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Abstract
Based on recently-taken and archival HARPS, FEROS and HIRES radial velocities (RVs), we

present evidence for a new planet orbiting the first ascent red giant star HD33142 (with an improved
mass estimate of 1.52±0.03M�), already known to host two planets. We confirm the Jovian mass
planets HD33142 b and c with periods of Pb = 330.0+0.4

−0.4 d and Pc = 810.2+3.8
−4.2 d and minimum

dynamical masses of mb sin i = 1.26+0.05
−0.05 MJup and mc sin i = 0.89+0.06

−0.05 MJup. Furthermore, our
periodogram analysis of the precise RVs shows strong evidence for a short-period Doppler signal in the
residuals of a two-planet Keplerian fit, which we interpret as a third, Saturn-mass planet with md sin i

= 0.20+0.02
−0.03 MJup on a close-in orbit with an orbital period of Pd =89.9+0.1

−0.1 d. We study the dynamical
behavior of the three-planet system configurations with an N-body integration scheme, finding it
long-term stable with the planets alternating between low and moderate eccentricities episodes. We
also performed N-body simulations, including stellar evolution and second-order dynamical effects
such as planet-stellar tides and stellar mass-loss on the way to the white dwarf phase. We find that
planets HD33142 b, c & d are likely to be engulfed near the tip of the red giant branch phase due
to tidal migration. These results make the HD33142 system an essential benchmark for the planet
population statistics of the multiple-planet systems found around evolved stars.

Corresponding author: Trifon Trifonov
trifonov@mpia.de

∗ Based on observations collected at the European Organization
for Astronomical Research in the Southern Hemisphere under
ESO programmes 60.A-9700, 60.A-9036, 097.C-0090, 0100.C-
0414, 0101.C-0232, 0102.C-0338, and MPG programmes 088.C-
0892, 099.A-9009, 0100.A-9006.
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1. INTRODUCTION

Since the first detection of an exoplanet around a
solar-type star in 1995 (Mayor & Queloz 1995), the
number of confirmed exoplanets has increased rapidly
to over 50001, from which the majority have been dis-
covered using the transit method, followed by the radial
velocity (RV) method. The RV technique is the best
way to determine the orbital architecture of multiple-
planet systems, which is important to improve our un-
derstanding of planet formation and orbital evolution.
However, a sparse phase coverage of the orbit together
with data errors can lead to model ambiguities, as for ex-
ample when two planets near a 2:1 period ratio are mis-
taken for a single planet on an eccentric orbit (Anglada-
Escudé et al. 2010; Wittenmyer et al. 2013; Kürster et al.
2015; Boisvert et al. 2018; Hara et al. 2019). Kürster
et al. (2015) used the Exoplanet Orbit Database (EOD;
http://www.exoplanets.org/) to determine that for 74%
of 254 putative single-planet systems, detected via the
radial velocity technique, two planets in a 2:1 resonance
are also a viable model. This model ambiguity was the
motivation to start a survey with HARPS and FEROS
for follow-up observations of stars previously reported
to host a single eccentric planet, but so far with sparse
RV sampling. The goal of this program is to look for
additional planets in these systems.
This paper presents a new orbital analysis of the

HD33142 system, which was part of our HARPS and
FEROS multiple-planet system search. HD33142 was
included in our survey, known to host a moderately ec-
centric (eb ≈ 0.22) Jovian-mass planet HD33142 b, or-
biting at a period of ∼ 330 d (Johnson et al. 2011). While
we were gathering observational data of HD33142, ad-
ditional HIRES RVs made it possible for Bryan et al.
(2016), and then Luhn et al. (2019) to announce the
presence of a second long-period planet HD33142 c, with
a period of ∼ 800 d. Based on our new data, we add
the discovery of HD33142 d, a Saturn-mass planet with
Pd ∼ 89.9 d, and refined the orbital parameters for
HD33142 b and HD33142 c. We also provide an analysis
of the orbital dynamics and stability of the three-planet
system. Furthermore, we present N-body simulation re-
sults, including planet-stellar tides, stellar evolution and

1 NASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.
edu/ (31.05.2022)

mass-loss from the red giant branch (RGB) to the white
dwarf (WD) phase.
This paper is organized as follows: In Sect. 2, we in-

troduce the planet host HD33142 and the two known
planets. In Sect. 3 we present the new radial velocity and
spectral activity data obtained by HARPS and FEROS,
as well as the archival HIRES data. Sect. 4 summarizes
our data analysis and our results, and Sect. 5 presents
the pertinent discussion. Finally, Sect. 6 contains our
conclusions.

2. OVERVIEW OF THE HD33142 SYSTEM

2.1. Stellar parameters

HD33142 (HIP 23844, BD-14 1051) has a V -band
magnitude of 7.96mag and a color index of B − V =

0.935mag. The Gaia DR2 parallax is π = 8.2103±
0.0394mas, corresponding to a distance of d = 121.80 ±
0.58 pc (Gaia Collaboration et al. 2018). Houk & Smith-
Moore (1988) measured the spectral type to be K0 III,
which makes HD33142 a giant star, but it is also re-
ferred to as a subgiant in various works (e.g., Ghezzi
et al. 2018; Luhn et al. 2019). Therefore, we determine
the stellar mass M∗, radius R∗, luminosity L∗, effective
temperature Teff , surface gravity log g∗ and age τ∗, as
well as the most probable current evolutionary stage, fol-
lowing the Bayesian inference scheme used in Stock et al.
(2018). The method of Stock et al. (2018) uses priors and
the log-likelihood of observable parameters given a grid
of stellar evolution models to compute weighted prob-
ability density functions (PDFs) of stellar parameters
that are not directly observable, such as stellar mass,
from which these parameters can then be statistically
inferred. We show the PDFs of the derived stellar pa-
rameters of HD33142 in Fig. 1. The code uses the stellar
models based on the PAdova and TRieste Stellar Evolu-
tion Code (PARSEC; Bressan et al. 2012). The method
by Stock et al. (2018) has several advantages compared
to other mass estimation methods that are based on
photometric and spectroscopic observables. First, it in-
corporates prior information in the form of the stellar
evolutionary time and an initial mass function. Second,
Bayesian inference is performed in the plane of the as-
trometric HR diagram (Arenou & Luri 1999), which has
a color as the abscissa and the astrometry-based lumi-
nosity (ABL) in a given photometric band as the ordi-
nate. The ABL is a quantity in which the trigonometric
parallax is linearly incorporated, allowing an unbiased
comparison of stellar positions with evolutionary mod-

http://www.exoplanets.org/
https://exoplanetarchive.ipac.caltech.edu/
https://exoplanetarchive.ipac.caltech.edu/
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els in cases where the parallax error dominates. Third,
the code is capable of deriving the most probable current
evolutionary stage of the studied star. Stock et al. (2018)
showed that the method reliably reproduces model-
independent asteroseismic mass measurements and evo-
lutionary stages of sub-giant and giant stars (both red-
giant branch and horizontal branch/red clump stars).
This was again confirmed by Malla et al. (2020) who
noted that the method by Stock et al. (2018)2, showed
the smallest mass offset among their comparisons of
spectroscopic mass estimates to asteroseismic mass es-
timates. Regarding HD33142, we find it most likely to
be a giant star at the beginning of the red giant branch
phase. Table 1 summarizes the main parameters of the
star. Its mass and radius are M∗ = 1.52+0.03

−0.03M� and
R∗ = 4.17+0.03

−0.07R�, respectively. Note that we have ne-
glected any extinction estimate for HD33142 as the star
is relatively nearby, and extinction is often a very uncer-
tain parameter for an individual star. As an additional
check of the reliability of our parameters, we compared
the derived radius, luminosity and effective temperature
by the Bayesian inference method with Gaia DR2 es-
timates (RGaia = 4.14+0.08

−0.07 R�, LGaia = 9.94+0.07
−0.07 L�,

TGaia = 5040+42
−53 K; Gaia Collaboration et al. 2018)

and found that they are consistent within 1σ.

2.2. Stellar rotation

The rotational velocity of HD33142 was first deter-
mined by Johnson et al. (2011) to be v sin i = 2.9 ±
0.5 km s−1 by analyzing a spectrum from the HIRES
instrument (Vogt et al. 1994) with the Spectroscopy
Made Easy (SME) package (Valenti & Piskunov 1996).
Jofré et al. (2015) determined this value to be v sin i =

1.61 ± 0.22 km s−1 using spectra from the FEROS in-
strument (Kaufer et al. 1999). They developed a task in
IRAF (Tody 1986) to automatically compute the v sin i

from the FWHM of 13 isolated iron lines, and then aver-
aged the values. Ghezzi et al. (2018) calculated a value
of v sin i = 1.2 ± 0.8 km s−1 based on spectral synthe-
sis with MOOG3 (Sneden 1973) of one Fe I line using
HIRES spectra. These values are compiled in Table 1.
We also determined the v sin i of HD33142 from the

combined HARPS spectra, i.e., from the instrument
with the highest resolution among those from which
we have data. In effect, we compared the width of ab-
sorption lines with that of lines from the slowly rotat-
ing K2III star HD178484 observed with the same in-

2 A Python implementation of the original, unpublished IDL code
used by Stock et al. (2018) is available in https://github.com/
StephanStock/SPOG/

3 http://www.as.utexas.edu/~chris/moog.html
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Figure 1. Probability density functions of stellar param-
eters of HD33142 derived by applying the Bayesian infer-
ence scheme by Stock et al. (2018) and using the parallax,
B and V photometry, and the spectroscopic metallicity es-
timate provided in Table 1. The vertical dashed lines show
the 0.16, 0.5 (median) and 0.84 quantiles of the posterior
samples.

strument. This way we overcame systematics from ill-
determined broadening effects such as convection on the
1 km−1 scale (see e.g., Reiners et al. 2012). As no rota-
tional broadening is detected, we provide an upper limit
of v sin i ≤ 2 km s−1 in accordance with the relatively
high intrinsic broadening of the lines of giant stars. This
value is also included in Table 1 and is the adopted limit
of v sin i in our work.
The v sin i values from the literature are comparable

to the upper limit we found and have quite small un-
certainties. We interpret the three literature values as
formal fit optima depending on the applied method and
not considering systematics. For example, the value from
Jofré et al. (2015), which is the one with the smallest for-
mal uncertainty and therefore offering itself as the value

https://github.com/StephanStock/SPOG/
https://github.com/StephanStock/SPOG/
http://www.as.utexas.edu/~chris/moog.html
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Table 1. Stellar parameters of HD33142.

Parameter HD33142 Reference

Spectral type K0 III Houk & Smith-Moore (1988)
V [mag] 7.96±0.01 ESA (1997)
B − V [mag] 0.953±0.013 ESA (1997)
π [mas] 8.272±0.020 Gaia Collaboration et al. (2021)
[Fe/H] 0.06 ±0.01

L [L�] 10.01+0.09
−0.22 This work

Teff [K] 5025.4+23.6
−15.5 This work

log g [cm s−2] 3.375+0.021
−0.002 This work

R? [R�] 4.17+0.03
−0.07 This work

M? [M�] 1.52+0.03
−0.03 This work

τ [Gyr] 2.72+0.14
−0.13 This work

v sin i [km s−1] 1.2± 0.8 Ghezzi et al. (2018)
1.61± 0.22 Jofré et al. (2015)

2.9± 0.5 Johnson et al. (2011)
≤ 2 This work

Prot/ sin i [d]a 106 This work

Note— a – Prot/ sin i value is derived from the v sin i’s using
Eq. (1). For an upper and a lower limit, see text for details.

of choice, is based on FEROS spectra with less than
half the resolution of our HARPS spectra (R = 48, 000

vs. R = 115, 000), and from Fig. 9 in that paper, we can
estimate that the typical v sin i uncertainty is consider-
ably larger than the 0.22 km s−1 these authors provide.
Similar arguments apply for the value from Ghezzi et al.
(2018), whereas the Johnson et al. (2011) value is larger
than our upper limit by almost twice its quoted error
and therefore unlikely to be true.
Using our limit on v sin i, we can derive an estimate

of the stellar rotation period Prot from

Prot

sin i
=

2πR?
v sin i

(1)

with R? = 4.17R� the stellar radius (see Table 1). From
Eq. (1) we find a value of Prot/ sin i = 106 d. Unfortu-
nately, this estimate for Prot from a limit in v sin i is
neither a lower nor an upper limit, which can be seen as
follows. On the one hand, since the unknown inclination
i is in the range 0◦ ≤ i ≤ 90◦, the true period can be
shorter than the estimate Prot/ sin i, hence Prot ≤ 106 d.
On the other hand, our v sin i value is best considered
as an upper limit (of the true v sin i) and the estimate of
the stellar rotation period Prot/ sin i is therefore a lower
limit to the period, hence Prot ≥ 106 d.
We also inspected the archival Hipparcos photometry

(van Leeuwen 2007) and we find no sign of periodicity
at longer timescales, which could be associated with the
stellar rotation. In summary, our attempts to estimate
the true rotation period remain inconclusive, and it is

not possible to decide whether any of the found periodic
signals coincides with the rotation period.

2.3. Planetary system

Johnson et al. (2011) announced HD33142 b, a Jovian
mass planet with an orbital period of ∼ 330 d. Bryan
et al. (2016) announced HD33142 c with an orbital pe-
riod of ∼ 830 d and a mass of mc sin i ∼ 6MJup

4. Luhn
et al. (2019) also announced a possible second Jovian
planet, HD33142 c. This last work, provides the follow-
ing values for the minimum masses and orbital periods
of the two planets b and c, mb sin i = 1.385±0.064 MJup

and Pb = 326.0 ± 1.2 d and mc sin i = 0.62 ± 0.11 MJup

and Pc = 809± 26 d.
HD33142 was observed by the Transiting Exoplanet

Survey Satellite (TESS, Ricker et al. 2015) in sectors 5
and 32. We inspected the TESS light curves and found
no transit signals. Overall, the TESS light-curves are
rather constant, suggesting a photometrically quiet star.
In this paper (Section 4), we present the independent

discovery of HD33142 c in our data with an orbital pe-
riod of ∼ 810 d and a mass of mc sin i ∼ 0.88MJup.
We additionally find strong evidence for the presence
of HD33142 d; a Saturn-mass, short-period companion
which is evident in the combined HIRES, FEROS, and
HARPS data sets.

3. DATA

In this work, we combine new observations of
HD33142 taken with the HARPS (Mayor et al. 2003)
and FEROS (Kaufer et al. 1999) spectrographs with
archival and literature data from the same instruments
and from the Keck HIRES spectrograph (Vogt et al.
1994). For our analysis, a total of 98 nightly-binned RVs
were used, which cover a temporal baseline of over 12
years.

3.1. FEROS Data

The Fiber-fed Extended Range Optical Spectrograph
(FEROS; Kaufer et al. 1999) is an échelle spectro-
graph installed at the 2.2 meter MPG/ESO5 telescope
at ESO’s La Silla Observatory, Chile, and has a re-
solving power of R = 48, 000. We obtained 27 spectra
with FEROS from our survey and found one additional
FEROS spectrum in the ESO archive which was taken
on February 22nd, 2012 (see Table A.2).

4 We believe that this literature minimum mass estimate of
HD33142 c in Bryan et al. (2016) is a result of a typo in their
Table 5, or a typo in their adopted stellar mass of HD33142.

5 MPG = Max-Planck-Gesellschaft = Max Planck Society; ESO =
European Southern Observatory).
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From these 28 spectra, the RVs were obtained with
the Collection of Elemental Routines for Echelle Spec-
tra (CERES) pipeline (Brahm et al. 2017). The RVs
were combined into nightly bins, and three strong out-
liers were omitted. (> 150 m s−1 away from the bulk
of the data). They are the measurements obtained at
epochs 2455879.83, 2458019.89, and at epoch 2458094.79
(see Table A1). This left 23 remaining FEROS RVs
for our analysis. Except for the outlier RV taken in
2012, all data were taken between July 11th, 2017 and
November 27th, 2019, thereby covering a useful tempo-
ral baseline of ∼869 d. After fitting a constant offset of
33629.7 m s−1 the weighted root-mean-square of the RVs
is wrmsFEROS = 32.4 ms−1 with a mean RV uncertainty
of σFEROS = 4.7 ms−1.
To analyze the stellar activity, we determined time se-

ries of the emission in the Hα, Na I D1+D2, and Ca ii
H&K lines, by using the continuum normalized flux
spectra derived by CERES (Brahm et al. 2017). We went
with the approach by Kürster et al. (2003), who defined
the line index I as a measure of the line emission by

I =
〈F0〉

0.5(〈F1〉+ 〈F2〉)
, (2)

where 〈F0〉 is the mean spectral flux of an RV interval
centered around the core of the line and 〈F1〉 and 〈F2〉
are the mean fluxes in two reference regions on either
side of the line, “bluewards” and “redwards”, which are
assumed to be constant.
For the Hα index an RV interval of [−200, +200]

km s−1, centered on the core of the line, was chosen for
the mean spectral flux. For the echelle order containing
the Hα line, only the “blueward” reference region, 〈F1〉,
with an RV interval of [−1280, −800] km s−1, could be
used, as the order ends shortly redwards of the Hα line.
The RV intervals of the mean central flux 〈F0〉 for

the NaI D1 and NaI D2 line indices are [−100, +100]
km s−1, centered on the core of the respective line. For
the reference bandpasses 〈F1〉 and 〈F2〉, we chose the
RV intervals [−1100, −700] km s−1 and [+900, +1190]
km s−1, with the NaI D1 line at a relative RV of zero as
reference.
For the Ca II H and K indices, we used a flux interval

of ±1 Å, similar to the intervals used for the HIRES S-
index (Butler et al. 2017). For the reference intervals we
chose the intervals [+15, +30] Å and [−15, −25] Å with
the reference lines Ca II H and K at zero. For the epochs
of 2458127.642 and 2458127.645 it was not possible to
calculate these indices due to the low signal-to-noise ra-
tio of the spectra.
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Figure 2. Maximum likelihood periodogram (MLP) of the
combined RV data from HARPS, HIRES and FEROS, as well
as stellar activity indicators. The horizontal lines correspond
to the FAP levels of 10% (dotted line), 1% (dot-dashed line),
and 0.1% (dashed line). The orbital periods of the planets
are indicated as vertical dashed blue lines and the estimate
for the rotation period by Jofré et al. (2015) is shown as a
red dashed line, while the red shaded area denotes its uncer-
tainties (see Table 1).
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3.2. HARPS Data

The High Accuracy Radial velocity Planet Searcher
(HARPS) is a precise cross-dispersed échelle spectro-
graph installed at the ESO 3.6 meter telescope at La
Silla Observatory, Chile. It has a spectral resolution of
R = 115, 000 and reaches an RV measurement precision
of ∼ 1 m s−1 (Mayor et al. 2003). We obtained 88 high
signal-to-noise spectra for HD33142 within our HARPS
survey, and found 10 more HARPS spectra for this star
in the ESO archive. Thus, we have a total of 98 spectra,
taken from Aug. 9th, 2016 to Sept. 28th, 2019, cover-
ing a temporal baseline of 1145.0 d. From these spectra
we determined high-precision RV data and spectral ac-
tivity data using the SpEctrum Radial Velocity AnaL-
yser (serval) (Zechmeister et al. 2018) and the HARPS-
DRS (Data Reduction Software) pipeline offered by ESO
(Mayor et al. 2003). After fitting a constant offset of
−25.5 m s−1 the weighted root-mean-square of the RVs
is wrmsHARPS = 20.00 ms−1 with a mean RV uncer-
tainty of σHARPS = 0.59 ms−1.
From serval the chromatic index (CRX, a measure

of the wavelength dependence of the RV signal) and the
differential line width (dLW, a measure of the width
of the average absorption line) were obtained (see Zech-
meister et al. 2018, for more on these quantities), as well
as activity indices for Hα, Na I D1 and Na I D2. From
HARPS-DRS the parameters of a cross-correlation with
a line-list template are obtained, namely, the full width
at half maximum (FWHM), bisector inverse slope (BIS),
and Contrast of the cross-correlation function (for more
on this method see Queloz 1995; Pepe et al. 2002). We
also inspect the HARPS Ca ii H&K chromospheric ac-
tivity time series, following the approach developed by
Perdelwitz et al. (2021, see their paper for more details).

3.3. HIRES Data

The High Resolution Echelle Spectrometer (HIRES) is
a grating cross-dispersed échelle spectrograph mounted
on the KECK 10 meter telescope on Mauna Kea, Hawaii
(Vogt et al. 1994). It has a spectral resolving power of
R = 25, 000− 85, 000, depending on the chosen slit and
can reach a precision of ∼ 3 ms−1 when the highest res-
olution is used (Butler et al. 1996).
We use 40 archival HIRES spectra taken from Octo-

ber 2007 to March 2020 corresponding to a temporal
baseline of ∼4500 d. To derive RVs, and stellar activity
index data (S-index and H-index) we used the same data
reduction pipeline as used by Butler et al. (2017). Af-
ter fitting a constant offset of −9.17 m s−1 the weighted
root-mean-square of the RVs is wrmsHIRES = 22.6 ms−1

with a mean RV uncertainty of σHIRES = 1.7 ms−1.

4. ANALYSIS AND RESULTS

4.1. Periodogram Analysis

We inspect the available radial velocity and stellar ac-
tivity data using a maximum likelihood periodogram
(MLP) following the methodology used by Zechmeis-
ter et al. (2019) and Trifonov et al. (2021). The MLP
algorithm is a more advanced implementation of the
generalized Lomb-Scargle periodogram (Zechmeister &
Kürster 2009), which optimizes log-likelihood lnL, for
each scanned frequency by allowing simultaneous fitting
of multiple telescope data sets, each with separate ad-
ditive offset and a jitter term (see also, Baluev 2009).
We adopted significance thresholds of the likelihood im-
provements with respect to a null model with an ampli-
tude equal to 0, which corresponds to false-alarm prob-
abilities (FAPs) of 10%, 1%, and 0.1%. For the signifi-
cance threshold, a FAP value of < 0.1% was chosen.
In Fig. 2, the MLPs of the combined RV data from

HARPS, HIRES and FEROS (upper four panels), as
well as those of several activity indicators (lower fifteen
panels) are shown. The most probable stellar rotation
period by Jofré et al. (2015), Prot/ sin i = 132 ± 18 d

is indicated as a red dashed line and its uncertainty is
shown as a red shaded region. False alarm probability
(FAP) levels of 10%, 1%, and 0.1% are indicated as dot-
ted, dot-dashed and dashed lines, respectively. The first
four panels show periodograms of the residuals from a
flat model (only individual RV offsets for each dataset
fitted) and for a single-, two- and three-planet Keple-
rian fit, respectively. The flat model residuals show a
significant peak at a period of ∼ 330 d, which is in good
agreement with Johnson et al. (2011) who announced
HD33142 b with an orbital period of Pb = 326.6 d. Af-
ter subtracting a single-planet Keplerian fit with a plan-
etary period of Pb = 329.1d, the second panel shows a
strong power at a period of ∼ 805 d which is in good
agreement with Bryan et al. (2016) and Luhn et al.
(2019). The third panel shows the residuals after sub-
tracting a combined two-planet Keplerian fit with plan-
etary periods Pb = 330.2 d and Pc = 811.1d. A strong
power at a period of ∼ 90 d can be seen. Performing
a combined three-planet Keplerian fit yields planetary
periods of Pb = 330.5d, Pc = 807.5d and Pd = 89.9d,
indicated in the panels as blue dashed lines. None of
these periods coincides at face value or within their 1-σ
errors with the possible rotation periods listed in Table
1. The fourth panel shows the periodogram of these RV
residuals after the three-planet Keplerian fit. No further
significant peaks are visible.
To analyze whether any of these periodicities are due

to stellar activity and not induced by a planet, a pe-
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Figure 3. Top main panel shows the RV measurement time series from HIRES (green triangles), HARPS (blue circles), and
FEROS (red stars) and the best three-planet model for HD33142 (gray line, Table 3). Top small panel shows the data residuals
after applying the best three-planet Keplerian model. The data uncertainties include the RV jitter. The bottom panels show
phase-folded representation of the planetary signals. In each case, the orbits of the other two planets were subtracted.

riodogram analysis of the activity data is performed.
Starting downwards from the fifth panel (counted from
the top), Fig. 2 shows the MLPs for different activity in-
dicators as labeled in the panels. No significant peaks in
the activity data MLPs can be seen near the detected pe-
riodicities, thus confirming the planetary nature of these
signals. The only noteworthy periodogram peak near one
of the detected periodicities is seen in the differential line
width dLW indicator (ninth panel from the top), namely
around 1 yr. It is wide enough to also encompass the
330 d period value, but does not peak there. Its peak has
a FAP of a few percent and is therefore not significant.

4.2. Orbital Analysis

To model the planetary orbits from the available pre-
cise Doppler data, we adopt the Exo-Striker6 (Tri-
fonov 2019) exoplanet toolbox. We use a Nelder-Mead

6 https://github.com/3fon3fonov/exostriker

(Simplex) algorithm (Nelder & Mead 1965) in order to
optimize the likelihood function (in the form − lnL)
and return the best-fit parameters of a Keplerian model.
Besides the RV model parameters semi-amplitudes K,
periods P , eccentricities e, arguments of periastron ω,
and mean anomalies M defined at the first observa-
tional epoch for each star, Exo-Striker works in Ja-
cobi frame, which is a natural coordinate system for
orbital parameters extracted from RV signal consistent
with multiple planet systems. Additionally, in our mod-
els, we vary the RV offset and RV jitter for each indi-
vidual dataset. Following Baluev (2009) the jitter pa-
rameter appears as an additional RV noise term added
in quadrature to the nominal RV uncertainties and sub-
suming any instrumental or stellar effects (such as activ-
ity) not considered by the formal RV errors. We adopt
a purely Keplerian model, in which the planetary in-
clinations i and the difference of the orbital ascending
nodes ∆Ω cannot be accessed, and assume a coplanar
and edge-on configuration of the system.

https://github.com/3fon3fonov/exostriker
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Table 2. Comparison of fit quality between different models through lnL, BIC, and the Bayesian log-evidence lnZ, with respect
to the Null-model. For eccentric orbits e and ω are free fit parameters and for circular orbits e = 0 and ω is undefined.

Model Planets max. lnL BIC lnZ |∆ max. lnL| |∆BIC| |∆ lnZ|
Null-model No planet −447.23 882.46 −493.69 . . . . . . . . .
circular Planet b −390.35 821.97 −450.99 56.88 60.49 42.70
eccentric Planet b −388.48 827.40 −451.30 58.75 55.06 42.39
circular Planets b and c −348.23 751.47 −420.61 99.00 130.99 73.08
eccentric Planets b and c −340.75 754.86 −432.35 106.48 127.60 60.34
circular Planets b, c and d −316.49 701.76 −376.48 130.74 180.70 117.21
eccentric Planets b, c and d −312.25 720.80 −371.34 134.98 161.66 122.35

We estimate the parameter posterior distributions us-
ing an affine-invariant ensemble Markov chain Monte
Carlo (MCMC) sampler (Goodman & Weare 2010) from
the emcee package (Foreman-Mackey et al. 2013), inte-
grated within the Exo-Striker program. We adopted
non-informative flat priors and used the best-fit pa-
rameters returned by the Simplex minimization as the
MCMC chain starting point for the exploration of the
parameter space. We ran 120 independent walkers in
parallel in a standard scheme of 1,000 burn-in MCMC
steps, which we discarded from the analysis, followed
by 5,000 MCMC steps from which we constructed the
parameter posterior distribution. At the end of each
MCMC run, we evaluated the sampler acceptance frac-
tion to ensure that the MCMC chains have converged
(which should be between 0.2 and 0.5, see Foreman-
Mackey et al. 2013).
Finally, the MCMC posteriors were used to assess

prior estimates, which are used for further posterior
analysis using the nested sampling (NS) technique
(Skilling 2004). For the purpose, the Exo-Striker
adopts the dynesty sampler (Speagle 2020). Our NS
setup consists of 100 live points per fitted parameter,
sampled via random walk dynamic nested sampling. We
found the NS technique particularly useful and some-
what superior over the MCMC, because it can efficiently
study a large parameter space within the adopted prior
space and calculate the Bayesian log-evidence lnZ,
which is an important diagnostic when comparing com-
petitive models (e.g., Luque et al. 2019; Espinoza et al.
2019; Stock et al. 2020; Trifonov et al. 2021; Trifonov
et al. 2021, among many more recent exoplanet studies).
To further constrain the orbital configuration of the

system, we compare the three-planet model against
the two-planet, single-planet, and null-hypothesis model
with no planets. We also test eccentric configurations of
the system against circular configurations. For the lat-
ter ones, the eccentricity is forced to be zero and the ar-
gument of periastron is undefined. For our comparison,
we use three quality-of-fit quantities: the log-likelihood

lnL, the Bayesian Information Criterion (BIC), and the
Bayesian log-evidence ∆ lnZ. The BIC attempts to re-
solve the problem of “overfitting” (as a decrease in like-
lihood can be achieved through adding parameters) by
introducing a penalty term for the number of parameters
in the model. It is defined by

BIC = k lnn− 2 lnL, (3)

where k is the number of parameters in the model, n
the number of data points and L the maximized likeli-
hood of the model. When comparing a simpler model to
a more complex one, we compute ∆ lnL = | lnLsimple|−
| lnLcomplex| and ∆BIC = BICsimple − BICcomplpex. A
strong evidence for a more complex model to be pre-
ferred over the simpler one is ∆ lnL > 7 (strictly
speaking only for models with the same degree of free-
dom)7 and ∆BIC > 10 (Kass & Raftery 1995). For the
Bayesian log-evidence comparison we followed Trotta
(2008), who considered two models indistinguishable if
their Bayesian log-evidence difference satisfies ∆ lnZ .
2, a model moderately favored over another if ∆ lnZ >

2, and strongly favored if ∆ lnZ > 5.
In Table 2, the lnL, BIC, lnZ, values are listed along

with their differences with respect to the “Null”-model,
whose only fit parameters are the RV-offsets and RV-
jitter for each of the three individual data sets. Due to
their high ∆ lnL, ∆BIC, and ∆ lnZ values, it is very
suggestive that in all cases the planet models on circu-
lar or eccentric orbits present a significant improvement
over the base model with no planet. Comparing the one-
, two- , and three-planet models between each other, we
observe significant improvement for every added plane-
tary companion. In terms of ∆ lnL the eccentric fits have
only marginal improvement with respect to the circular
orbits, while ∆BIC practically penalizes the eccentric
solutions. For instance, by comparing the circular and

7 In this case the relative probability is R = e−∆ lnL ≈ 0.001, cor-
responding to ∼ 0.1% FAP necessary for a significant detection
(Anglada-Escudé et al. 2016)
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Table 3. Best-fit parameters, posterior estimates for the three-planet Keplerian fits valid for the time of the first observation,
BJD = 2454400.032. The best-fit parameters are obtained from a Simplex MLE scheme, and the median parameter values and
uncertainties come from NS analysis by using 68.3% of the confidence level of the dynamically stable posteriors (667 stable
samples out of 1000 randomly chosen samples from the total NS size of 29 828 unique samples). The adopted priors are listed
in the right-most columns and their meanings are U – Uniform, and J – Jeffrey’s (log-uniform) priors.

Max. − lnL Median and 1σ (stable) Adopted priors

Parameter Planet d Planet b Planet c Planet d Planet b Planet c Planet d Planet b Planet c

K [m s−1] 7.01 27.95 14.47 7.1+0.8
−0.9 28.1+1.1

−1.1 14.7+0.9
−0.9 U(0.0,20.0) U(0.0,40.0) U(0.0,40.0)

P [d] 89.89 329.72 811.50 89.9+0.1
−0.1 330.0+0.4

−0.4 810.2+3.8
−4.2 U(89.0,91.0) U(320.0,340.0) U(800.0,820.0)

e 0.352 0.052 0.197 0.191+0.140
−0.128 0.049+0.032

−0.030 0.081+0.055
−0.047 U(0.0,0.5) U(0.0,0.5) U(0.0,0.5)

ω [deg] 209.8 115.8 16.3 231+40
−29 129+46

−38 52+71
−57 U(0.0,360.0) U(0.0,360.0) U(0.0,360.0)

M0 [deg] 357.5 95.8 93.3 346+26
−37 83+39

−45 58+56
−72 U(0.0,360.0) U(0.0,360.0) U(0.0,360.0)

a [au] 0.452 1.075 1.957 0.452+0.003
−0.003 1.074+0.007

−0.007 1.955+0.016
−0.012 (derived) (derived) (derived)

m sin i [MJup] 0.20 1.261 0.885 0.20+0.02
−0.03 1.26+0.05

−0.05 0.89+0.06
−0.05 (derived) (derived) (derived)

RVoff,HIRES [m s−1] -14.9 -15.7+1.1
−1.4 U(-100.0,100.0)

RVoff,HARPS [m s−1] -40.7 -40.8+0.9
−0.9 U(-100.0,100.0)

RVoff,FEROS [m s−1] 33634.2 33633.9+3.4
−3.8 U(33600.0,33800.0)

RVjit,HIRES [m s−1] 5.3 6.8+0.9
−0.9 J (0.1,50.0)

RVjit,HARPS [m s−1] 3.2 3.4+0.7
−0.5 J (0.1,50.0)

RVjit,FEROS [m s−1] 15.3 16.8+3.6
−2.5 J (0.1,50.0)

eccentric three-planet configurations (planets b, c, and
d) we conclude that the ∆ lnL improvement of the more
complex model is not significant, whereas ∆BIC clearly
favors the simpler, circular fit. The small ∆ lnL differ-
ence between the eccentric and the circular configuration
is likely due to all three planetary eccentricities being
small and poorly constrained. The fact that ∆BIC fa-
vors the simpler model can be explained as for an eccen-
tric three-planet configuration, six more fit parameters
are needed than for the circular configuration, and since
∆ lnL for both configurations is similar, BIC favors the
circular configuration due to the penalty term.
Finally, ∆ lnZ suggests no difference between one-

planet circular and eccentric fit, but favors the eccentric
solutions for the two- and three-planet fits (although
admittedly close to the ∆ lnZ significance threshold).
We achieve the highest ∆ lnZ for the three-planet ec-
centric fit, with ∆ lnZ = 122.35 with respect to the
“Null”-model, and ∆ lnZ = 5.14 with respect to the
three-planet circular model. Therefore, for our orbital
evolution analysis presented in Section 4.3 we choose to
adopt the three-planet eccentric configuration. A per-
fectly circular orbit is unlikely to be found in nature,
hence a small eccentricity is more realistic.
The best-fit parameters together with their NS esti-

mated errors for the three-planet model for HD33142
are listed in Table 3. We conclude that the HD33142
planetary system comprises two outer Jupiter-like plan-
ets and one inner Saturn-like planet. The final NS pa-

rameter posterior distributions from this work are shown
in the Appendix in Fig. A1.
The time series of the 98 radial velocity measure-

ments of HD33142 are shown in Figure 3, along with
the best three-planet Keplerian fit to the data. Differ-
ent colors correspond to different instruments, as indi-
cated at the top right in the upper panel. The lower
part of the upper panel shows the residual RV data after
subtraction of the best three-planet Keplerian fit. The
bottom panels show the phase-folded representation of
the planetary signals from HD33142 d, HD33142 b and
HD33142 c. The HARPS and HIRES RVs are in good
agreement with the best-fit Keplerian model, but the
FEROS RVs deviate more. This can also be seen in the
RV scatter around the best-fit model: the RV scatter of
HARPS, HIRES, and FEROS is rmsHARPS = 3.3ms−1,
rmsHIRES = 5.8ms−1, and rmsFEROS = 15.9ms−1, re-
spectively.

4.3. Dynamical Analysis

The long-term dynamical analysis of the HD33142
system was carried out using the symplectic N-body in-
tegrator SyMBA (Duncan et al. 1998), implemented in
the Exo-Striker. The SyMBA algorithm is designed
to accurately compute close planetary encounters if such
occur during the orbital evolution (see, Duncan et al.
1998, for details). Else, in the case of well-separated or-
bits, SyMBA is as efficient as other well-established N-
body algorithms such as the Wisdom-Holman mapping
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Figure 4. Distribution of 1 000 randomly sampled NS posteriors integrated for 1Myr. The black, two-dimensional contours
indicate 1-, 2- and 3-σ confidence intervals of the whole posterior distribution, and the red contours indicate 1-, 2- and 3-σ
confidence intervals for the stable sub-sample. Only the mean planetary eccentricities and eccentricity amplitudes for all three
planets are shown, which are decisive for the system stability and dynamical properties. The median values of the total posterior
distribution are marked with green lines.

method (Wisdom & Holman 1991). In addition, our ver-
sion of SyMBA is customized to work in the Jacobi
coordinate system (e.g., Lee & Peale 2003), the same
as our output orbital parameters. We assume a copla-
nar prograde configuration, meaning that all planets are
moving in the same direction.

To assess the system’s dynamical properties and ana-
lyze how the starting configuration impacts the stability,
we chose 1 000 randomly selected samples from the NS
posterior distribution (a total of, 29 828 unique sam-
ples) as starting points and integrated them for 1Myr,
with a 0.5 d time step. Our preliminary numerical in-
tegrations suggest that the system’s instability usually
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Figure 5. Top row: The evolution of the semi-major axes a and eccentricities e for HD33142 d (blue), HD33142 b (red), and
HD33142 c (green) of a representative stable fit from the posterior distribution. Middle row: The evolution of apsidal angles
∆ωd−b, ∆ωd−c, and ∆ωb−c, which are librating in anti-aligned, aligned, and anti-aligned geometry, respectively. For purposes
of clear representation, the plot only shows a 50 000 yr excerpt.

occurs in short timescales of less than 100 000 yr; thus,
the timescale of 1Myr is sufficient for testing the overall
dynamics of the system given the estimated posterior
parameter space. Following Trifonov et al. (2020), we
adopt the condition that the planetary semi-major axes
must not deviate at any given time of the orbital evolu-
tion by more than 10% from the adopted initial values
of the NS sample, while the eccentricities are not al-
lowed to lead to crossing orbits. Otherwise, the sample
is rejected as unstable. This ensures that the system
remains regular and well separated.
We also use the N-body simulations to search for pos-

sible mean motion resonances (MMR) between the plan-
ets by calculating the time evolution of the MMR an-
gles, which we define in the following. In an n′ : n MMR
between an inner planet i and an outer planet o, the
corresponding resonance angles are given by:

φmnn′ = nλi − n′λo + (m− n)$i − (m− n′)$o, (4)

where λ = M + $ is the mean longitude with M be-
ing the mean anomaly, $ = ω + Ω is the longitude of
periastron with ω being the argument of periastron and
Ω being the longitude of the ascending node (which in
our case is undefined and set to Ω=0◦), and m is an

integer satisfying n ≤ m ≤ n′ (Mardling 2013). To de-
termine whether the HD33142 system is in an MMR
configuration, we start with calculating the orbital pe-
riod ratios between the planets. The approximate period
ratios from the best-fit for planets b and d, c and b, and
c and d are, respectively, Prat.b,d ∼ 3.7, Prat.c,b ∼ 2.5,
and Prat.c,d ∼ 9.0, corresponding to possible MMR res-
onances of 11:3, 5:2, and 9:1. Generally, these are high-
order MMRs with rather low probability of occurrence.
Nevertheless, we test whether these period ratios are
really indicative of an MMR behavior, and we analyze
their time evolution.
Additionally, we monitor for libration of the secular

apsidal angle ∆ω for each pair of planets, which is de-
fined as:

∆ωb−c = $b−$c, ∆ωd−b = $d−$b, ∆ωd−c = $d−$c.

(5)
Libration of any of the ∆ω without MMR would indicate
that the dynamics of the system is dominated by secular
apsidal alignment.
From the 1 000 randomly selected samples, we find

that 66.7% are stable over the considered 1Myr time.
For the remaining 33.3% samples, we find a median sur-
vival time of only tmax. ≈ 8500 yr. Fig. 4 shows the dis-
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Figure 6. Same evolution as in Fig. 5 but for the trajectory evolution of HD33142 d, b & c, as a function of the product of
their eccentricity and sine/cosine of their mutual ∆ω. In all cases, these variables exhibit libration around a fixed point (red
dot, centered at [0,0]).

tribution of the mean planetary eccentricities and end-
to-end (minimum to maximum) eccentricity amplitudes
of the integrated 1 000 samples. These dynamical pa-
rameters are determinants for the system’s dynamical
properties and long-term stability. For the stable sam-
ples, the mean is taken over the 1Myr period, and for
the unstable samples, the mean is taken over the time
interval before they become unstable. The green lines
indicate the position of the median values from the full
posterior distribution. The black two-dimensional con-
tours indicate 1-, 2- and 3-σ confidence intervals of the
whole posterior distribution and the red contours indi-
cate 1-, 2- and 3-σ confidence intervals for the stable
sub-sample. These simulations suggest that larger pos-
terior planetary eccentricities generally lead to unstable
orbits in short time scales. For the stable samples, no
MMR configurations were uncovered.
We integrate a few dozen three-planet configurations

of HD33142 constructed from the stable posterior sam-
ples for 100Myr, and we find these stable within this
baseline. This gives us the confidence that at least a
very large fraction of the 1Myr stable posterior sample is
long-term stable. Our overall posterior dynamical anal-
ysis suggests that the MMR angles exhibit only circula-
tion between 0◦ and 360◦. Therefore, no resonance con-
figuration between the planets is indicated. However, for
a moderate fraction of the posteriors we observe a clear
libration of the apsidal angle of the two Jovian mass-
planets HD33142 b & c, ∆ωb,c ∼ 0◦, or even between all
three planets, where in most cases ∆ωb,c librates around
180◦, ∆ωd,b around 180◦, and ∆ωd,c around 0◦.
Fig. 5 shows a 50 000 yr excerpt of the evolution of a

stable sample with librating ∆ωb,c, ∆ωd,b, and ∆ωd,c.
In the example configuration, the orbital eccentricities
exhibit moderate oscillations, whereas the semi-major
axes remain constant. The eccentricity of the innermost
planet d (blue) varies between 0.06 and 0.13, that of

planet b (red) between 0.03 and 0.06, and that of planet
c (green) between 0.02 and 0.05. As can be seen, the ec-
centricities of planets b and c largely vary in anti-phase.
These two planets exchange energy and momentum, and
thus eccentricity. Being the innermost and lowest-mass
planet, HD33142 d shows the largest variation of its
eccentricity, which adopts its smallest values when the
eccentricities of the other two planets deviate from each
other the most (e.g., eccentricity of planet b also small,
but that of planet c large). Fig. 6 shows the trajectory
evolution of the same stable configuration as a func-
tion of the product of their orbital eccentricity evolution
and sin(∆ω). All planet pair geometries exhibit libration
around a fixed point, indicative of a mutual apsidal li-
bration.
Given the rather poor constraints of the planet eccen-

tricities and orbital geometries (i.e., their ω) from RV
data, we cannot firmly conclude whether the HD33142
system indeed exhibits an apsidal libration, but its over-
all stability solidifies the existence of the planetary can-
didates. Yet, apsidally librating configurations are par-
ticularly interesting, because such dynamical behavior
is likely a result of dynamical evolution, and in the ab-
sence of MMRs, are the likely stabilizing mechanism if
the true orbits are moderately eccentric.

4.4. Fate of the system

HD33142 is an early K-giant star, evident to have at
least three massive planets in the range of 0.5–2.0 au. At
the present epoch, we estimate the stellar radius to be
∼ 0.02 au, but at the tip of the red giant branch (RGB)
the radius is expected to reach up to 1 au. Therefore,
the observed planetary system is about to be severely
reshaped (see, e.g., Villaver & Livio 2009; Veras 2016).
To assess a more realistic long-term dynamical evo-

lution of the HD33142 system, we use a custom ver-
sion of SyMBA, which includes second-order dynam-
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Figure 7. N-body simulations of the HD33142 system, in-
cluding stellar evolution effects on the orbital evolution, in
particular the planetary semi-major axes a (colored lines).
Initial conditions from the N-body simulations were adopted
from the stable median posterior values presented in Table 3.
The evolution of the stellar radius (dashed curve and the un-
derlying gray area) is expressed in astronomical units. The
WD phase is off-scale, since the stellar radius at age 3.2 Gyr
is only ∼4×10−5 au.

ical effects such as star-planet tides, stellar evolution,
and mass loss. Our SyMBA integrator is modified fol-
lowing the prescription of Veras (2016, and reference
therein), whereas the stellar evolution input is gener-
ated by the rapid Single-Star Evolution algorithm (SSE,
Hurley et al. 2000). With SSE we produce a single evo-
lutionary track starting off the first giant branch track,
using as an input our stellar parameter estimates (see
Table 1). At this evolutionary stage, SSE started at
∼ 2.7Gyr (consistent with our estimated age in Ta-
ble 1), and evolved the star up to 5Gyr, when the star
has evolved to a Carbon/Oxygen White Dwarf (WD).
Therefore, our N-body test was run for a maximum of
2.2Gyr, or until all planets were lost.
Our N-body simulations with stellar evolution show

that the HD33142 multiple-planet system is only likely
to survive less than ∼ 150Myr from the present epoch.
Fig. 7 shows the planetary semi-major axes and stel-
lar evolution of the median posterior of stable three-
planet configurations. The x-axis is the time after the
first RGB, whereas the log y-axis shows the semi-major
axes and the stellar radius (gray area) expressed in as-
tronomical units. Within ∼300Myr, HD33142 ascends
through the first RGB, reaches a core helium burn-
ing, and “briefly” passes through the Asymptotic Giant
Branch (AGB) phases to lose most of its mass to finally
settle into a WD remnant. During the first RGB tip,

the stellar radius reaches a maximum of ∼0.75 au, and
the star loses ∼4% of its mass. The inflated stellar ra-
dius profoundly affects the system stability, thanks to
star-planet tidal effects, even before the RGB tip. Our
simulations show that the inner two planets HD33142 b
& d will experience a very strong eccentricity and or-
bital decay before being engulfed before the RGB tip.
In contrast, the outermost planet HD33142 c is distant
enough to survive the RGB tip phase, after which its
orbit will rapidly migrate from ∼1.95 au up to ∼2.5 au,
thanks to the stellar mass loss. Yet, HD33142 c will not
survive the AGB-tip, during which stellar radius is at
its maximum of ∼1.45 au, and tides drag the planet to
lower orbits before being engulfed by its dying star.
We test 20 random configurations from the parameter

posterior distribution and the stellar mass uncertainty,
and we find that the inner two planets are always en-
gulfed at the RGB branch. For the outermost planet
HD33142 c, the fate depends on the parameters drawn
from the posterior; it is either ejected from the system
before the RGB tip, or engulfed in the RGB or the
AGB branch. Nonetheless, our numerical simulations
with stellar evolution indicate that in all cases the sys-
tem cannot exist as we observe it once the star reaches
the RGB tip. Detecting planetary companions around
HD33142 indicate that the star is indeed a first ascent
giant star, else the system is very unlikely to exist.

5. DISCUSSION AND CONCLUSIONS

Fig. 8 shows the distribution of 141 known exo-
planets around giant stars8 in a diagram of minimum
mass versus orbital period. HD33142 b, HD33142 c and
HD33142 d are indicated as red stars. All three planets
are of relatively small mass compared to other planets
which have been found around giant stars at comparable
periods, indicating that we are pushing detection limits
further down. Especially HD33142 c and HD33142 d
are the lowest mass-planets known at their respective
periods. Overall, there are not many planets with pe-
riods shorter than about 100 days known around giant
stars. There are only two more planets with periods
comparable to that of HD33142 d, namely HIP 67851 b
(Jones et al. 2015a; Wittenmyer et al. 2015; Jones et al.
2015b) with a period of 89 days and 8UMi b (Lee et al.
2015) with a period of 93 days, and eight planets with
even shorter periods (ranging from 6 to 53 days). These
short-period planets around giant stars are so rare that
they cannot be efficiently found with radial velocity sur-
veys, but are found in larger numbers only with transit

8 Taken from https://www.lsw.uni-heidelberg.de/users/sreffert/
giantplanets/giantplanets.php.

https://www.lsw.uni-heidelberg.de/users/sreffert/giantplanets/giantplanets.php
https://www.lsw.uni-heidelberg.de/users/sreffert/giantplanets/giantplanets.php
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surveys. In fact, the five planets with the smallest peri-
ods known to orbit giant stars are all transiting planets.
This is in contrast to planets orbiting main-sequence

stars or sub-giant stars, where many hot Jupiters have
also been found in radial velocity surveys. A reason
for the dearth of hot Jupiters around giant stars might
be stellar evolution and the resulting tidal forces so
that close-in planets are eventually engulfed (Villaver
& Livio 2009), but it might also have to do with the
slightly higher stellar masses in the evolved sample
(Currie 2009).
The formation of the HD33142 system is also intrigu-

ing. The HD33142 system possesses at least three gi-
ant planets, where the innermost planet d is slightly
sub-Saturnian in mass, corresponding to a planet-to-
star mass ratio of q = 1.41 × 10−4. With this mass ra-
tio, planet d would migrate in the type-I regime (e.g.,
Paardekooper et al. 2011), which is mostly directed
inwards. However, planet migration can be halted at
planet traps, which can either be created through the en-
tropy driven corotation torque (e.g., Bitsch et al. 2013)
or through radially increasing gas surface density pro-
files, which influence the barotropic part of the corota-
tion torque (Masset et al. 2006). At the inner edge of
protoplanetary discs, the gas surface density increases
initially radially due to a radially decreasing viscosity
at the transition between the thermally ionized disc re-
gion and the inner edge of the dead zone, giving rise
to a planet trap (e.g., Flock et al. 2019). The thermal
ionization depends on the disc’s temperature, which in
turn depends on the stellar luminosity. For a 1.52 M�
star as HD33142, this leads to an inner edge at around
0.30-0.35 au (Flock et al. 2016, 2019). However, the plan-
etary trap position is shifted a bit further away from the
disc’s inner edge, roughly in agreement with the position
of planet d in HD33142, supporting a smooth migration
scenario for the formation of planet d. This is further
supported by the relatively low eccentricities of all plan-
ets within this system.
Planets b and c orbit the star at around 1 and 2 au,

featuring masses of around Jupiter, resulting in star-to-
planet mass ratios of around q ≈ 10−3, indicating a type-
II migration (Lin & Papaloizou 1986) during the gas disc
phase. The inner of these two planets, planet b, is also
slightly more massive than the outer planet, planet c.
Considering that type-II planet migration scales with
the planetary mass (Kanagawa et al. 2018), where more
massive planets migrate slower, planet c could catch up
to planet b, potentially allowing a trapping in resonance.
However, this mechanism also depends on the exact disc
parameters (e.g., viscosity, H/r, gas surface density), im-
plying that even though the masses of planet b and c are
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Figure 8. Distribution of 141 known exoplanets (black
points) around giant stars on a diagram of minimum mass
versus orbital period. The planets of the HD 33142 system
are indicated as red star symbols. The lines approximate the
locations of RV semi-amplitudes of 10, 100 and 1000 m s−1

for a host star of 1.5 M�.

such that the outer planet could catch up with the inner
planet, it is not a necessity.
Bitsch et al. (2020) modeled the formation of giant

planet systems from planetary embryos including peb-
ble and gas accretion as well as planetary migration (see
also, Matsumura et al. 2021). Their simulations predict
that systems harboring gas giants should normally host
multiple giant planets, which is also needed to explain
the giant planet eccentricity distribution. The low ec-
centricities for the planets in HD33142 indicate that if
efficient scattering events between the planets happened,
they should have happened during the gas disc phase in
order to further damp the eccentricities of the planet
to their currently observed values of ∼0.1 (Fig. 5). On
the other hand, it seems more likely that the system
did not undergo scattering events and formed smoothly,
where the observed eccentricities are just a result of
angular momentum exchange between the planets. The
HD33142 system featuring three giant planets is thus a
very interesting example to constrain planet formation.

6. SUMMARY

We present an updated orbital solution of the
HD33142 system based on archival and new observa-
tions from FEROS, HARPS, and HIRES. We deter-
mined the stellar mass and radius of HD33142 to beM?

= 1.52M� and R? = 4.17R�, respectively, and found
that HD33142 is most likely a giant star at the very be-
ginning of the red giant phase, but it could also be at the
end of the subgiant branch. We were able to confirm the
two already known planets and found a third significant
signal at ∼ 90 d, which we attribute to a Saturn-mass
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planet. The additional new planet is strongly supported
by model comparison via Bayesian analysis.
To confirm that the 90 d signal is due to a planet, we

attempted to compare it to the stellar rotation period
Prot. Our determination of the stellar rotational velocity
yielded an upper limit of v sin i < 2 km s−1, consistent
with the three literature values we found for Prot. As-
suming that the stellar inclination i = 90◦, the v sin i

limit of 2 km s−1corresponds to a rotational period of
Prot = 106 d. If the true v sin i is smaller than this limit,
then Prot is larger. But also, the true value of the in-
clination i could be smaller so that the true rotational
period could also be shorter and encompassing the value
of the 90 d signal we found. This leaves our attempts to
determine Prot without any conclusive result.
Therefore, we analyzed different activity indicators,

none of which shows any significant periodicity near
90 d. This indicates that the most probable explanation
for the observed periodicity in the RV time series is
the presence of a third planetary companion and not
the rotational modulation of stellar magnetically active
regions.
We determined the orbital parameters of the three

planets with a Nelder-Mead (Simplex) algorithm, which
optimizes the likelihood of a Keplerian model. Further,
we performed a parameter distribution analysis and es-
timated the parameter uncertainties by utilizing MCMC
and NS sampling methods (see Table 3). The configura-
tion found with the three-planet model consists of two
Jupiter-like planets (mb sin i = 1.26MJup andmc sin i =

0.89MJup) with orbital periods of Pb = 330.0 d and
Pc = 810.2 d, corresponding to semi-major axes of
ab = 1.074 au and ac = 1.955 au, respectively, as well
as an inner Saturn-mass planet (md sin i = 0.20MJup)
with a period of Pd = 89.9 d and an orbital separation
of ad = 0.452 au.
Contrary to the analysis by Bryan et al. (2016), our de-

termined mass of the second planet, HD33142 c, is only
around one Jupiter-mass, which is one order of mag-
nitude smaller than the originally found and published
mass. We assume that this published mass is a typo-
graphical mistake. Also, Luhn et al. (2019) found the
smaller planetary mass in their paper, but the signal
did not meet their detection criterion, so the higher and
wrong mass is still cited in various exoplanet databases.
We analyzed the long-term stability of the HD33142

system by performing an N-body integration via the
SyMBA symplectic integrator, which revealed that the
adopted three-planet model, for which a coplanar, edge-
on configuration was assumed, is long-term stable. The
dynamical properties of the system were performed by
selecting 1000 random samples from the NS posteriors

and integrating them for 1Myr, showing that 66.7% of
the samples were stable over this time base. A smaller
set of fits from this sample were tested and confirmed
to be long-term stable for at least 100Myr. Our dynam-
ical analysis showed no evidence of an MMR dynam-
ics between the planet pairs. Nevertheless, this discov-
ery shows that it is worthwhile to revisit already known
planetary systems with sparsely sampled radial veloci-
ties, as more precise data over longer temporal baselines
lead to more discoveries of individual planets as well as
to a more complete picture of the planetary system in
which they exist.
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APPENDIX

In this Appendix, in Fig. A1 we show the three-planet posterior distribution achieved from our NS sampling test
of the combined FEROS, HARPS, and HIRES RV data of HD33142. Table A1 show the FEROS radial velocity
and activity index measurements. Table A2 show the HARPS radial velocity and activity index measurements for
HD33142, derived with the DRS and serval pipelines. Table A3 show the HIRES radial velocity and activity index
measurements.
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Figure A1. Corner plots showing the posteriors of all parameters from the NS analysis for the three-planet model. The top
panel of every column shows the histogram distribution of each parameter. The bottom left cornerplot, from top to bottom and
left to right the parameters are: RV offsets of HARPS, FEROS, and HIRES, RV jitters of HARPS, FEROS, and HIRES, Kd, Pd,
ed, Kb, Pb, eb, Kc, Pc, ec. The top right cornerplot shows the posterior distribution of the derived parameters; the semi-major
axes ad, ab, ac, the minimum masses md sin i, mb sin i, mc sin i, and the mean longitudes, which are λb,c,d = ωb,c,d + Mdb,c,d.
The two-dimensional contours indicate the 1-, 2- and 3-σ confidence levels of the posterior distribution. The red lines mark the
position of the median values.



Revisiting the HD33142 system 21

Table A1. Radial velocity and activity indices of HD33142 obtained from FEROS.

Epoch [BJD] RV [m s−1] σRV [m s−1] Hα σHα NaI D1 σNaID1 NaI D2 σNaID2 CaII H σCaIIH CaII K σCaIIK

2455879.83295 33738.80 3.10 0.8334 0.0006 0.7359 0.0009 0.8127 0.0010 0.1200 0.0018 0.1668 0.0248
2457956.93368 33590.50 4.20 0.8407 0.0009 0.7351 0.0015 0.8046 0.0016 0.1150 0.0054 0.1081 0.0088
2457967.90668 33618.00 5.50 0.8830 0.0013 0.7437 0.0023 0.8094 0.0023 0.1105 0.0088 0.1265 0.0131
2457973.91266 33610.90 6.80 0.8698 0.0018 0.7444 0.0032 0.8108 0.0032 0.1008 0.0163 0.1724 0.0238
2457979.90407 33582.60 4.10 0.8433 0.0008 0.7366 0.0014 0.8105 0.0015 0.1178 0.0038 0.1499 0.0067
2457981.92253 33594.40 4.10 0.8400 0.0008 0.7376 0.0014 0.8103 0.0015 0.1103 0.0034 0.1467 0.0064
2457983.89550 33599.50 4.00 0.8409 0.0008 0.7368 0.0014 0.8061 0.0014 0.1167 0.0034 0.1549 0.0062
2457985.90556 33601.50 4.80 0.8522 0.0010 0.7423 0.0018 0.8088 0.0019 0.1037 0.0054 0.1146 0.0084
2458019.89399 37211.70 4.10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2458036.72940 33643.00 4.50 0.8469 0.0010 0.7379 0.0017 0.8108 0.0017 0.1061 0.0056 0.1175 0.0094
2458054.76927 33631.20 5.10 0.8529 0.0012 0.7404 0.0021 0.8103 0.0021 0.1071 0.0059 0.1430 0.0090
2458061.66286 33638.20 4.10 0.8552 0.0009 0.7341 0.0014 0.8048 0.0015 0.0886 0.0049 0.0882 0.0086
2458094.79396 33964.80 40.50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2458100.69229 33645.60 4.40 0.8504 0.0010 0.7406 0.0016 0.8106 0.0017 0.1138 0.0039 0.1408 0.0074
2458127.64249 33700.00 4.10 0.8592 0.0009 0.7558 0.0014 0.7978 0.0014 . . . . . . . . . . . .
2458127.64511 33720.10 4.10 0.8380 0.0009 0.7428 0.0014 0.8017 0.0014 . . . . . . . . . . . .
2458134.70082 33671.00 4.30 0.8484 0.0009 0.7395 0.0015 0.8112 0.0015 0.0996 0.0048 0.0769 0.0084
2458153.59075 33676.00 4.00 0.8531 0.0008 0.7204 0.0013 0.7972 0.0013 0.1038 0.0029 0.1241 0.0062
2458199.53727 33669.80 4.30 0.8592 0.0010 0.7353 0.0016 0.8134 0.0016 0.0894 0.0055 0.0727 0.0095
2458199.53925 33670.80 4.30 0.8545 0.0009 0.7351 0.0015 0.8094 0.0015 0.0653 0.0056 0.0639 0.0110
2458199.54123 33677.70 4.30 0.8557 0.0009 0.7370 0.0015 0.8099 0.0016 0.0745 0.0052 0.0696 0.0090
2458568.90575 33606.30 3.70 0.8402 0.0007 0.7349 0.0012 0.8071 0.0012 0.1197 0.0041 0.1334 0.0085
2458684.90575 33613.80 4.00 0.8352 0.0008 0.7362 0.0014 0.8117 0.0014 0.1311 0.0141 0.0653 0.0235
2458732.91062 33639.90 12.10 0.8565 0.0042 0.7467 0.0080 0.8027 0.0079 0.0395 0.0500 0.0006 0.0819
2458761.87144 33627.30 3.90 0.8350 0.0008 0.7417 0.0014 0.8106 0.0014 0.1329 0.0027 0.1579 0.0053
2458787.76438 33648.20 4.20 0.8345 0.0009 0.7385 0.0015 0.8101 0.0015 0.1269 0.0036 0.1740 0.0067
2458814.74357 33628.00 3.90 0.8354 0.0008 0.7386 0.0013 0.8101 0.0013 0.1276 0.0026 0.1802 0.0055
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Table A2. Radial velocity and activity indices of HD33142 obtained from HARPS.
Epoch [BJD] RV [m s−1] σRV [m s−1] Hα σHα NaD1 σNaD1 NaD2 σNaD2 CRX [m s−1] σCRX[m s−1] dLW [m2 s−2] σdLW[m2 s−2] BIS [km s−1] σBIS FWHM [km s−1] σFWHM Cont σCont

2457609.91389 -55.087 0.536 0.46007 0.00065 0.24569 0.00072 0.34572 0.00096 9.18 8.34 7.73 1.0 0.0472 0.001 6.7041 0.001 46.612 0.01
2457609.92015 -50.815 0.61 0.46156 0.00074 0.24667 0.00082 0.34644 0.00109 9.96 8.31 10.18 1.24 0.0474 0.001 6.7061 0.001 46.594 0.01
2457609.92659 -51.801 0.524 0.46037 0.00064 0.24598 0.00071 0.34483 0.00093 2.17 7.29 8.65 1.11 0.0451 0.001 6.7044 0.001 46.607 0.01
2457857.50461 -22.713 0.671 0.45733 0.00073 0.24532 0.00084 0.34598 0.00112 2.64 9.1 0.03 1.25 0.0458 0.001 6.7016 0.001 46.63 0.01
2457857.51052 -19.795 0.72 0.45746 0.00078 0.2481 0.00091 0.34245 0.0012 -0.38 10.02 -0.39 1.33 0.0458 0.001 6.7018 0.001 46.643 0.01
2457857.51678 -18.097 0.781 0.4586 0.00084 0.24619 0.00098 0.34683 0.0013 17.9 9.84 1.44 1.63 0.0474 0.001 6.704 0.001 46.619 0.01
2458003.89463 -70.376 0.609 0.4593 0.00073 0.24584 0.0008 0.33804 0.00106 -7.45 8.01 7.1 1.3 0.0467 0.001 6.6995 0.001 46.604 0.01
2458003.90066 -69.609 0.582 0.45975 0.00069 0.24798 0.00076 0.3378 0.00101 -16.45 8.52 9.67 1.12 0.0469 0.001 6.7018 0.001 46.598 0.01
2458003.90693 -70.762 0.535 0.45961 0.00063 0.24699 0.00069 0.33903 0.00092 -8.45 7.88 7.72 1.03 0.0448 0.001 6.7039 0.001 46.591 0.01
2458084.7618 -37.507 0.483 0.45699 0.00053 0.24706 0.0006 0.34536 0.00079 6.41 7.01 3.85 1.03 0.0487 0.001 6.7027 0.001 46.63 0.01
2458084.76624 -40.069 0.471 0.45669 0.00052 0.2404 0.00058 0.34587 0.00077 0.07 5.95 1.36 0.91 0.0517 0.001 6.7023 0.001 46.638 0.01
2458084.77076 -39.975 0.466 0.45827 0.00051 0.24013 0.00057 0.34661 0.00076 4.56 7.13 -0.15 0.84 0.0487 0.001 6.6991 0.001 46.652 0.01
2458143.52478 -4.854 0.462 0.46291 0.00052 0.2477 0.0006 0.34303 0.00079 -9.99 6.05 1.36 0.83 0.0471 0.001 6.6985 0.001 46.636 0.01
2458143.53099 -3.796 0.449 0.46342 0.00051 0.24781 0.00058 0.34328 0.00076 -10.49 5.31 -3.08 0.79 0.0486 0.001 6.6979 0.001 46.661 0.01
2458143.53698 -4.34 0.44 0.46204 0.0005 0.24844 0.00057 0.33461 0.00075 -10.17 5.21 -3.03 0.86 0.0522 0.001 6.6998 0.001 46.654 0.01
2458144.60014 -6.945 0.625 0.45672 0.00072 0.24044 0.00082 0.34377 0.00109 8.22 6.65 -1.64 1.36 0.0499 0.001 6.6986 0.001 46.66 0.01
2458144.60629 -6.087 0.604 0.45855 0.00069 0.24051 0.00079 0.34458 0.00105 20.03 6.33 -4.19 1.14 0.047 0.001 6.7019 0.001 46.668 0.01
2458144.61246 -2.652 0.589 0.45767 0.00067 0.24113 0.00077 0.34303 0.00101 14.27 7.96 -4.51 1.2 0.0477 0.001 6.6957 0.001 46.675 0.01
2458145.62584 -11.183 0.513 0.4614 0.00052 0.24809 0.00062 0.33149 0.00081 -7.83 5.72 -1.09 1.04 0.0494 0.001 6.6969 0.001 46.664 0.01
2458145.632 -8.017 0.596 0.46247 0.00061 0.24741 0.00073 0.33228 0.00095 0.48 7.72 -4.66 1.3 0.0497 0.001 6.6957 0.001 46.642 0.01

2458145.63804 -1.541 0.529 0.46213 0.00054 0.24767 0.00064 0.3344 0.00084 6.01 5.21 -5.43 1.05 0.0487 0.001 6.6977 0.001 46.665 0.01
2458172.5288 -4.578 0.869 0.46326 0.00103 0.24284 0.00122 0.34194 0.00159 -8.01 6.31 -5.32 1.82 0.0494 0.001 6.6991 0.001 46.66 0.01
2458173.52798 -4.177 0.472 0.46255 0.00053 0.24204 0.00061 0.34118 0.00081 19.1 9.55 -1.63 1.01 0.0503 0.001 6.6998 0.001 46.644 0.01
2458174.5198 -7.179 0.456 0.45753 0.0005 0.24046 0.00059 0.34136 0.00077 -2.49 5.62 -2.41 0.93 0.0496 0.001 6.6961 0.001 46.657 0.01
2458175.52104 -4.748 0.492 0.4568 0.00055 0.24745 0.00064 0.34105 0.00084 -8.96 5.37 0.74 0.96 0.0485 0.001 6.6981 0.001 46.627 0.01
2458191.52248 1.418 0.523 0.45693 0.00058 0.24757 0.00068 0.33324 0.0009 -4.4 6.46 -4.12 1.04 0.0492 0.001 6.7007 0.001 46.654 0.01
2458191.52857 2.233 0.465 0.45774 0.0005 0.24888 0.00059 0.33277 0.00078 -1.28 5.89 0.09 0.99 0.0493 0.001 6.7019 0.001 46.635 0.01
2458191.53454 2.841 0.455 0.45721 0.00049 0.2481 0.00058 0.33175 0.00076 -5.04 5.58 0.98 1.02 0.0474 0.001 6.7001 0.001 46.625 0.01
2458194.50983 0.889 0.347 0.46136 0.00038 0.24244 0.00045 0.34218 0.00059 3.53 5.18 -0.65 0.79 0.0495 0.001 6.6989 0.001 46.639 0.01
2458196.53961 -1.871 0.479 0.46133 0.0005 0.2471 0.0006 0.34223 0.00079 5.25 5.14 1.88 0.88 0.0479 0.001 6.7003 0.001 46.636 0.01
2458196.54581 -0.8 0.472 0.46161 0.00048 0.24733 0.00058 0.34268 0.00076 3.62 6.13 1.72 0.85 0.0489 0.001 6.7014 0.001 46.631 0.01
2458196.55196 -0.398 0.478 0.46158 0.00047 0.24805 0.00058 0.34484 0.00076 6.87 5.63 0.45 0.84 0.05 0.001 6.7019 0.001 46.621 0.01
2458221.48152 1.844 0.56 0.45804 0.00058 0.24138 0.00071 0.34225 0.00093 -0.38 6.35 -0.38 1.1 0.0489 0.001 6.7016 0.001 46.631 0.01
2458221.48809 2.316 0.781 0.45814 0.0008 0.24039 0.00099 0.34074 0.00129 -1.38 7.44 -4.19 1.31 0.0506 0.001 6.7003 0.001 46.654 0.01
2458221.49424 -1.599 0.596 0.45792 0.00063 0.24305 0.00077 0.34118 0.001 10.44 6.54 -1.2 1.1 0.0495 0.001 6.7013 0.001 46.646 0.01
2458222.47187 1.498 0.469 0.45782 0.00049 0.24076 0.00058 0.34407 0.00077 -0.4 6.14 2.96 0.95 0.0499 0.001 6.7042 0.001 46.625 0.01
2458222.47808 -2.313 0.46 0.45679 0.00047 0.24038 0.00057 0.34426 0.00075 2.35 6.3 5.2 0.96 0.0506 0.001 6.7065 0.001 46.601 0.01
2458222.48424 -8.119 0.485 0.45766 0.00049 0.24099 0.0006 0.3441 0.00079 -0.91 6.15 5.2 1.03 0.0502 0.001 6.7059 0.001 46.596 0.01
2458224.51695 -4.11 0.479 0.4621 0.00048 0.23996 0.00058 0.34471 0.00077 1.8 5.72 2.68 0.95 0.0518 0.001 6.7044 0.001 46.629 0.01
2458224.52305 -5.048 0.484 0.46197 0.00048 0.2411 0.00059 0.34531 0.00078 3.55 5.3 2.53 0.94 0.0466 0.001 6.7067 0.001 46.625 0.01
2458224.52909 -7.203 0.505 0.4613 0.0005 0.24022 0.00061 0.34487 0.00081 -0.45 5.39 -0.28 0.98 0.0483 0.001 6.7044 0.001 6.638 0.01
2458225.48043 -13.121 0.691 0.45711 0.00073 0.24107 0.00089 0.3437 0.00117 0.38 6.94 -1.46 1.38 0.0499 0.001 6.7006 0.001 46.634 0.01
2458225.48634 -12.128 0.664 0.45802 0.00075 0.24052 0.0009 0.34274 0.00119 -20.52 6.67 -0.71 1.14 0.0548 0.001 6.703 0.001 46.642 0.01
2458225.49256 -9.144 0.588 0.45585 0.00064 0.2395 0.00077 0.34327 0.00102 -15.62 7.34 0.1 1.12 0.0501 0.001 6.7044 0.001 46.65 0.01
2458318.91454 -64.604 0.923 0.46026 0.00102 0.2409 0.00123 0.3487 0.00163 6.12 9.54 2.38 1.84 0.0449 0.001 6.6978 0.001 46.615 0.01
2458318.92302 -62.893 1.03 0.4594 0.00114 0.2384 0.00137 0.3487 0.00182 7.63 11.01 -3.85 2.66 0.05 0.001 6.6919 0.001 46.717 0.01
2458318.93149 -54.605 0.918 0.45955 0.00103 0.23983 0.00123 0.33755 0.00163 5.16 9.6 2.0 1.93 0.0443 0.001 6.7012 0.001 46.637 0.01
2458383.81627 -47.063 0.573 0.46077 0.00071 0.2464 0.00082 0.33796 0.00108 9.65 6.44 1.63 1.11 0.0521 0.001 6.6986 0.001 46.651 0.01
2458383.82225 -47.035 0.639 0.45913 0.00077 0.24645 0.00089 0.34025 0.00119 1.13 7.58 0.23 1.28 0.051 0.001 6.6969 0.001 46.659 0.01
2458383.82853 -42.457 0.596 0.46054 0.00075 0.24741 0.00086 0.33758 0.00113 -12.23 6.27 -1.51 1.16 0.0486 0.001 6.7002 0.001 46.655 0.01
2458385.78696 -48.793 0.511 0.4607 0.00062 0.24605 0.00071 0.34548 0.00094 0.69 5.01 1.61 0.91 0.0483 0.001 6.6967 0.001 46.656 0.01
2458385.79305 -49.663 0.511 0.45977 0.00063 0.2454 0.00072 0.34632 0.00096 -0.37 5.86 3.61 1.14 0.0462 0.001 6.6992 0.001 46.645 0.01
2458385.79925 -48.085 0.503 0.4607 0.00062 0.24629 0.00071 0.34497 0.00094 1.28 6.31 2.44 1.03 0.048 0.001 6.6965 0.001 46.638 0.01
2458403.86168 -39.066 1.238 0.45839 0.00145 0.24152 0.00175 0.34842 0.0023 12.92 13.05 -6.37 2.83 0.0508 0.001 6.7033 0.001 46.638 0.01
2458403.86779 -36.524 1.219 0.45769 0.00143 0.24096 0.00172 0.34843 0.00227 19.34 12.47 -1.68 2.8 0.0436 0.001 6.6968 0.001 46.676 0.01
2458403.87389 -36.053 0.983 0.45671 0.00116 0.2378 0.00137 0.34879 0.00182 7.09 11.59 -4.3 2.03 0.0485 0.001 6.6989 0.001 46.704 0.01
2458416.76954 -40.104 0.518 0.46295 0.00063 0.23618 0.00072 0.33518 0.00096 4.38 7.98 4.92 1.15 0.0478 0.001 6.7003 0.001 46.615 0.01
2458416.7758 -46.856 0.475 0.46287 0.00058 0.23467 0.00066 0.33377 0.00088 -9.47 8.96 3.89 0.98 0.051 0.001 6.701 0.001 46.625 0.01
2458416.78188 -47.025 0.472 0.45813 0.00057 0.2353 0.00065 0.33376 0.00087 3.72 7.2 0.15 0.94 0.0527 0.001 6.6993 0.001 46.657 0.01
2458416.78802 -39.86 0.483 0.45812 0.00059 0.23612 0.00067 0.3421 0.00089 -7.32 8.41 -1.42 1.0 0.0491 0.001 6.6963 0.001 46.647 0.01
2458436.85486 -38.765 0.597 0.45588 0.00068 0.24767 0.00081 0.34701 0.00107 3.28 9.52 -0.29 1.12 0.05 0.001 6.7005 0.001 46.642 0.01
2458436.86084 -43.375 0.585 0.4565 0.00067 0.24426 0.00078 0.34567 0.00104 2.06 8.5 2.66 1.27 0.0485 0.001 6.7007 0.001 46.654 0.01
2458451.75009 -34.039 0.507 0.46009 0.00058 0.2471 0.00068 0.34306 0.0009 9.85 8.66 -3.46 1.02 0.0466 0.001 6.6977 0.001 46.679 0.01
2458451.75394 -33.031 0.507 0.46082 0.00058 0.24866 0.00068 0.3411 0.00089 6.56 7.93 -3.88 0.78 0.0506 0.001 6.6949 0.001 46.672 0.01
2458451.75778 -32.882 0.514 0.45977 0.00058 0.24759 0.00069 0.3441 0.0009 -6.82 8.64 -2.32 1.08 0.0508 0.001 6.6976 0.001 46.657 0.01
2458454.68064 -26.925 1.109 0.45662 0.0014 0.23751 0.00163 0.34588 0.00216 2.74 11.9 -2.41 2.49 0.0465 0.001 6.7002 0.001 46.667 0.01
2458454.68554 -26.785 0.825 0.45555 0.00104 0.24281 0.00121 0.34203 0.00158 8.85 8.46 -0.03 1.76 0.0466 0.001 6.6993 0.001 46.653 0.01
2458454.69161 -27.52 0.908 0.45626 0.00115 0.24049 0.00134 0.34572 0.00177 0.03 10.4 -1.7 1.92 0.0523 0.001 6.7036 0.001 46.645 0.01
2458474.68296 -22.581 0.428 0.4569 0.00048 0.24747 0.00057 0.34502 0.00075 5.2 7.68 0.75 0.84 0.0512 0.001 6.6967 0.001 46.643 0.01
2458474.68911 -19.549 0.435 0.46155 0.00049 0.24848 0.00058 0.34241 0.00076 0.84 7.42 0.15 1.01 0.0493 0.001 6.6992 0.001 46.635 0.01
2458474.69527 -16.181 0.414 0.46149 0.00047 0.24833 0.00055 0.34179 0.00072 3.31 6.7 -0.73 0.85 0.0517 0.001 6.6949 0.001 46.644 0.01
2458476.78879 -13.542 0.539 0.45943 0.00057 0.24278 0.00069 0.33484 0.00091 6.99 6.02 -0.08 0.95 0.0503 0.001 6.6997 0.001 46.646 0.01
2458476.79495 -14.734 0.59 0.46026 0.00062 0.24167 0.00075 0.34226 0.00099 4.79 6.38 0.55 1.17 0.0483 0.001 6.7046 0.001 46.628 0.01
2458476.80116 -15.852 0.598 0.46122 0.00061 0.24193 0.00075 0.34149 0.00099 24.35 6.53 2.56 1.14 0.0524 0.001 6.7021 0.001 46.619 0.01
2458529.65501 -43.613 0.613 0.45715 0.0007 0.24347 0.00082 0.34119 0.00108 -4.02 6.34 -7.81 1.31 0.0475 0.001 6.6973 0.001 46.652 0.01
2458529.6603 -44.267 1.034 0.45644 0.00107 0.24143 0.00132 0.33918 0.00173 4.41 10.92 -9.29 2.55 0.0493 0.001 6.6985 0.001 46.596 0.01
2458529.66725 -42.333 0.727 0.45785 0.00083 0.24161 0.00097 0.34284 0.00128 3.22 6.54 -8.63 1.51 0.0461 0.001 6.7019 0.001 46.631 0.01
2458531.63395 -39.172 0.481 0.4564 0.00056 0.24825 0.00065 0.34096 0.00085 -3.68 6.43 -0.07 1.2 0.0487 0.001 6.7007 0.001 46.631 0.01
2458531.64044 -40.523 0.483 0.45709 0.00056 0.24958 0.00065 0.33839 0.00085 -10.22 6.38 0.63 0.98 0.049 0.001 6.7023 0.001 46.63 0.01
2458531.64635 -41.45 0.511 0.4563 0.00059 0.24837 0.00069 0.33736 0.0009 -13.89 5.65 -1.57 1.1 0.0453 0.001 6.6977 0.001 6.65 0.01
2458538.59208 -39.652 0.457 0.45647 0.00051 0.24384 0.00059 0.33589 0.00076 -2.43 7.27 -3.43 1.12 0.05 0.001 6.699 0.001 46.648 0.01
2458538.59813 -38.996 0.465 0.4565 0.00051 0.24385 0.0006 0.33731 0.00077 -3.43 6.21 -1.17 0.94 0.0478 0.001 6.7004 0.001 46.638 0.01
2458538.60521 -41.482 0.581 0.45669 0.00066 0.24918 0.00076 0.32887 0.00099 -11.19 7.99 -6.49 1.37 0.0517 0.001 6.6988 0.001 46.661 0.01
2458542.55889 -31.866 0.551 0.45696 0.00067 0.248 0.00076 0.33804 0.00099 -9.13 7.23 -3.93 0.98 0.0491 0.001 6.6971 0.001 46.641 0.01
2458542.56498 -38.659 0.511 0.45636 0.00062 0.24881 0.0007 0.33895 0.00091 5.03 7.08 -3.19 1.03 0.0505 0.001 6.6971 0.001 46.653 0.01
2458542.57131 -43.288 0.524 0.45676 0.00063 0.24947 0.00071 0.33646 0.00093 4.32 7.16 -5.69 0.99 0.0456 0.001 6.6966 0.001 46.654 0.01
2458546.57545 -42.877 0.542 0.45739 0.00064 0.24902 0.00073 0.33884 0.00095 0.73 8.2 -2.03 1.05 0.0506 0.001 6.7002 0.001 46.641 0.01
2458546.58156 -41.172 0.556 0.45716 0.00067 0.24976 0.00075 0.33816 0.00098 -1.92 8.63 -2.38 1.19 0.0509 0.001 6.6988 0.001 46.661 0.01
2458546.58783 -36.919 0.562 0.45671 0.00067 0.2491 0.00076 0.33899 0.00099 -7.32 8.59 -2.69 1.14 0.0469 0.001 6.6991 0.001 46.643 0.01
2458550.59229 -35.537 0.487 0.45829 0.00054 0.24973 0.00062 0.33619 0.0008 -3.23 5.61 0.27 0.92 0.0456 0.001 6.701 0.001 46.628 0.01
2458550.59857 -33.797 0.516 0.45849 0.00057 0.2509 0.00066 0.3364 0.00085 -6.5 5.02 2.05 1.02 0.0468 0.001 6.7016 0.001 46.615 0.01
2458550.60438 -35.497 0.576 0.45783 0.00064 0.24918 0.00074 0.33647 0.00095 -5.1 7.3 0.23 1.4 0.0445 0.001 6.699 0.001 46.644 0.01
2458565.49203 -36.998 0.493 0.45894 0.00056 0.24171 0.00062 0.33903 0.00081 -15.62 6.65 0.07 0.96 0.0475 0.001 6.7008 0.001 46.617 0.01
2458565.49707 -34.357 0.508 0.45759 0.00058 0.24124 0.00064 0.34074 0.00084 -5.71 6.13 -2.04 0.89 0.0475 0.001 6.7018 0.001 46.644 0.01
2458565.50203 -35.379 0.498 0.45704 0.00056 0.24275 0.00063 0.3408 0.00082 -4.27 7.68 1.61 0.92 0.0485 0.001 6.7024 0.001 46.633 0.01
2458754.89592 -39.67 0.837 0.46179 0.00107 0.25238 0.00114 0.34839 0.00149 4.82 8.6 2.6 1.76 0.0493 0.001 6.7006 0.001 46.612 0.01
2458754.90211 -40.056 0.844 0.46178 0.00107 0.25233 0.00114 0.34988 0.0015 1.32 8.32 1.59 1.76 0.0489 0.001 6.7018 0.001 46.601 0.01
2458754.90831 -40.511 0.829 0.4637 0.00105 0.25306 0.00112 0.34993 0.00147 0.34 8.99 7.11 1.93 0.0505 0.001 6.6993 0.001 46.564 0.01



Revisiting the HD33142 system 23

Table A3. Radial velocity and activity indices of HD33142 obtained from HIRES.

Epoch [BJD] RV [m s−1] σRV [m s−1] S-index H-index

2454400.03215 -57.45 1.76 0.1150 0.03119
2454461.87742 -23.62 1.72 0.1041 0.03108
2454718.14941 -43.68 1.66 0.1167 0.03133
2454806.95469 -13.93 3.11 0.1141 0.03114
2454839.01455 11.14 1.68 0.1254 0.03118
2454846.95912 6.44 1.96 0.1184 0.03110
2454864.91463 33.49 1.56 0.1243 0.03113
2454929.72406 6.19 1.65 0.1258 0.03117
2455076.12029 -18.81 1.56 0.1208 0.03126
2455085.08738 -16.46 1.49 0.1183 0.03131
2455110.13017 -17.79 1.89 0.1172 0.03134
2455173.05039 17.89 1.45 0.1244 0.03114
2455187.90056 5.66 1.68 0.1284 0.03120
2455188.95939 9.48 1.60 0.1188 0.03113
2455189.82384 5.08 1.61 0.1197 0.03110
2455190.89727 3.38 1.71 0.1220 0.03120
2455196.80904 5.65 1.67 0.1186 0.03151
2455197.96869 4.36 1.86 0.1222 0.03131
2455198.99626 0.00 1.87 0.1280 0.03126
2455255.74755 -2.69 1.31 0.1187 0.03132
2455285.78066 -29.30 1.45 0.1332 0.03118
2455312.72518 -43.10 1.79 0.0914 0.03110
2455456.04311 -12.57 1.57 0.1238 0.03119
2455490.95679 7.16 1.73 0.1237 0.03125
2455521.96605 6.48 1.64 0.1176 0.03116
2455546.06910 11.43 1.80 0.1125 0.03119
2455584.91194 3.38 1.73 0.1202 0.03123
2455633.81192 -28.14 1.45 0.1048 0.03120
2455878.97668 17.34 1.68 0.1160 0.03128
2455904.03568 7.60 1.51 0.1214 0.03112
2455960.76706 -31.35 1.80 0.1188 0.03134
2456018.74059 -57.46 1.61 0.1149 0.03127
2456530.11307 13.05 1.58 0.1277 0.03129
2456640.94484 -35.64 1.59 0.1137 0.03119
2456913.14619 -39.74 1.49 0.1169 0.03120
2457354.87263 -31.59 1.64 0.1153 0.03078
2458715.13860 -43.22 1.50 -1.0000 -1.00000
2458788.09457 1.08 1.55 -1.0000 -1.00000
2458852.83152 15.02 1.54 -1.0000 -1.00000
2458907.80135 -11.96 1.61 -1.0000 -1.00000
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