found that 16 out of 13 000 simulated systems did not lead to
collisions and were stable throughout the duration of the simulation,
which was again set to 10 million years. Note that more simulations
were performed in this run compared to Section 4.4, where we
simulated a total of 1651 systems, because most of the simulated
systems in this configuration led to collisions very early on, reducing
the computational time required per simulated system. We show the
eccentricities and arguments of periastron of the 16 stable solutions
for the first 10 000 yr, after which they continue in a similar manner, in
Fig. 14. All stable solutions show strong variations in eccentricity and
argument of periastron, with some solutions showing distinctively
similar features, indicating that there are some islands of stability in
the parameter space. As a first conclusion, we find that the orbital
elements evolve with periods of the order of 1000 yr and therefore
we can assume the eccentricity and argument of periastron to be
constant over the duration of our observations of about 3 yr. It is
particularly striking that the eccentricity of the third Keplerian of
0.5370:1) coming from the best fit to the RVs is not compatible
within about two o with any of the stable solutions.

We conclude that the orbital configuration associated with the best-
fit parameters is not stable because none of the simulated systems
with values near the peak of the posterior survived in the simulation.
Therefore, if we are indeed dealing with a system with three planets
with periods of 16.7, 38, and 71 d, we expect to observe it during
a time of its existence when the eccentricities are near or below
0.3. Therefore, we reran TWEAKS excluding the solutions with high
eccentricities, which we have shown to be unstable, but still including
the stable solutions.

4.6.2 Second TWEAKS run

In this run, we restricted the eccentricity to a uniform prior /[0, 0.3]
as motivated in the previous Section 4.6.1 and in Section 4.4 where
we found that the eccentricity of all three modelled best-fit Keplerians
is expected to be below 0.3.

Running TWEAKS with this new prior excluding the dynamically
unstable solutions, TWEAKS favoured the same solution as the

MNRAS 545, 1-26 (2026)
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Figure 14. Eccentricity (top panel) and argument of periastron (middle
panel) of the 16 stable solutions associated with initial periods of 16.71 (b),
38 (c), and 71 d (d) for the first 10 000 years of the simulation. The posteriors
with initial values of the stable solutions indicated by green vertical lines are
shown in the bottom panel.
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Figure 15. Posteriors of planet b’s semi-amplitude K, eccentricity e, and
period P for a 1- (magenta), 2- (cyan), and 3-Keplerian model (blue).

analysis on the YARARA RVs. More specifically, we found that the
median period of the second Keplerian in the 2-Keplerian model was
equal to 35.87%! d. For a 3-Keplerian model, we found a period of
35.8%01 d for the first outer companion and 90.0*0 d for the second
companion of planet b. These results again corroborate our findings
in the previous Section regarding the non-transiting planet ¢ and the
likely existence of planet candidate d.

The log-evidence for TWEAKS increases from -339.0 (two Keple-
rians) to -334.2 (three Keplerians) and therefore clearly favoured the
3-Keplerian model. Following R. E. Kass & A. E. Raftery (1995),
a difference in log-evidence greater than 4.6 can be interpreted
as decisive evidence. For TWEAKS, we also tested modelling four
Keplerians. This increased the log-evidence to -328.8, which is again
decisively favoured over the 3-Keplerian model. The 4-Keplerian
model also favoured including a 35.8*)| and a 89.9*03 d Keplerian,
as found in the previous run and the previous sections, but did
not converge to a unique, well-constrained solution for this fourth
Keplerian. Therefore, we consider the 3-Keplerian model to be the
best-suited.

The False Inclusion Probability (FIP; N. C. Hara et al. 2022) value
for planet ¢ with a period of 35.8 91 dis 30 per cent in the 3-Keplerian
model, and we find the FIP of the signal at 90.0*03 to be 36 per cent.
These values are comparable to what we found in the analysis using
JULIET applied to the YARARA RVs including the photometric data in
Section 4.4.

The orbital parameter estimates for planet b are practically
independent of whether we model up to three other Keplerians.
We derive minimum masses of 6.07}¢, 6.07}2, 6.1%]-3 Mg, for the
three cases, respectively. Note that this model cannot constrain the
eccentricity of the planet’s orbit, as visible in Fig. 15. For planet c,
we find a minimum mass of 11.57)) Mg, and the minimum mass
associated with the 90-d signal is 13.373% Mgy. These values are
marginally higher than what we found in Section 4.4, where we
found a minimum mass for planet ¢ of 10.37]$ (10.97]%) Mgy and
9.5137 (9.8133) Mgy for the 90-d signal.
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Figure 16. Non-detection ratio of the RV signature of massive outer planets
on edge-on circular orbit. Planets with parameters to the left of the solid blue
line have a non-detection ratio of zero. The blue diamonds indicate the upper
mass limits for companions at different distances to the star from P. Kervella
et al. (2022). The quoted mass values correspond to m sin(i) for the RV-based
analysis.

5 LONG PERIOD MASSIVE PLANETS

We can use the three years of RV data to draw conclusions about the
existence of outer planets. For instance, a Jupiter-mass planet with
an orbital period of a few years in a transiting orbit would produce
a noticeable trend in the RVs. After subtracting the RV signal of
the three planets from the YARARA RVs, we find a maximum offset
between any two seasons of 1.44 ms~' and no large gradients within
the seasons. Therefore, we can exclude the existence of such a planet.

We applied a very simple criterion to explore the sensitivity of
our analysis to outer massive planets. We assumed circular edge-
on orbits and simulated the RV signature of planets with orbital
periods between 3 and 35 yr and minimum masses between 0.1 and
2 M; on a grid of phases from 0 to 360 deg. If the RV signal of
such a planet produced an offset between any two seasons greater
than twice the largest offset we measure, we deduced that it cannot
exist. We show the fraction of non-detections, i.e. planets that would
produce a signature smaller than the threshold of 2.88 ms~!, for
all tested parameters in Fig. 16. We also show the limits to the mass
of outer planets derived from astrometry from HIPPARCOS and Gaia
in P. Kervella, F. Arenou & F. Thévenin (2022) who do not find
a significant indication of any outer planets. This means that we
can rule out the existence of, for example, a Jupiter-mass planet
with an orbital period smaller than about 9 yr, assuming circular
edge-on orbits. Taking into account the sin(i) factor, we can rule
out planets with masses greater than 1 M) with orbital inclinations
between 30 and 150 deg with orbital periods smaller than about
6 yr. From astrometry, we can also rule out planets with masses
greater than the values from P. Kervella et al. (2022) indicated in
Fig. 16.

6 TRANSIT TIMING VARIATIONS

We analysed the two TESS transits and the four CHEOPS transits
in the search for Transit Timing Variations (TTVs) that could hint
at the existence of planets other than HD 85426 b orbiting this star.
First, we removed outliers from the CHEOPS light curves (default
aperture size of 25 px, DRP v14 S. Hoyer et al. 2020) by removing
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any flux point deviating by more than 50 from the biweight curve
(window-length equal to a CHEOPS orbit of 98.77 minutes) using
the WOTAN package (M. Hippke et al. 2019).

Next, we detrended the CHEOPS light curves by fitting, using
PyDE (H. Parviainen 2016), four parameters to each visit (constant
flux, linear and quadratic term in time, background), and 13 parame-
ters common to all visits (contamination, smearing, dx, dx?, dy, dyz,
dxdy, and 3 harmonics of the sine and cosine of the roll angle) to the
out-of-transit data, extrapolating to the in-transit data. We removed
outliers from PDCSAP TESS photometry with a procedure similar
to CHEOPS light curves, but applying WOTAN-biweight curve with
a window-length of 1.3 d and an asymmetric clipping (50 below,
30 above). It is important to note that the weight-flattened light
curves were used solely to remove outliers, and not for computing
the CHEOPS detrending and subsequent analysis.

We then fit a 2-planet model, i.e. the conservative solution, to the
YARARA RVs (set 1) and the photometric data (TESS data portioned
around each transit time, spanning around three transit durations)
with PyORBIT (L. Malavolta 2016; L. Malavolta et al. 2018). We
assumed circular orbits in this analysis, which is well justified by
our earlier findings. We fitted for the stellar density (p, ~ N0.69,
0.052]), period (P, ~ U[14.0, 18.5] d and P. ~ U[30, 40] d) and RV
semi-amplitude (K) for both planets, planet-to-star radius (Ry/R,),
impact parameter (), and reference mid-transit time (7 ref,p) Only
for b. The limb darkening coefficients were chosen the same as in
Section 4.4. For the TESS portion, we added a linear trend to take
out-of-transit slopes into account. An RV offset and jitter (in base-2
log-scale) have been included in the analysis.

We combined PYDE and EMCEE for 100000 generations and
500 000 steps, respectively. We applied a conservative thinning factor
of 100 and discarded the first 200 000 steps as burn-in (after checking
convergence through the ACF, Gelman—Rubin statistics, and visual
inspections of the chains). Using the Maximum-a-Posteriori (MAP)
value of the period and of the transit reference time posteriors, we
could then compute the expected mid-transit times of the individual
transits (C). The observed (O) mid-transit times were computed by
fitting the transits individually, fixing the period of planet b to the one
resulting from the previous analysis. We show O-C for all transits in
Fig. 17.

The ingress and egress were missed for the penultimate observed
transit, resulting in comparably large error bars. A faint hint of TTV
is observable, but more observations are necessary to confirm this
and deduce the parameters of a potential perturber.

Based on the best-fitting solution from Table 7, the expected
TTV semi-amplitude integrated over 5 yr with TRADES (L. Borsato
et al. 2014) is 2.97 min. These TTVs are small and comparable
in magnitude to the uncertainties on the transit times. Sampling
randomly 100 times from the posterior Keplerian solutions yields
a semi-amplitude of 3.273:83 min, suggesting that there may be
measurable TTVs depending on the system’s true configuration.
This implies that additional transit observations may, but are not
guaranteed to, provide further insight into the system’s config-
uration. Note that these estimates depend on, for example, the
unknown inclination of planet ¢ and planet candidate d. For this
analysis, we randomly sampled these values from those derived for
planet b.

The PyORBIT fit also represents an independent analysis of the
data, with the CHEOPS data being detrended differently to the
PYCHEOPS-generated light curves that we used in the previous parts
of this study. The planetary radius converged to 2.7779%3 Rg. The
radius of 2.78700: Rqy that we derived in Section 4.4, as given in
Table 7, agrees very well with this result.

MNRAS 545, 1-26 (2026)
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Figure 17. Transit timing variations (observed minus computed mid-transit
time, O—C) of HD 85426 b, as observed in the TESS (first two time-ordered
data points) and CHEOPS (last four data points) transits. The shaded region
indicates the uncertainty of the computed mid-transit time.

7 INTERNAL STRUCTURE MODELLING

We put HD 85426 b in context with the known exoplanets with
precisely measured masses and compositional models in Fig. 18.
The shown compositional curves from E. D. Lopez & J. J. Fortney
(2014) are based on a model including a rocky core and a layer
of H-He. The models from A. Aguichine et al. (2021) assume an
irradiated ocean world with varying water mass fractions. We also
show the compositional results from L. Zeng et al. (2019) assuming
no volatiles.

4.0

Rocky + 1% Hy

U1 2 ' "5 1o 20

Mass [Mg]

Figure 18. Mass—radius diagram for HD 85426 b. The TWEAKS mass is
highlighted by the red star, and the mass extracted from the YARARA RVs
with a 3-Keplerian model is marked by the black marker. Other confirmed
planets with mass uncertainties below 20 per cent and radius uncertainties
below 10 per cent are indicated by light grey markers. The dotted lines show
the planetary composition results from L. Zeng et al. (2019). The mass—
radius estimates from E. D. Lopez & J. J. Fortney (2014) (10 Gyr, solar
metallicity, 10 Fgy) are shown with grey solid lines. The dashed lines show
the compositional tracks from A. Aguichine et al. (2021) at an irradiation
temperature of 800 K for a core to core+mantle mass fraction of 20 per cent.
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This analysis suggests that HD 85 426 b is consistent with a water
world structure, as well as a rocky core with a 2 per cent H/He
atmosphere. However, the existence of sub-Neptunes with water
mass fractions as high as 70 to 80 per cent, as needed to explain
the measured bulk density of HD 85426 b, is being contested by
ab-initio simulations (H. Luo, C. Dorn & J. Deng 2024) and global
equilibrium chemistry models (A. Werlen et al. 2025) due to magma
ocean-atmosphere interaction. The conclusions based on the bulk
density hold for both the TWEAKS and YARARA-derived results. The
compositional degeneracy in this parameter space is also noted and
further discussed in e.g. L. Palethorpe et al. (2024).

To further investigate the internal structure of the transiting sub-
Neptune HD 85426 b, we used the publicly available internal
structure modelling framework PLANETIC* (J. A. Egger et al. 2024).
This framework is based on the planetary structure model BICEPS (J.
Haldemann et al. 2024) but uses a neural network as a fast surrogate
model in a full grid accept-reject sampling scheme instead of classical
Bayesian inference. This allows for a fast yet robust characterization
of the planet’s interior. The planet is self-consistently modelled as
three layers: (i) an inner core of iron and sulphur, (ii) a mantle of
oxidized silicon, magnesium, and iron, and (iii) a volatile envelope
composed of uniformly mixed water and H/He.

To account for the intrinsic degeneracy of the problem, we ran
six models with varying priors. These priors influence the results to
some extent, reflecting the sensitivity of interior structure modelling
to initial assumptions. All priors were motivated by current planet
formation theory, with two different priors for the water content in the
volatile layer (compatible with a formation scenario outside or inside
the iceline, respectively) and three for the composition of the core and
mantle. More specifically, we first assumed the planetary Si/Mg/Fe
ratios to match those of the host star exactly (e.g. A. Thiabaud et al.
2015), secondly that the planet is iron-enriched compared to the host
star (V. Adibekyan et al. 2021), and lastly we modelled the planet
independently of the stellar Si/Mg/Fe ratios by sampling the molar
fractions of Si, Mg and Fe uniformly from the simplex on which they
add up to unity (with an upper limit of 0.75 for Fe). These priors,
along with the model itself, are described in more detail in J. A.
Egger et al. (2024).

The resulting posterior distributions for the mass fractions of the
inner core, mantle, and volatile layers, as well as the water mass
fraction in the volatile layer, are visualized in Fig. 19. The layer
mass fractions of the inner core and mantle are close to identical
with the priors in all six cases and are therefore not constrained
by the data. Similarly, for the mass fraction of the volatile layer in
the case of the water-rich prior, a large number of combinations of
envelope mass fractions and metallicities are compatible with the
data. The median value for the water mass fraction in the envelope,
in this scenario, is around 80 per cent for all models. For the water-
poor prior corresponding to a formation scenario inside the iceline,
we find that the data constrain the envelope mass fraction very well,
with median values of around 2 per cent.

To compute the results displayed in Fig. 19 we used the mass
(8.5713 M), radius (2.78¥0.0; Rgp), and semi-amplitude (2.2103
ms~!) of HD 85426 b extracted using the 3-Keplerian fit, with priors
as shown in Table 7. Furthermore, we used the stellar parameters, that
is, age, mass, radius, effective temperature, and abundances, shown
in Table 2. The results are visually hardly distinguishable from those
extracted using the mass from the TWEAKS run. The detailed results

“https://github.com/joannegger/plaNETic
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Figure 19. Posterior distributions of the mass fraction of the inner core (Wcore), the mantle (Wmantte), and the envelope layer (Wenyelope), as well as the mass
fraction of water in the envelope (Zenyelope). For the top (bottom) panels, formation beyond (inside) the iceline was assumed. For the distributions labelled as A1
(B1), we assumed that the planetary Si/Mg/Fe ratios matched the stellar ones. The planet was assumed to be iron-enriched for A2 (B2). The A3 (B3) distributions
show the results when the elemental abundances of Si, Mg and Fe are sampled uniformly from a simplex, disregarding the stellar abundances. The planetary
mass and radius from the 3-Keplerian fit from YARARA with the 8 eccentricity prior was used as an input. The posteriors are visually almost indistinguishable

from the results when using the masses extracted using TWEAKS.

for both masses are also shown in Table D1 for YARARA and in
Table D2 for TWEAKS.

Effects related to geophysical evolution have not been included in
the internal structure modelling so far, cf. discussion in J. A. Egger
etal. (2024); J. Haldemann et al. (2024). For example, sub-Neptunes
may have magma oceans that can interact with the atmosphere
through dissolution and outgassing and may store large fractions
of water (E. S. Kite et al. 2020; C. Dorn & T. Lichtenberg 2021).
These effects will become relevant once more is known about the
planet and the degeneracy of the problem can be lifted.

8 SUITABILITY FOR ATMOSPHERIC
FOLLOW-UP

Using the stellar radius, apparent J magnitude, and planetary pa-
rameters (radius, mass, and equilibrium temperature), we estimate a
Transmission Spectroscopy Metric (TSM; E. M. R. Kempton et al.
2018) of 115 for the lower mass estimate of 6 Mg coming from
TWEAKS. The TSM decreases to 82 if we use the mass estimate of 8.5
Mg, based on the YARARA RVs. Therefore, both TSM values are near
or above the threshold of 90 chosen in (E. M. R. Kempton et al. 2018)
for the selection of high-quality atmospheric characterization targets.
For the emission spectroscopy metric (ESM; E. M. R. Kempton et al.
2018), we calculated a value of 5.5, which is below the threshold of
7.5 for ESM suggested in (E. M. R. Kempton et al. 2018).
Transmission spectra of sub-Neptune atmospheres often show
muted or absent spectral features (e.g. L. Kreidberg et al. 2014;
X. Guo et al. 2020; P. Gao et al. 2023; N. L. Wallack et al. 2024).
This is hypothesized to be due to high-altitude aerosols and a high
mean molecular weight atmosphere (L. Kreidberg et al. 2014; P. Gao
et al. 2023). J. Brande et al. (2024) suggested that the attenuation
of atmospheric features in sub-Neptune spectra is strongest between
~500 and ~700 K due to efficient aerosol production, as found in C.
V. Morley et al. (2015); P. Gao et al. (2020). Planetary atmospheres
would thus be expected to be clearer at cooler temperatures below
500 K and at hotter temperatures above 700 K. For example, N. L.
Wallack et al. (2024) measured a featureless spectrum for TOI-836

¢ at a zero albedo equilibrium temperature of 665 K. B. Davenport
et al. (2025) analysed JWST transmission spectra of TOI-421 b, a
planet with an equilibrium temperature of about 920 K orbiting a
Sun-like star, and detected a low mean molecular weight and no
significant aerosol coverage. This supports the hypothesis that the
atmospheres of at least some hot sub-Neptunes may not be dominated
by hydrocarbon hazes or clouds. Setting the bond albedo Ag t0 0.3, as
in J. Brande et al. (2024), we calculate an equilibrium temperature of
754110 K for HD 85 426 b, rather than the 824 7]} K that we computed
assuming zero albedo. HD 85426 b is therefore in the parameter
space region where we could expect the transition to haze-free, low
mean molecular weight atmospheres. This suggests that HD 85426
b is an interesting candidate for transmission spectroscopy. With a K
magnitude of 6.7 and a J magnitude of 7.1 (R. M. Cutri et al. 2003),
HD 85426 is very bright but still a suitable target for transmission
spectroscopy with JWST. Since the bulk density could not constrain
the internal composition, transmission spectroscopy may enable us to
conclude whether HD 85 426 b formed beyond or within the iceline,
depending on the mean molecular weight of the atmosphere found.

Of the planets known to date (2025 September 9), there are 114
planets with a mass between 5 and 10 Mg and a radius and mass
measured to a precision better than 25 per cent.’ Seventeen of these
planets have orbital periods greater than 16.7 d. With HD 85426 b,
we add another point to this sparsely populated parameter space.

Among the first set of 114 planets in the parameter space defined
above, the TSM of just 14 planets exceeds our most conservative
estimate of 82. Therefore, HD 85426 b is an interesting target for
further study, specifically because it may lie at the boundary where
sub-Neptune transmission spectra display measurable features due
to a lower prevalence of high-altitude aerosols.

9 DISCUSSION AND SUMMARY
Two independent stellar activity mitigation techniques, combined
with various modelling approaches and data selections, yielded mass

SNASA Exoplanet Archive, https://exoplanetarchive.ipac.caltech.edu.
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estimates for the transiting planet b ranging from 6 to 9 Mg. We
found evidence for two planetary companions to planet b and tested
the dependence of planet b’s derived parameters on the inclusion of
these in the modelling.

9.1 Non-transiting planets

Both main methods independently showed decisive evidence for
another planet, planet c, with an orbital period of 35.7 d and a
minimum mass of about 10 Mgy. A prominent peak near 36.0 d
in the DRS contrast and FWHM periodograms initially cast doubt
on the planetary nature of planet c. However, the RV signal with
period 35.7 d survived two independent stellar activity mitigation
techniques and shows remarkable stability in time for phase and
amplitude (cf. Fig. 7), whereas the variation of contrast and FWHM
disappear after post-processing with YARARA and is not consistent
with the variations in the other activity indicators or the expected
phase lag between the RVs and activity indicators. We thus regard
this similarity as coincidental. This target, being bright and solar-
like, consequently also represents a challenging test bed for activity
mitigation techniques.

There is also strong evidence for the existence of a planet with an
orbital period near 89 d for both stellar activity mitigation techniques,
planet candidate d. More observations are needed to ultimately
confirm the stability of this signal.

If planet ¢ were transiting, a transit would have been expected
during the second half of TESS sector 21. However, no transits apart
from those from HD 85 426 b are discernible in the TESS light curves.
HD 85426 c is therefore expected to have an inclination smaller
than 88.6°. For planet candidate d, we cannot definitively rule out
a transiting orbit due to the uncertainty of the time of conjunction,
resulting in a probability slightly below 50 per cent for a transit in
TESS sector 48.

The minimum masses associated with planet ¢ and planet candi-
date d are about 10 My based on the YARARA RV's and slightly larger
with TWEAKS (11.5%37 Mg, for planet ¢ and 13.33:2 Mg for planet
candidate d). This means that with TWEAKS we get a lower mass for
planet b but slightly higher masses for planets ¢ and d.

9.2 Planet b

For the analysis based on the YARARA data, we consider the results
with a 3-Keplerian model applied as our main result because these are
statistically favoured. The derived results do not depend significantly
on the number of modelled Keplerians, though.

For the TWEAKS analysis, we find the same planetary companions
as in the YARARA analysis if we presuppose the planetary system to
be stable. The assumption of stability is warranted given the age of
the system. The 3-Keplerian model is also decisively favoured over
models that include fewer Keplerians for TWEAKS. Including four
Keplerians, although statistically favoured, did not produce well-
constrained parameters for the fourth Keplerian. Also for TWEAKS,
we find that the derived masses for planet b were practically
independent of the number of included Keplerians in our tests.

For our main results, we therefore derive masses for planet b of
8.5717 Mg for YARARA and 6.07|7 Mg with TWEAKS. The mass
estimate for planet b remains in the cited mass bracket of 6 and 9 Mg
for all analyses and depends more on the stellar activity mitigation
technique than on the number of modelled Keplerians or the choice
of the eccentricity prior.

By jointly fitting the YARARA RVs and the photometric data from
TESS and CHEOPS, we derived a radius of 2.780.0; Rgy for planet
b. This result is in agreement with an independent second analysis
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that was based on the conservative approach of including just two
Keplerians and setting their orbits to circular, converging to a radius
estimate of 2.771003 Rgy. This second analysis also searched for
transit timing variations, but just found a faint hint of the latter.

We determined the internal structure of planet b. These results
are largely dependent on the chosen priors and do not depend
significantly on whether we adopt the mass extracted from the
YARARA data or the mass from the TWEAKS analysis.

Finally, we found that HD 85 426 b is of high value for atmospheric
follow-up observations, with a TSM between 82 and 115, and may
help to shed light on the potential transition between hazy atmo-
spheres producing featureless atmospheres and clear atmospheres
with low mean molecular weight.
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APPENDIX A: CROSSING OBJECT

InFig. A1, we show the origin of the increase in flux in the TESS light
curve of HD 85 426 observed in sector 48 around BJD 2459 630. The
five panels show observations taken 70 minutes apart. The time of
the observation of each panel is indicated in the right column by a
vertical orange line. On the left, we show the flux difference between
the target pixel file at the indicated time and a target pixel file that
shows no secondary object. The target pixel files are dominated by
the flux of the star itself. Thus, we show the differential target pixel
files. Clearly, there is a secondary object that crosses very close to
the centroid of HD 85426 and increases the photon count while it is
near the aperture associated with the target. The constraint that the
partial collection of photons in the respective aperture leads to an
apparent flux increase of about 0.3 per cent, together with the time
and coordinates of the crossing event, enabled us to conclude that
the crossing object is the asteroid 581 Tauntonia.
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Figure Al. Left panels: Difference between TESS target pixel file flux of
HD 85426 at time ¢ and a randomly chosen target pixel file that showed no
flux anomaly. The four pixels with the highest contribution from the target
star are masked with the white square. Right panels: Flux time series of HD
85426. The vertical line indicates the timestamp ¢ of the observation.

APPENDIX B: 38 OR 35.7 D FOR PLANET C?

We tested which of these two periods is the true period by fitting a
two-planet model to all data (case a) and seasons 1 and 3 combined
(case b) setting a narrow prior centred at 35.7 d and, in a separate
run, a narrow period prior centred at 38 d. In both cases, the prior
for the period of planet b is informed by the TESS and CHEOPS
transit fit. The true period of planet ¢ should produce consistent
results for both cases. For the wrong period, however, the estimated
semi-amplitude associated with the signal is expected to depend
significantly on whether season 2 is included, because the model
will need to accommodate a phase offset of 180 deg for season 2. We
found that a narrow prior centred at 38 d produces vastly different
results for cases a and b. The associated semi-amplitude dropped
from 3 to 1.5 ms™! after including season 2. The narrow prior
centred at 35.7, on the other hand, produced consistent results with
associated semi-amplitudes around 2.8 ms~! for both cases.
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APPENDIX C: POSTERIORS FOR

2-KEPLERIAN MODEL

Table C1. Prior and posterior distributions for the 2-Keplerian joint run. ¢/ indicates a uniform distribution, £/ a log-uniform distribution, and $ a beta

distribution.
Parameter Symbol Unit Prior distribution Posterior
Fitted parameters
Planet b
Orbital period P, d U[16.70959, 16.71019] 16.7098810-00003
Reference conjunction time Top d U[59674.408, 59 674.418] 59674.4132F 5000
RV semi-amplitude Kp ms~! LU[0.1, 10.0] 2.0793
Eccentricity eccp 810.867, 3.03] 0.0510:97
Argument of periastron wp deg U[0.0, 360.0] 2733%
t1, 1, U[0.0, 1.0] 0.5
12, 1, U[0.0, 1.0] 0.022515:0003
Planet ¢
Orbital period P, U[34.4,374] 35770
Reference conjunction time Toc U[59600.0, 59 637.4] 5960811
RV semi-amplitude Kc ms~! LU[0.1, 10.0] 21794
Eccentricity ecce B10.867, 3.03] 0.117043
Argument of periastron W deg U10.0, 360.0] 1 121'%24
Stellar and instrumental
Mean RV HARPS-N IHARPS-N ms™! U[-5.0,5.0] 0.253
Quadratic 1d coefficient qlgss NT0.33,0.052] 0'32t8:8§
Quadratic 1d coefficient 921Ess NT0.36, 0.052] 0367003
Quadratic 1d coefficient a1l chEops NT10.45, 0.05%] 0.471004
Quadratic 1d coefficient Q2 cHEOPS NT0.41,0.05%] 0.410:02
Stellar density ) kg/m? NT966.0, 70.02] 959168
dilution—TESS Fixed 1.0
mflux—TESS NT0.0,0.01%] 613107°
Offset—TESS OTESS U[—0.001, 0.001] 541073
Gradient—TESS OrESS a! U[—0.001, 0.001] 37181073
Scatter TESS OTESS ppm LU[1.0, 500.0] 27311%
dilution—CHEOPS Fixed 1.0
mflux—CHEOPS N0.0,0.012] 7+3107°
Scatter CHEOPS OCHEOPS ppm LU[1.0, 500.0] 841'2
Scatter HARPS-N OHARPS-N ms~! LU[0.1, 10.0] 2.5f8;§
Derived parameters
Planet b
Radius Ry Rg 2.7800
Impact parameter b 0.22*:18
Scaled semi-major axis a/R, 24.2J_r8:§
Inclination ip deg 89.5J_r8:g
Transit duration T h 5.42*_'8:8_%
Minimum mass my, sin(ip) Mg 8. lf}:i
Equilibrium temperature (black body) Teq 826f}§
Planet ¢
Minimum mass planet ¢ me sin(ic) Mg 10.4f}:g
Scaled semi-major axis a/Ry 40.1f8:g
Equilibrium temperature (black body) Teq K 641*_'{8
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Table D1. Results of the internal structure modelling for HD 85426 b (YARARA).

The HD 85426 system

Water prior

Formation outside iceline (water-rich)

Formation inside iceline (water-poor)

Si/Mg/Fe prior Stellar (A1) Iron-enriched (A2) Free (A3) Stellar (B1) Iron-enriched (B2) Free (B3)
Weore (per cent) 1+ 15+ls 1318 16411 20H19 1773
Winantle (Der cent) 5817 53112 55+30 83+ 77H18 81+13
Wenvelope (DEr cent) 29.77138 29.51180 28.77183 1.8702 2.2%04 21797
Zenvelope (per cent) 83.6765, 82.117, 82.517 0.5793 0.5792 0.5%92
XFe,core (Der cent) 90.3784¢ 90.4183 90.3783 90.3783 90.4783 90.3%83
Xs core (per cent) 9.7:2:2 9.6fg:§ 9.71‘2:‘; 9.7fg:§ 9.6J_rg:§ 9.7f2:g
XSimantle (Per cent) 39+6 3515 33139 397¢ 358 35139
XMg.mantle (Der cent) 4477 4019, 37131 4417 4019, 36130
XFe.mantle (PEr cent) 16+, 25+18 2172 16%9, 24113 2072

Table D2. Results of the internal structure modelling for HD 85426 b (TWEAKS).

Water prior

Formation outside iceline (water-rich)

Formation inside iceline (water-poor)

Si/Mg/Fe prior Stellar (A1) Iron-enriched (A2) Free (A3) Stellar (B1) Iron-enriched (B2) Free (B3)
Weore (per cent) 1+ 1571 134} 16711 21H19 18+22
Winantle (Der cent) 59118 53112 55120 83711 77153 80733
Wenvelope (DEr cent) 28.97180 28.7H153 28.1+18¢ 1.8792 2.1+04 2.010¢
Zenvelope (per cent) 80.7167 79.3772, 79.6%72 0.5702 0.5%02 0.5%92
XFe,core (Der cent) 90.3783 90.3783 90.3783 90.3784 90.3%83 90.37¢
Xs.core (per cent) 9.7+8¢ 9.7+84 9.7+84 9.7+%¢ 9.7+8¢ 9.7+%¢
XSimantle (per cent) 3978 3515 33130 3978 3519 34129
XMgmantle (Per cent) 447 40%9, 37134 447 4019, 361730
XFe,mantle (Der cent) 1619, 258 2272 1619, 2418 21t
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