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Transit timing variations in HIP 41378:
CHEOPS and TESS confirm a non-transiting sixth planet in the
system*
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In multiple-planet systems, gravitational interactions of exoplanets could lead to transit timing variations (TTVs), whose amplitude becomes
significantly enhanced when planets are in or near mean-motion resonances (MMRs), making them more easily detectable. In cases where both
CY) TTVs and radial velocity (RV) measurements are available, combined analysis can break degeneracies and provide robust planetary and system
= characterization, even detecting non-transiting planets.
(O In this context, HIP 41378 hosts five confirmed transiting planets with periods ranging from 15 to over 542 days, providing a unique dynamical
() laboratory for investigating wide multi-planet systems analogous to the Solar System. In this study, we present an intensive space-based photo-
| metric follow-up of HIP 41378, combining 15 new CHEOPS observations with eight TESS sectors, alongside data from K2, Spitzer, HST, and
<" 311 HARPS spectra. We dynamically modeled the TTVs and RV signals of the two inner sub-Neptunes via N-body integration. These planets,
« HIP41378b (P, = 15.57 days, R, = 2.45R;) and HIP 41378 ¢ (P, = 31.71 days, R, = 2.57 Ry), are close to (A ~ 1.8%) a 2:1 period commensu-
* rability. We report a clear detection of TTVs with amplitudes of 20 minutes for planet b and greater than 3 hours for planet c.
(@) We dynamically confirm the planetary nature of HIP 41378 g, a non-transiting planet with a period of about 64 days and a mass of about 7 Mg,
close to a 2:1 commensurability with planet c, suggesting a possible mean-motion resonance chain in the inner system.
Our precise determination of the masses, eccentricities, and radii of HIP41378 b and c enabled us to investigate their possible volatile-rich
compositions. Finally, by leveraging on the last TESS sectors we constrained the period of HIP 41378 d to three possible aliases (P, = 278, 371,
> and 1113 days) suggesting that the system could be placed in a double quasi resonant chain, highlighting its complex dynamical architecture.
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1. Introduction sive long-term surveys led to the unexpected discovery of nu-

. . . . merous sub-Neptune-sized planets (1.75 R < R, < 3.5 R,
Following the. cgnclus1on of the primary Kepler | ISSION,  f511owing Kopparapu et al. 2018) in compact, coplanar multi-
NASA’s K2 mission expanded the search for transiting exo- planetary systems (e.g., Borucki et al. 2011; Latham et al. 2011;
planets by Fargeting stars glong the ecliptic plane (Howell etal. - yyeicq o o). 2018; Bean’ et al. 2021). The prévalence of such sys:
2014). Unlike Kepler, .Wthh focused on a ﬁ)sed field, K2 cov- o¢ has made them key cornerstones of exoplanet research,
ereq a broader S k},] 'reglon,‘observed a more diverse st'ellar POP~ Gffering crucial insights into planetary formation and evolu-
u!atlon, and p 1j10r1t1zed. brighter stars, makmg.them ideal can- ;00 while bridging the gap between the Solar System and the
didates for radial-velocity (RV) follow-up studies. These exten- wide diversity of known exoplanetary architectures (Bean et al.

* Based on data from CHEOPS Guaranteed Time Observations, col- 2021). Among t.his population, sub-Neptunes on long-period or-
lected under Programme ID CH_PR100025. bits are exceptionally valuable. Situated at larger orbital dis-

** E-mail: pietro.leonardi.1 @studenti.unipd.it tances, they are shielded from the intense stellar X-ray and ultra-
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violet (XUV) radiation that drives atmospheric escape via pho-
toevaporation (Lopez & Fortney 2014; Owen & Wu 2017). Con-
sequently, these planets are expected to retain their primordial
atmospheres. Their present-day atmospheric properties, such as
mass fraction and composition, therefore, offer a more direct
probe of the conditions within the proto-planetary disk during
their formation as well as their evolution. This makes them prime
targets for constraining planet formation models through atmo-
spheric characterization studies (Madhusudhan 2019; Bean et al.
2021). In this context, the multi-planet system around the bright
(my = 8.93) late F-type star HIP 41378 (K2-93) stands out as one
of only five systems, alongside those around 55 Cnc (Butler et al.
1997), HD 219134 (Gillon et al. 2017), HD 110067 (Luque et al.
2023), HD 191939 (Badenas-Agusti et al. 2020), and Kepler-
444 (Campante et al. 2015) that host more than four confirmed
planets with both mass and radius constraints, while also hosting
a star brighter than my = 9 mag.

The system was first identified by Vanderburg et al. (2016)
during Campaign 5 of the K2 mission (April-July 2015). After
its discovery, the system was reobserved three years later during
Campaign 18 (May—July 2018) (Berardo et al. 2019, hereafter
B19; Becker et al. 2019). The K2 data revealed a system of five
transiting planets (from b to f), with the two inner sub-Neptunes
(HIP 41378 b and c) exhibiting well-constrained orbital periods
of 15.6 and 31.7 days respectively, near a 2:1 period commen-
surability. However, for the three outer planets, an insufficient
number of transits were recovered to determine their orbital pe-
riods, leaving only a set of possible period aliases. Based on
the 75-day baseline of the K2 C5 campaign and the long tran-
sit durations of the planets, the highest-probability aliases de-
rived suggested long-period orbits for the outer planets (P >
100 days). The first mass measurements of the planets in the
system were obtained by Santerne et al. (2019, hereafter S19)
using radial velocity (RV) observations from HARPS, HARPS-
N, the Carnegie Planet Finder Spectrograph (PFS; Crane et al.
2006, 2008, 2010) and HIRES (High Resolution Echelle Spec-
trometer). The authors detected strong RV signals from planets
b, c, and f, but were unable to retrieve any signal from plan-
ets d and e. Additionally, they identified a periodic signal at ~
62 days, attributed to a possible non-transiting planet (hereafter
HIP 41378 g) near a 2:1 period commensurability with planet ¢
raising the possibility of strong dynamical interactions among
the inner three planets in a near-resonant chain, which could re-
sult in observable transit timing variations (TTVs) (Agol et al.
2005; Holman & Murray 2005). Their analysis also constrained
the orbital period of HIP41378 f to Py = 542 days, making it one
of the longest-period planets discovered via transit photometry.
A subsequent intensive ground-based follow-up by Bryant et al.
(2021) confirmed this period and revealed significant TTVs, in-
dicating strong dynamical interactions among the outer planets.

In this work, we present a global dynamical analysis of the
sub-Neptunes HIP 41378 b and HIP 41378 c. This combines 15
single-visit observations from the CHaracterising ExOPlanets
Satellite (CHEOPS; Benz et al. 2021), eight new sectors from
the Transiting Exoplanet Survey Satellite (TESS; Ricker et al.
2015), archival photometry from Kepler (K2), Spitzer, and the
Hubble Space Telescope (HST), and RV measurements from
HARPS (Mayor et al. 2003). Using measurements from Spitzer,
B19 reports hints of TTV for planet c, with variations exceeding
one hour. Motivated by this detection, we analyzed the poten-
tial TTVs of HIP 41378 ¢ and HIP 41378 b. Additionally, we ex-
amined the dynamical influence of the non-transiting candidate
planet HIP 41378 g, assessing its role in shaping the observed
TTVs and the overall dynamics of the system. The paper is or-
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ganized as follows: In Section 2, we describe the spectroscopic
and photometric observations. Section 3 presents the newly de-
rived stellar parameters. Section 4 details the photometric and
dynamical modeling, including transit timing extraction and or-
bital parameter retrieval. Our results are presented in Section 5.
In Section 6, we discuss the system’s architecture, the implica-
tions of the inner planets’ "peas-in-a-pod" configuration, and po-
tential planetary compositions. Lastly, Section 7 summarizes the
key findings and outlines future observational priorities.

2. Observations extraction and reduction

This section presents the observations and data extraction of both
proprietary CHEOPS light curves and publicly available spectro-
scopic and photometric data for HIP41378 b & ¢ (including K2,
TESS, Spitzer, HST, and HARPS), spanning over ten years and
comprising a total of 47 transit light curves (32 for -b and 15 for
-c). For each TESS sector and K2 campaign, we isolated indi-
vidual transits of both planets by selecting portions of the light
curve that encompassed the transit duration plus three CHEOPS
orbits (~ 98.77 minutes each). This allowed us to have a consis-
tent out-of-transit baseline across all observations. The center of
the transits, determined using a linear ephemeris, and the transit
durations were based on the values reported by B19.

K2 The K2 mission observed the system during campaign 5
(2015 April 27 — 2015 July 10) and campaign 18 (2018 May
12 — 2018 July 02), under the identifier EPIC 211311380 (K2-
93), with long- and short-cadence photometry (30 minutes and
1 minute, respectively). A total of ten transits of planets b & ¢
were observed during the K2 mission (seven of b and three of
¢). From the Mikulski Archive for Space Telescopes (MAST')
we extracted the high-level science data products (HLSP) based
on the photometric pipeline EVEREST (EPIC Variability Extrac-
tion and Removal for Exoplanet Science Targets, version 2.0;
Luger et al. 2016, 2018).

Spitzer We used photometric data of HIP 41378 collected with
the Infrared Array Camera (IRAC) 4.5 wm channel of Spitzer
telescope (Werner et al. 2004), taken as part of the observing
programs 11026 and 13052 (PI: Werner), focused on K2 follow-
ups. The observations, presented by B19, cover a transit of planet
b and one of planet c.

TESS The TESS mission Ricker et al. (2015) observed the sys-
tem (TOI-4304, TIC 366443426) from Cycles 1 to 7 in sectors:
7, 34, 44, 45, 46, 61, 72 and 88 with a cadence of 120 s. We
downloaded the photometric time series processed by the Sci-
ence Processing Operations Center (SPOC; Jenkins et al. 2016)
from the MAST archive, and we corrected the simple aper-
ture photometry (SAP) for systematic effects by following the
procedure and using the Cotrending Basis Vectors described
in Nardiello et al. (2021, 2025). As shown in Nardiello et al.
(2022), Pre-search Data Conditioned SAP (PDC-SAP) light
curves can suffer from overcorrection problems, that can intro-
duce new systematic errors in the light curves, change the shape
of the stellar activity and planetary transits, and also mimic false
transit signals. A total of nine transits of planet b and six of planet
¢ were extracted from the light curves. The first transit of planet

! https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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b during sector 72 fell in a data discontinuity gap; thus, only a
partial transit light curve was retrieved.

HST We wused the publicly available HST/WFC3
(Marinelli & Green 2024) transit observations of HIP41378b
from the MAST archive. These data, obtained using the G141
grism (1.088 to 1.680 um), cover three transits of the planet (Jan-
uary 14, 2018, May 3, 2020, and May 20, 2020) and were taken
as part of program GO-15333 (PI: Ian Crossfield). The data were
first published by Edwards et al. (2023), and later reanalyzed
by Brande et al. (2024). The calibration of the raw WFC3 data,
the reduction and the extraction of the white light curves were
done using the Iracris dedicated pipeline (Tsiaras et al. 2016a,b,
2018), following the methodology of Edwards et al. (2023).
Our reduction also includes the frame-splitting method (see
Edwards et al. 2023, for a complete description) that takes into
account the persistence effect dependent upon the brightness
of the host star, the scanning rate, and the readout scheme
employed.

CHEOPS HIP 41378 was observed with CHEOPS within the
frame of the guaranteed time observation (GTO) as part of
two programs: M-R relation in planetary systems”, dedicated
to the follow-up of TTVs in planetary systems to better con-
strain masses, orbital parameters, and planetary compositions
(Nascimbeni et al. 2023, 2024), and architecture of resonant
chains (ARC)?, centered on the follow-up of resonant chains
(Leleu et al. 2021; Delrez et al. 2023; Leleu et al. 2024). We
obtained 15 visits acquired between December 23, 2020, and
March 11, 2025, of which 11 were centered on transits of
planet b and four on those of planet c. For each observation
we used the exposure cadence of 38 seconds, avoiding satura-
tion. The complete log of the observations is reported in Table
A.1. The CHEOPS raw data were automatically processed by
the CHEOPS data reduction pipeline (DRP v13.1.0; Hoyer et al.
2020). The DRP corrects for instrumental (e.g bias, flat and
dark current) and environmental effects (e.g., cosmic rays, back-
ground) (Fortier et al. 2024). The pipeline performs aperture
photometry extracting four different light curves. For our study
we used the light curve corresponding to the DEFAULT photo-
metric aperture of 25 pixels, which has the lowest rms. Following
the extraction of the light curves we performed a clipping of the
outliers with respect to the median flux value of the light curves
plus five times the mean absolute deviation (MAD).

HARPS We recovered the publicly available HARPS
(Mayor et al. 2003) high-precision RV observations from the
ESO Science Archive website*. We downloaded 370 spec-
tra obtained under the observing programs 198.C-0169(A)
and 0102.C-0171(A) (PI: Santerne) previously published by
Santerne et al. (2019). The system was monitored between Jan-
uary 2017 and April 2019, with a typical integration time of
15 minutes. The observations yielded a median formal measure-
ment uncertainty of 2 ms~!. The spectra were extracted using the
HARPS online data reduction pipeline (DRS) (Cosentino et al.
2014, version 3.8). We rejected the points taken to monitor gran-
ulation and p-modes in the two consecutive nights: March 10,
2018, and March 11, 2018. We additionally discarded all the data

2 CH_PR100025, V. Nascimbeni
3 CH_PR140080, A. Leleu
4 http://archive.eso.org/wdb/wdb/adp/phase3_main/form

Table 1: Derived stellar parameters of HIP 41378.

Parameter Value
Ter [K] 6371 + 65
log g [cgs] 4.32 +£0.02
[Fe/H] [dex] 0.046 + 0.044
vsini, [kms™!] 75+0.5
M, [Ms] 1.245“:8:82;
R, [Ro] 1.306 = 0.010
Px (el 0.557 £ 0.016
Age [Gyr] 1.8707
[Mg/H] [dex] 0.04 + 0.07
[Si/H] [dex] 0.04 +£0.04

points with an error greater than 5o of the median value. These
selections left us with 311 RV measurements.

3. Stellar parameters

The stellar spectroscopic parameters (7eg, logg, microturbu-
lence vy, and [Fe/H]) were derived using the ARES+MOOG
methodology as described in Santos et al. (2013); Sousa (2014);
Sousa et al. (2021). For this we used the latest version of
ARES® (Sousa et al. 2007, 2015) to consistently measure the
equivalent widths (EW) of selected iron lines in the com-
bined HARPS spectrum of HIP 41378. For this, we used the
iron line list presented in Sousa et al. (2008). The best spec-
troscopic parameters are found by converging into ionization
and excitation equilibrium. In this process, a grid of Kurucz
model atmospheres (Kurucz 1993) and the radiative transfer
code MOOG (Sneden 1973) are used. We also derived a more
accurate trigonometric surface gravity using the Gaia DR3
data following the same procedure as described in Sousa et al.
(2021). Stellar abundances of Si and Mg were then derived us-
ing the classical curve-of-growth analysis method assuming lo-
cal thermodynamic equilibrium. The same codes and models
were used for abundance determinations. For the derivation of
chemical abundances of refractory elements, we closely fol-
lowed the methods described in (e.g., Adibekyan et al. 2012,
2015). All of the [X/H] ratios were obtained by performing a
differential analysis with respect to a high S/N solar (Vesta)
spectrum from HARPS. We determined the HIP41378 stel-
lar radius using a Markov chain Monte Carlo (MCMC) mod-
ified infrared flux method (IRFM — Blackwell & Shallis 1977,
Schanche et al. 2020). Within this MCMC framework, we pro-
duced synthetic photometry from a constructed spectral en-
ergy distribution (SED) based on stellar atmosphere models
(Castelli & Kurucz 2003), using our spectroscopically derived
stellar parameters as priors. To compute the stellar bolomet-
ric flux, we compared these simulated data to broadband fluxes
in the following bandpasses: 2MASS J, H, and K, WISE W1
and W2, and Gaia G, Ggp, and Ggrp (Skrutskie et al. 20006;
Wright et al. 2010; Gaia Collaboration et al. 2023). Lastly, this
was converted into the effective temperature and angular diam-
eter, from which we derived the stellar radius via combination
with the offset-corrected Gaia parallax (Lindegren et al. 2021).
Assuming Teq, [Fe/H], and R, along with their uncertainties as
input parameters, we derived the isochronal mass and age using

5> The latest version, ARES v2, can be downloaded at https://github.
com/sousasag/ARES
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two different stellar evolutionary models. The first set of mass
and age estimates was computed using the isochrone placement
routine (Bonfanti et al. 2015, 2016), which interpolates the in-
put parameters within precomputed grids of PARSEC® v1.2S
(Marigo et al. 2017) isochrones and evolutionary tracks. The
second set of mass and age values, instead, was estimated via
the CLES (Code Liegeois d’Evolution Stellaire; Scuflaire et al.
2008) code, which builds up the best-fit evolutionary track fol-
lowing a Levenberg-Marquadt minimization scheme (see, e.g.,
Salmon et al. 2021). After checking the mutual consistency of
the two respective pairs of outcomes via the y criterion outlined
in Bonfanti et al. (2021), we finally computed our final estimates
for the mass and age that turned out to be M, = 1.245%0-037 pp

-0.043
and t, = 1.8f8:g Gyr; see Bonfanti et al. (2021) for further de-
tails about the statistical treatment. The stellar parameters are
summarized in Table 1. Our derived stellar parameters were
found to be consistent with asteroseismic values from Lund et al.
(2019). Given the higher precision offered by asteroseismology,
we adopted the asteroseismic constraints from Lund et al. (2019)

as priors for all our subsequent analysis.

4. Data analysis
4.1. CHEOPS-only analysis

Upon visually examining the CHEOPS data, each light curve
presented significant systematics. We used the PYORBIT soft-
ware (Malavolta et al. 2016, 2018) to simultaneously fit a tran-
sit model and detrend each individual CHEOPS light curve. All
visits corresponding to the same planet were modeled using a
common transit model. A set of 14 instrumental and environ-
mental detrending vectors® was applied globally across all light
curves. These included: spacecraft roll-angle(¢) (df/dcos ¢,
df/dsin¢, df/dcos2¢, df/dsin2¢, df/dcos 3¢, df/dsin3¢),
background level (df/dbg), photometric contamination estimate
(df/dcontam), smear estimate (df/dsmear), thermal variation
AT of CHEOPS sensors, x centroid and y centroid (df/dx,
d*f/dx?, df/dy, d>f/dy?). The detrended transit light curves,
where then used for the global fitting.

4.2. Global transit light curve modeling

We homogeneously analyzed all the transit light curves to re-
trieve the individual planetary parameters from the photomet-
ric datasets (i.e., CHEOPS, TESS, K2, HST and Spitzer) using
PYORBIT. The transits were modeled with the batman pack-
age (Kreidberg et al. 2015), and for the K2 transits we used
a super-sampling factor of 30. We assumed circular orbits, by
fixing the eccentricity value to zero, for the two planets. We
fixed the orbital periods (P) to the values we inferred from the
CHEOPS pre-modeling i.e., P, = 15.571893 + 0.000068, P. =
31.70838 = 0.00041 (see Sec. 4.1), in order to retrieve the tran-
sit timings of each individual event. We included a third-order
polynomial temporal trend (4 free parameters) for each of the
K2, Spitzer, and HST light curves. For all five instrument pass-
bands, the stellar parameters (see Table 1) were used as Gaussian
priors to compute the quadratic limb darkening (LD) coefficients
with PYLDTk (Husser et al. 2013; Parviainen & Aigrain 2015).
We used these computed values, with a conservative uncertainty

¢ PAdova and TRieste Stellar Evolutionary Code: https://stev.oapd.
inaf.it/cgi-bin/cmd

7 https://github.com/LucaMalavolta/PyORBIT

8 Here, f refers to the measured flux.
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of 0.05, as Gaussian priors in the global analysis, using the LD
parameterization (g, ¢») introduced by Kipping (2013). Gaus-
sian priors were imposed on the stellar radius and mass based
on the stellar spectroscopic analysis conducted in Section 3. Un-
informative uniform priors were imposed on all other free pa-
rameters (see Table A.2. The analysis had a total of 134 fitting
parameters: 10 LD coefficients (two for CHEOPS, TESS, K2,
Spitzer, and HST), four planetary parameters (b, R,/R, for -b
and -c), 47 transit times (7Ty), stellar density (o4), 12 jitter pa-
rameters (one for each telescope, and one for each TESS sector),
and 60 (15 X 4) polynomial trend coefficients. Global parameter
optimization was carried out using the PyDE’ differential evolu-
tion algorithm (Storn & Price 1997; Parviainen et al. 2016), us-
ing 100000 generations with a population of 10 XNpar,, where
Npara 1s the number of free parameters. The output parameters
were used as the initial values for the Bayesian analysis, per-
formed using the emcee package (Foreman-Mackey et al. 2013),
which implements the affine invariant MCMC ensemble sam-
pler (Goodman & Weare 2010). We performed an autocorrela-
tion analysis on the chains and the chains were considered con-
verged if they were longer than 100 times the estimated autocor-
relation time and this estimate varied by less than 1%. We ran
the sampler with 10 X ng, walkers (where ng;y is the number
of dimensions of the model) for 450 000 steps. We discarded the
first 100 000 steps, assuring the convergence of the chains, and
set a thinning factor of 100. All the fitted parameters and their
corresponding priors as well as the derived posteriors are shown
in Table A.2. All the inferred central times of transit (7)) are dis-
played in Tables 2 and 3. We show the phase-folded light curves
with the best fit transit model in Figure. A.1.

4.3. Dynamical modeling with TRADES

When two neighboring planets are close to a mean motion reso-
nance (MMR), their orbital periods approach a ratio of small in-
tegers (p/q). To quantify the proximity to resonance, we used the
fractional deviation A, as introduced by Lithwick et al. (2012),
defined as:

P,,./P;
A - oul/ mn _ 1’ (1)
rlq

where P,,, and P;, are the orbital periods of the outer and inner
planets, respectively. As discussed in Section 1, the periods of
the two inner planets are near the 2:1 period commensurability
(p=2, gq=1), with A = 0.018, which suggests we might observe
large TTV signals due to strong mutual gravitational interactions
(Agol et al. 2005; Lithwick et al. 2012; Steffen et al. 2012). We
dynamically simulated the TTV signals and integrated the sys-
tem parameters of HIP41378b & c simultaneously fitting the
retrieved Toys, (see Section 4.2 and Tables 2-3), and RVs (see
Section 2) using the N-body dynamical integrator TRADES!®
(Borsato et al. 2014, 2019, 2021, 2022; Nascimbeni et al. 2023;
Borsato et al. 2024; Nascimbeni et al. 2024). We selected as the
start of the integration and reference time T.fq,,= 2457137
(BJDtpg), with the integration time (7i,; = 3620 days) chosen
to cover the entire time span of all observations. Following the
detection of an additional planetary RV signal by S19, with an
estimated period of approximately 62 days, near the 2:1 period
commensurability with planet c, we decided to investigate this
possibility further by testing two models in our analysis.

% https://github.com/hpparvi/PyDE
10" https://github.com/lucaborsato/trades
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Table 2: Transit times of HIP 41378 b from the global photomet-
ric analysis with PYORBIT.

To (BJDrpg) o7 (days) O-C (minutes) Telescope
2457152.2845 0.0027 -7.66 K2
2457167.8510 0.0048 -15.31 K2
2457 183.4250 0.0028 -12.16 K2
2457 199.0000 0.0042 -7.57 K2
2457790.7290 0.0065 -7.43 Spitzer
2458133.3144 0.01 0.51 HST
2458242.3269 0.001 14.63 HST
2458257.8973 0.0026 12.60 K2
2458273.4700 0.0028 13.88 K2
2458289.0427 0.0027 15.15 K2
2458507.0402 0.011 3.80 TESS
2458989.7603 0.0011 -4.99 HST
2459207.7791 0.0025 14.33 CHEOPS
2459223.3556 0.013 21.07 CHEOPS
2459238.9310 0.018 26.24 TESS
2459254.4889 0.0028 6.20 CHEOPS
2459285.6473 0.0085 27.48 CHEOPS
2459503.6172 0.015 -23.62 TESS
2459519.1950 0.0078 -15.00 TESS
2459534.7625 0.012 -21.21 TESS
2459550.3300 0.012 -27.42 TESS
2459581.4911 0.0067 -2.26 CHEOPS
2459597.0476 0.0053 -24.31 CHEOPS
2459628.1953 0.0014 -18.44 CHEOPS
2459 659.3496 0.0072 -3.07 CHEOPS
2459955.2217 0.0018 7.95 CHEOPS
2459970.7952 0.005 10.38 TESS
2459970.7946 0.0017 9.51 CHEOPS
2459986.3647 0.0084 7.04 TESS
2460017.5165 0.0034 18.81 CHEOPS
2460266.6507 0.0069 -2.51 TESS
2460282.2123 0.0035 -17.22 TESS
2460702.6520 0.0045 —-16.14 TESS

Notes. The O-C values (third column) are computed with respect to the
linear ephemeris:

Trer = 2457 152.2898 + 0.0039 BJDpp

Pyin = 15.571831 £ 0.000029 days.

The transit times are given in the BJDypp standard (Eastman et al.
2010); the second column reports the associated 1-o error.

4.3.1. Two-planet model

In the first configuration we tested a two-planet model formed
by HIP41378b and HIP 41378 c. We used as fitting parameters
the planetary-to-star mass ratio M, /M, the period P, the eccen-
tricity e, and the mean longitude A'!. Rather than fitting eccen-
tricity e and argument of periastron w individually, we used the
parametrization (Ve cos w, ve sinw). The mass ratios are used
as fitting parameters instead of absolute masses, since TTVs only
provide constraints on the relative masses of the planets and the
host star. We set the longitude of ascending node Q = 180° for
-b, and fit it for -c (following Winn 2010; Borsato et al. 2014).
We fixed the planetary and stellar radii (R,, R,), stellar mass

11 = M+ w+Q, where M is the mean anomaly, w is the argument of
periastron (or pericenter), and € is the longitude of the ascending node.

Table 3: Transit times of HIP 41378 ¢ from the global photomet-
ric analysis with PYORBIT.

Ty (BJDrpg) oo (days) O-C (minutes) Telescope
2457163.1671 0.0035 112.25 K2
2457 194.8661 0.004 92.56 K2
2457606.9849 0.004 -117.49 Spitzer
2458272.8811 0.003 -218.00 K2
2458 494.8820 0.015 -200.39 TESS
2459509.8919 0.0094 94.18 TESS
2459541.5800 0.017 58.80 TESS
2459573.3330 0.014 116.88 TESS
2459636.7637 0.0043 124.61 CHEOPS
2459922.1468 0.004 80.11 CHEOPS
2459 985.5543 0.0051 54.43 CHEOPS
2459985.5541 0.0089 54.14 TESS
2460270.9410 0.015 15.11 TESS
2460714.8127 0.0069 —137.00 TESS
2460746.5209 0.0028 —143.43 CHEOPS

Notes. The O-C values (third column) are computed with respect to the
linear ephemeris:

Tier = 2457163.089 + 0.047 BJDpp

Py, = 31.71266 + 0.00063 days.

The transit times are given in the BJDrpp standard (Eastman et al.
2010); the second column reports the associated 1-o- error.
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Fig. 1: Radial velocities of HIP 41378. Upper panel: RV plot mi-
nus the offset y. TRADES MAP model is shown as a black line
with the shaded gray areas indicating the 1o, 20, and 30" con-
fidence intervals. HARPS observations are depicted as purple
circles. Lower Panel: RV residuals after subtracting the model.

(M) and the inclination i, according to the values from Table 1
and A.2. For the RV dataset we fit a jitter term (o) in log, and
an offset (RV,). We imposed half-Gaussian priors on the eccen-
tricities following Van Eylen et al. (2019). To assess potential bi-
ases introduced by this choice, we performed an additional fit us-
ing uninformative-uniform priors on e. This alternative analysis
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yielded posteriors consistent within 1o but resulted in a higher
BIC'? value. When comparing models using the BIC, a lower
value indicates a better fit to the data, accounting for the com-
plexity of the model. Therefore, we chose to adopt the results
from the model with the half-Gaussian prior as our reference
solution. For each remaining parameter we imposed uniform-
uninformative priors (see Table A.3).

4.3.2. Three-planet model

Building on the two-planet configuration, we performed a dy-
namical analysis by including an additional planet, HIP 41378 g.
The setup for the three-planet model was identical to that of the
two-planet model, with a few additional parameters introduced
for the third planet. In contrast to the other planets, for planet g
we additionally fit the inclination (7). The prior ranges for these
parameters were chosen to allow for both transiting and non-
transiting orbital configurations. Half-Gaussian priors were ap-
plied to the eccentricities, and uninformative priors were used
for the remaining parameters (see Table A.3).

4.4. Analysis

For both two- and three-planet models, we first ran PYDE with
a population size of 120 (i.e. the number of different initial pa-
rameter sets) for 70 000 steps. The best-fit outputs from PYDE
were then used as initial conditions for the EMcee package, which
we ran for 600 000 steps using 120 walkers, corresponding to 9
and 6 times the dimensionality (number of free parameters) in
the respective models. Following the methodology described in
Nascimbeni et al. (2024), we employed a combination of the dif-
ferential evolution proposal (80% of the walkers; Nelson et al.
2014) and the snooker differential evolution proposal (20% of
the walkers; ter Braak & Vrugt 2008) as the sampler within Em-
CEE.

We used a thinning factor of 100 and discarded 450000
steps as burn-in, long after the chains converged according to
the Geweke (Geweke 1991), Gelman-Rubin (Gelman & Rubin
1992), autocorrelation function (Goodman & Weare 2010), and
visual inspection criteria. The uncertainty associated with each
parameter was computed as the highest density interval (HDI)
at the 68.27% credibility level from the marginalized posterior
distribution, representing the most probable region of the pos-
terior. Best-fit values were defined as the maximum a posteriori
(MAP) estimates, computed from the posterior distributions and
constrained to lie within the HDIs of the fitting parameters.

5. Results

Using the N-body dynamical integrator within TRADES, we
performed joint modeling of the TTV and RV signals, and
successfully retrieved the orbital configuration of HIP 41378 b,
HIP 41378 ¢ and HIP41378 g (see Figures 1-2). The best-fit
model was selected using both the BIC and the log Bayes fac-
tor, which provide complementary model comparison metrics.
The comparison between the two-planet and three-planet mod-
els (BIC,, = 4170.08 and BIC3, = 1353.72) yields a differ-
ence of ABIC = 2816.36, strongly favoring the inclusion of
the third planet, HIP 41378 g. To strengthen this conclusion, we
also computed the logarithm of the Bayes factor (Kass & Raftery
1995) between the two models, by using the the approxima-
tion found on page seven of Shen & Gonzalez (2021), obtain-

12 Bayesian information criterion (BIC; Schwarz 1978)
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ing log B3, = 1400, which provides decisive evidence in fa-
vor of the three-planet model. This confirms that the addition of
HIP 41378 g significantly improves the fit and is statistically jus-
tified. Thereafter, we decided to adopt the posteriors of the three-
planet model as reference hereafter in the paper. We were able to
determine the planetary mass of HIP41378 g with a ~ 60 level
of significance, enabled by the dynamical simultaneous model-
ing of both TTVs and RVs data. Our analysis places the orbital
period of HIP 41378 g at approximately ~ 64 days, close to the
2:1 period commensurability with HIP 41378 ¢ (P,/P. ~ 2.04),
in agreement with the RV signal found by S19. The orbital
solution shows a compact inner system comprising three sub-
Neptunes, which are near a 1:2:4 period ratio. Our final poste-
rior values along with the priors and the uncertainty intervals are
presented in Table A.3. Plots of the Observed-minus-Calculated
(O-C) diagrams of both planets and the RV plots are shown in
Figs. 1-2.

As a complementary result of our dynamical analysis,
TRADES evaluates the Hill stability of the system using the
AMD-Hill criterion (Eq. 26 Petit et al. 2018), which is based
on the angular momentum deficit (AMD; Laskar 1997, Laskar
2000; Laskar & Petit 2017). We find that the entire posterior
distribution satisfies the AMD-Hill stability criterion, indicating
the long-term dynamical stability of the posterior. However, to
further assess the stability and chaotic behavior of the poste-
rior solutions, considering effects of planet-planet interactions,
mean-motion resonances and planetary ejections, we used the
N-body integrator rebound (Rein & Liu 2012; Rein & Tamayo
2016). Specifically, we employed the Mean Exponential Growth
factor of Nearby Orbits (MEGNO; or (Y)) chaos indicator
(Cincotta & Simé 2000; Cincotta et al. 2003). A planetary sys-
tem is considered to be in a stable configuration if it satisfies
the condition (Y) < 2, while a planet is considered as ejected
if its semi-major axis exceeded 100 times that of planet c. We
computed the orbits for a total of 100 Kyr using the symplectic
integrator WHFast, with a step size corresponding to 10% of the
orbital period of planet b. We obtained (Y) < 2 for the best-fit
(MAP within HDI) solution indicating that the configuration is
stable in the integrated time. We then checked a family of so-
lutions randomly selected from our posterior distribution. Af-
ter running the same integration for 200 solutions, we find that
87.5% of the simulations exhibited strong stable dynamics.

6. Discussion

Our discussion is divided into six parts. In Section 6.1, we con-
textualize the derived planetary parameters with literature values
and the broader sub-Neptune population using the mass-radius
diagram. The system’s potential architecture is discussed in 6.2.
The interior composition of the planets is analyzed in 6.4.

6.1. Planets in context

When compared with the values reported by S19, we find some
statistical discrepancies in the masses of planets b and c. S19
derived a mass for planet ¢ of M, = 4.4 + 1.1 Mg, suggesting
a low bulk density (p. = 1.19 + 0.30 g cm™), which placed it
among the sub-Neptune puffy population. This made it the sec-
ond lowest-density planet in the system, alongside the super-
puff HIP41378f (of = 0.09 + 0.02 gcm™), whose unusu-
ally low density has been proposed to result from the presence
of opaque, oblique planetary rings (Piro & Vissapragada 2020;
Akinsanmi et al. 2020). In contrast, our updated mass for planet
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Fig. 2: O-C diagrams of HIP 41378 b (left) and c (right). Each dataset is plotted with a different marker and color. Top: Best-fit two-
planet TRADES model (black line with gray-shaded 1o, 20, and 30" confidence intervals). Bottom: Best-fit three-planet TRADES
model. Lower panels in each plot show the residuals with respect to the corresponding model.

¢ (M = 6.53*]33 Mg) places it within the typical range for sub-

Neptunes (o, = 1.8547% (5);% g cm™?), ruling out the puffy scenario
(see Figure 3). This reassessment of planet ¢ highlights the po-
tential for a similar reevaluation for HIP 41378 f as additional
RV and photometry data become available, potentially refining
its mass and density estimates.

Although S19 identified the RV signal of HIP41378 g and
provided a minimum mass estimate, they were unable to de-
tect any transits in their available photometry. This is consis-
tent with the duration of the K2 C5 campaign, which lasted 75
days, slightly longer than our inferred period of ~ 64 days. In
our dynamical analysis (see Sect. 4.3), we explored both transit-
mg and non- transmngf{ configurations for the planet. The result-
ing inclination of 957, deg suggests a non-transiting orbit. From
our line of sight, any planet farther out than planet c (i.e., with
a semimajor axis exceeding a. = 34.60 R,) will not transit its
host star unless its orbital inclination lies within a narrow range,

88.32° < iy, < 91.68°, as derived from arccos(+b/34.60), with
b = (R«+R,)/R."*. Supporting the results of the dynamical anal-
ysis, we detected no transits of HIP41378 g in the newly avail-
able TESS and CHEOPS photometric data. These results differ
from statistical studies on Kepler multi-planet systems, which
have been shown to be largely coplanar with a typical scatter of
+3°(Fang & Margot 2012; Weiss et al. 2023).

To compare the planets with the current sub-Neptune popu-
lation and to provide an initial constraint on their possible bulk
compositions, we placed the two planets in the mass-radius dia-
gram (see Figure 3). Since HIP 41378 g does not transit its radius
remains undetermined; hence, we did not include it in the dia-
gram. By placing the planets in the mass-radius diagram, we can

13 The radius of planet g was estimated using the Bayesian radius-
density-mass relation for small planets implemented in spright
(Parviainen et al. 2023), obtaining a value of 2.42*03R,
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see that they are consistent with the current sub-Neptune popu-
lation. However the position of the planets does not allow us to
uniquely determine their composition. We displayed the mass-
radius models from Zengetal. (2019) and Lopez & Fortney
(2014), which account for a 50% water-world composition and
an Earth-like core with different envelope compositions. The
planets fall at the intersections of multiple composition tracks,
making it challenging to break the degeneracy between H/He en-
velope and water-world compositions, based on mass and radius
alone. For a more detailed analysis of their internal composition,
see Section 6.4.
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1% H/He Envelope
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Planet Mass (Mg)

Fig. 3: Mass-radius diagram including all confirmed planets
with radii below 4 Rg with masses and radii measured to better
than 30% precision (Gray points). Planet parameters are taken
from the NASA Exoplanet Archive’s confirmed planets table, as
queried on January 20, 2025. The purple pentagon represents
the position of HIP41378b, while the green diamond repre-
sents the postion of HIP41378 c. The color-coded lines show
different theoretical mass—radius relations corresponding to the
planet compositions taken from Zeng et al. (2019) (solid lines)
and Lopez & Fortney (2014) (dashed lines; 1 Gyr, solar metal-
licity and incident flux of 10 Sg). Also shown are Earth, Uranus
and Neptune, for reference.

6.2. On the architecture of the planetary system

The HIP 41378 system hosts six planets, five of which transit the
star along our line of sight. As of now, the periods of two outer
planets, HIP 41378 d and HIP 41378 e, remain unresolved. A sin-
gle transit of HIP 41378 e was observed during K2 Campaign 5,
preventing an estimation of its orbital period. On the other hand,
HIP 41378 d was observed to transit during both K2 campaigns
(5 and 18), enabling the identification of a set of 23 orbital period
aliases. The new TESS sector observations, combined with the
findings of Sulis et al. (2024), effectively ruled out the shortest
orbital periods for HIP 41378 d, narrowing the set of aliases to
three values: ~ 278, ~ 371, and ~ 1113 days. Each of these peri-
ods places the planet near a first-order period commensurability
with HIP 41378 f (i.e. 2:1, 3:2 and 1:2), which could explain the
strong TTVs (> 4 hours) observed for the planet (Bryant et al.
2021; Alam et al. 2022). This could suggest the potential exis-
tence of a second quasi-resonance chain involving the three outer
planets.

Based on the possible orbital periods of the two unresolved
outer planets, and the confirmed planetary signal of planet g,
we suggest two dynamical configurations for the system: i) a
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system-wide quasi-resonant chain or ii) hierarchical multi-planet
architecture. In the first scenario, the planets follow a continuous
quasi-resonant chain, with period ratios that closely align with
small integer values. This would suggest a dynamically struc-
tured system, where all the planets may have experienced con-
vergent migration and undergone resonant capture (Wong & Lee
2024). This would imply the potential presence of additional,
yet-undetected planets between the inner and outer regions, com-
pleting the resonance chain. In the second configuration, the
system possesses a middle-gap, separating the three inner sub-
Neptunes from the three outer Neptunes. As a result, the sys-
tem is assumed to be hierarchical, meaning that it can be di-
vided into two independently stable subsystems (Laskar & Petit
2017). In this scenario, the outer planets would be dynamically
decoupled from the inner trio, suggesting that they should not
significantly influence the observed TTV signals of the inner
planets. Additionally, the three outer planets could be close to
a resonant chain, potentially near a low-order period commen-
surability. This would suggest that, while the system remains
hierarchical, the outer planets could still be dynamically linked
through resonant interactions. Similar architectures have been
observed in systems such as Kepler-90 (Cabrera et al. 2013),
which hosts both 2:3:4 and 5:4 quasi-resonant chains, and HD
191939 (Orell-Miquel et al. 2023), exhibiting coupled 1:3:4 and
3:1 configurations. Further observations of the outer planets will
be necessary to precisely constrain their orbital periods and de-
termine the system’s unique dynamical configuration. The outer-
system architecture will be further explored in Grouffal et al. (in
prep.). To investigate the two hypotheses and put further con-
straints on the known outer planets (HIP41378d, HIP 41378 e,
and HIP 41378 f), we conducted a four- and six-planet dynamical
analysis with TRADES. This included testing for a hypothetical
planet "h" situated between planets g and d. The setup mirrored
the one used for HIP 41378 g, employing broad priors to explore
a wide parameter space for radius, mass, and period, based on
the findings of S19 and B19. However, we were unable to con-
strain the masses and orbital periods of the additional planets,
resulting in poor fits for all planets, with BIC3, << BICgp, BICy,.

For now, the planetary architecture for HIP 41378 remains
an unresolved puzzle. However, the dynamical evidence of
HIP 41378 g enables us to further investigate this peculiar multi-
planet configuration. Given the limited constraints on the orbital
architecture of the outer planets, we focused on the configuration
of the inner planets. Following the classification scheme pro-
posed by Howe et al. (2025), the inner planets display a closely
spaced "peas-in-a-pod" configuration, indicating a high degree
of uniformity in their orbital and physical properties. To mea-
sure the degree of this similarity, we applied the approach of
Otegi et al. (2022). Specifically, we evaluated the distances in
logarithmic space for the mass (Dy), radius (Dg), and their com-
bined global distance (D). In this metric, lower values corre-
spond to greater similarity. According to our calculated values
of Dg = 0.007, Dy; = 0.08, and D = 0.08, the three planets ex-
hibit strong similarity. These results classify the inner system of
HIP 41378 as the fifth'* most uniform in the sample of 48 sys-
tems analyzed by Otegi et al. (2022). This reinforces the "closed-
spaced peas-in-a-pod" scenario (Weiss et al. 2018; Howe et al.
2025) and potentially hints at a common formation pathway.
Furthermore, consistent with the trend reported by Otegi et al.
(2022), the inner planetary system shows greater similarity in
radius than in mass. As pointed out by the authors, this could be
attributed to the similarity in planetary density within a system.

14 The four above are: Kepler-60, Kepler-29, TOI 763 and L 98-59
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Fig. 4: Three-body Laplace resonant angles evolution for
HIP41378b, ¢ and g, for the MAPyp; solutions. The top two
panels show the evolution of the critical angles ¢, and ¢»3. The
bottom panel shows the three-body angle, which is a linear com-
bination of the mean longitudes of the planets.

Given that the density is three times more sensitive to radius vari-
ations than to mass variations, it is expected to have a stronger
uniformity in radius than in mass.

6.3. Investigation on the mean-motion resonant state

The inferred orbital period of HIP41378 g, near a 2:1 period
commensurability with planet c, positions the inner HIP 41378
system close to a three-body 1:2:4 resonant chain. Dynamical
configurations in or near MMRs are expected to arise during the
early stages of planetary system formation, within the gas-rich
protoplanetary disk. For low-mass planets these configurations
are thought to result from Type-I convergent migration in gas-
rich disks, during which the forming planets are captured in res-
onance (e.g., Malhotra 1993; Kley & Nelson 2012; Delisle 2017;
Izidoro et al. 2017; MacDonald & Dawson 2018). To investigate
whether the three-body chain is in a true mean-motion reso-
nance, we studied the evolution of the three-body angle ¥i,3.
This angle is defined by the difference between two critical res-
onant angles:

G120 =24, — Ap — @,
$23 =214 — Ac + @,
Y23 = d12 — 23 = 34c — A — 24,. )

For a (2:1, 2:1) resonant configuration, Siegel & Fabrycky
(2021) predict that the three-body angle should librate (oscillate
around a fixed value) around 180°. We integrated the MAPyp
solutions using the N-body code rebound (Rein & Liu 2012)
and the symplectic integrator WHFast (Rein & Tamayo 2016),
for a total duration of 10000 years. Our results, depicted in Fig-
ure 4, indicate that the three planets are out of resonance, with
the three-body angle circulating from 0 to 360°.

6.4. Interior bulk composition

Based on the derived planetary parameters, we used the in-
ternal structure modeling framework plaNETic'> (Egger et al.
2024) to infer the interior compositions of HIP41378b and
HIP41378c. plaNETic uses a neural network as a surro-
gate model for the planetary structure forward model BICEPS
(Haldemann et al. 2024) to speed up the inference process,
which allows for a fast, but still reliable analysis. The modeled
planets are assumed to consist of an envelope of uniformly mixed
H/He and water, a mantle layer composed of silicon, magnesium,
and iron oxides, and an inner iron core, diluted with up to 19%
sulfur as a placeholder for any lighter elements. Both observed
planets are modeled simultaneously.

Since this remains a highly degenerate problem with many
possible interior structures compatible with the observed plan-
etary bulk properties, the outcome of the inference process de-
pends to a certain extent on the chosen priors. We therefore ran
six models assuming different combinations of priors, compat-
ible with different assumptions on the system’s formation and
evolution history. First, we consider two distinct priors for the
planet’s water content: one based on a formation scenario be-
yond the ice-line (Case A, water-rich) and another corresponding
to formation within the ice-line (Case B, water-poor). For each
of these water priors, we consider three different assumptions for
the planetary Si/Mg/Fe ratios. In the first case, we assume the
planet’s composition directly reflects the stellar Si/Mg/Fe ratios
(Thiabaud et al. 2015). In the second case, we account for iron
enrichment relative to the host star using the empirical fit from
(Adibekyan et al. 2021). In the third case, we model the planet’s
composition independently of the stellar ratios, sampling the Si,
Mg, and Fe molar fractions uniformly from the simplex where
their sum is 1, with an upper limit of 0.75 for Fe. A detailed
description of these priors can be found in (Egger et al. 2024).

The resulting posterior distributions for the most important
internal structure parameters are visualized in Figures A.6 and
A.7, with the results for the full list of internal structure param-
eters summarized in Tables A.4 and A.5. We do not constrain
the core and mantle layer mass fractions for either planet; the
inferred posteriors mostly match the priors. In the water-rich
case, we infer envelope mass fractions between 38 and 42% for
planet b and of 31% for planet c, with envelope water mass frac-
tions of almost 100% for planet b and around 90% for planet c. In
the water-poor case, on the other hand, we constrain the envelope
mass fractions quite well with values of the order on 0.3 to 0.6%
for planet b and 0.8 to 1.2% for planet c. A future JWST trans-
mission spectrum of HIP 41378 b and HIP 41378 ¢ could help re-
solve this degeneracy by directly probing the atmospheric com-
position of their upper envelope layers.

7. Summary and conclusions

Using CHEOPS observations, TESS sectors, and archival data,
we conducted a dynamical analysis of the two inner sub-Neptune
planets transiting the bright star HIP 41378 (my = 8.9 mag). We
report the detection of large TTVs in the multi-planet HIP 41378
system, with amplitudes of 30 minutes and > 3 hours for planets
b and c, respectively (see Figure 2). Combining these TTVs with
RV data, we significantly refined the planetary parameters (see
Tables A.2- A.3) and dynamically confirmed the additional non-
transiting planet, HIP 41378 g, which lies close to the 2:1 period
commensurability with planet ¢ (P,/P. ~ 2.04), suggesting a
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near 1:2:4 resonant chain for the inner planets. This detection
raises further questions regarding the overall architecture which
remains only partially resolved, with the orbital properties of two
long-period planets (HIP 41378 d and e) yet to be constrained.

Our interior structure analysis revealed significant degener-
acy in the interior structures of HIP41378b and c, with solu-
tions heavily dependent on formation assumptions, highlighting
the compositional degeneracy inherent to sub-Neptunes (Fig-
ures A.6—A.7). Water-rich scenarios suggest ~31-42% water-
dominated envelopes, while water-poor cases yield compact
H/He envelopes (~0.3—1%). These ambiguities highlight the
need for JWST atmospheric spectroscopy to distinguish between
competing models. For sub-Neptunes such as HIP41378b and
HIP 41378 ¢, mass measurements paired with atmospheric stud-
ies will help resolve the compositional degeneracy between gas
dwarfs (rocky planets with H/He envelopes; Lopez & Fortney
2014; Rogers et al. 2023) and water worlds (rocky planets with
water-rich compositions; Léger et al. 2004; Dorn & Lichtenberg
2021; Aguichine et al. 2021; Luque & Pallé 2022).

Finally, HIP 41378 will not be reobserved by TESS in year
8. This calls for new observations that could shed light on the
possible quasi-resonant chain of the outer system, by exploring
the possible period alias of the transiting HIP41378 d or even
detecting another transit of HIP 41378 e.
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Appendix A: Additional tables and plots
A.1. CHEOPS observations log

Table A.1: Log of CHEOPS observations.

VISITID Planet File Key Start date Duration  Number of Frames  Efficiency

(UTC) (h) (%)

1 -b CH_PR100025_TG005501_V0300 2020-12-23T21:03 10.7 588 55.7
2 -b CH_PR100025_TG005201_V0300 2021-01-08T20:08 6.49 366 58.21
3 -b CH_PR100025_TG005701_V0300 2021-02-08T17:20 10.9 672 63.83
4 -b CH_PR100025_TG005702_V0300 2021-03-11T22:16 12.04 671 55.18
5 -b CH_PR100025_TG006501_V0300 2022-01-01T20:18 10.77 635 60.10
6 -b CH_PR100025_TG006502_V0300 2022-01-17T07:26 10.68 616 59.68
7 -b CH_PR100025_TG006503_V0300 2022-02-17T10:51 11.42 648 54.71
8 -C CH_PR100025_TG006901_V0300 2022-02-26T00:11 10.84 662 62.90
9 -b CH_PR100025_TG006801_V0300 2022-03-20T15:25 11.40 536 46.11
10 -C CH_PR100025_TG006902_V0300 2022-12-08T10:11 11.42 562 49.17
11 -b CH_PR100025_TG006802_V0300 2023-01-10T12:28 10.68 653 62.75
12 -b CH_PR100025_TG006803_V0300 2023-01-25T23:11 10.87 650 60.49
13 -C CH_PR100025_TG006903_V0300 2023-02-09T20:51 10.92 681 60.64
14 -b CH_PR100025_TG006904_V0300 2023-03-13T14:31 15.69 823 52.09
15 -Cc CH_PR140080_TG008101_V0300 2025-03-11T15:24 13.03 724 44.85
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A.2. Global transit light curve analysis

Table A.2: Posteriors and derived orbital parameters for HIP41378 b & c¢ from the global photometric analysis with PyORBIT,
presented in Section 4.2

Parameter Unit Prior Posterior value

HIP41378b

FrrTED PARAMETERS

Orbital Period (P) [days] (fixed) 15.571893*00000%%
Impact Parameter (b) - UO, 1+ (R./R,)/2) 0.4451005
Planet-star radius ratio (R,/R,) - U(©,0.5) 0.01705* 50013

DERIVED PARAMETERS

Semimajor axis (a) [au] - 0.1303*00013
Scaled semimajor axis (a/Ry) - - 21.54f8j}2
Inclination (i) [deg] - 88.81670.96>
Planet Radius (R,) [Ro] - 24197005
Transit duration (T'4) [days] - 0-2099ig:88¥2t
Equilibrium temperature (7,) [K] - 970.67* 103
Stellar Insolation Flux (S) [Se] - 148.50f;:i§
HIP 41378 ¢

FirTED PARAMETERS

Orbital Period (P) [days] (fixed) 3170838070 0003
Impact Parameter (b) - UO, 1+ (R/R,)/2) 0.9290"0 004
Planet-star radius ratio (R,/R,) - U(0,0.5) 0.017660 0004

DERIVED PARAMETERS

Semimajor axis (a) [au] — 0.2093+00022
Scaled semimajor axis (a/Ry) - - 34.601’822
Inclination (i) [deg] - 88.4620012
Planet Radius (R,) [Ro] - 2.505%00%
Transit duration (7'14) [days] - 0.1212°0%7
Equilibrium temperature (7,) K] - 765.8753
Stellar Insolation Flux (S ) [Sel - 57.5557
HosT star HIP 41378

Stellar density [oo] G(0.5539,0.0126) 0.554+3913
Limb Darkening Coefficients

Quadratic Limb Darkening term ¢, (K2) - G(0.4834,0.05) 0.447f8:83§
Quadratic Limb Darkening term ¢, (K2) - G(0.1535,0.05) 0.157f81$2
Quadratic Limb Darkening term ¢, (TESS) - G(0.3822,0.05) 0.401*5047
Quadratic Limb Darkening term ¢, (TESS) - G(0.1429,0.05) 0.17150%%
Quadratic Limb Darkening term ¢; (HST) - G(0.228,0.05) 0.183’:8:82;
Quadratic Limb Darkening term ¢, (HST) - G(0.1398,0.05) 0.127+59%6
Quadratic Limb Darkening term c; (Spitzer) - G(0.0969, 0.05) 0.108’:3:823
Quadratic Limb Darkening term c, (Spitzer) - G(0.0508, 0.05) 0.058’:8:823
Quadratic Limb Darkening term ¢; (CHEOPS) - G(0.4947,0.05) 0.463’:8:%?
Quadratic Limb Darkening term ¢, (CHEOPS) - G(0.1519,0.05) 0.150’:8:832

Notes. The listed best-fit values and uncertainties are the medians and 15.865th-84.135th percentiles of the posterior distributions, respectively.
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Fig. A.1: Phase-folded light curves of HIP 41378 b & c, combining observations from K2, Spitzer, HST, CHEOPS, and TESS. The
oversampled best-fit transit models are overlaid on the light curves.
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Fig. A.2: Individual TESS phase-folded transit light curves of HIP 41378 b. The binned points are showed in red. The oversampled

best-fit transit models are overlaid on the light curves.
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Fig. A.3: Individual TESS phase-folded transit light curves of HIP 41378 c. The binned points are showed in red. The oversampled

best-fit transit models are overlaid on the light curves.
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Fig. A.4: Individual CHEOPS phase-folded transit light curves of HIP 41378 b. The binned points are showed in red. The oversam-
pled best-fit transit models are overlaid on the light curves.

Article number, page 18



Leonardi et al.: HIP41378 b & ¢ with CHEOPS and TESS.

Transit 1

1.0010

1.0005 -

Norm. Flux
=
>
8
o

0.9995

0.9990

1000

—1000

®
®

¢

Res. [ppm]

—-0.0100

—0.0075

—-0.0050

—0.0025 0.0000 0.0025
Orbital Phase

Transit 3

0.0050

0.0075

0.0100

Norm. Flux

Res. [ppm]

—0.0100

—0.0075

—0.0050

—0.0025

0.0000 0.0025
Orbital Phase

0.0050

0.0075

0.0100

Norm. Flux

Res. [ppm]

Res. [ppm]

Transit 2

1.0010 -

1.0005

=
[=3
o
S
S

0.9995 -

0.9990
1000 ; 54 . . .
o]
®
®
~1000 1 ’ ' ¢
-0.0100 -0.0075 -0.0050 —-0.0025 00000  0.0025  0.0050  0.0075  0.0100

Orbital Phase

Transit 4

-
o
o
o

o

—1000

—0.0100

—0.0075

—0.0050  -0.0025 0.0000 0.0025

Orbital Phase

0.0050 0.0075 0.0100
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A.3. Dynamical analysis

Table A.3: Posteriors and derived orbital parameters (MAP and HDI) for HIP41378b, ¢, and g obtained from the dynamical analysis

with TRADES.

Parameter Unit Prior MAP (HDIx10)
HIP41378b

FrrTED PARAMETERS

M,/M, [(52)x 1071 €4(0.30,954.7) 22+
Orbital Period (P) [days] U(13.5,17.5) 15-57130&8388%
Ve cosw - U(- V0.5, V0.5) 0.142fgj8_§;
Vesinw - U(- V0.5, V0.5) -0.033*5:032
Mean Longitude (1) [deg] U0, 360) 274.343'):23
DERIVED PARAMETERS

Mass (m,) [Mg] - 9.06:1):‘5‘}
Eccentricity (e) - N*(0,0.083) 0.0213+0.9022
Argument of Periastron (w) [deg] - —131’}‘7‘
Mean Anomaly (My) [deg] - 107418
HIP41378c¢

FrTTED PARAMETERS

M,/M, [(42)x 1071 €4(0.30,954.7) 16+3
Orbital Period (P) [days] U(30,34) 31.71 054f8:88(');§
Vecosw - U(- V0.5, V0.5) —0.242f8jgf8
Vesinw - U(- V0.5, V0.5) 0.096“_’%8?‘5‘
Mean Longitude (1) [deg] U0, 360) 333f§
Longitude of Ascending Node () [deg] - 173J_r?
DERIVED PARAMETERS

Mass (m,) [Mg] - 6.53’:(1):2;
Eccentricity (e) - N*(0,0.083) 0.0678’:8:88;?
Argument of Periastron (w) [deg] - 158+,
Mean Anomaly (M,) [deg] - PA
HIP41378 g

FrrTED PARAMETERS

M, /M, [(32)x 101 €(0.30,901) 1743
Orbital Period (P) [days] U(32,200) 64.067f8:gé§
Ve cosw - U(- V0.5, V0.5) —0.091j8:??2
Vesinw - U(- V0.5, V0.5) —0.043fg:§?:
Mean Longitude (1) [deg] U(0,360) 350,
Inclination (i) [deg] - 95+,
Longitude of Ascending Node () [deg] - 184fg
DERIVED PARAMETERS

Mass (m,,) [Mg] - 6.81% )04
Eccentricity (e) - N*(0,0.083) 0.01070:938
Argument of Periastron (w) [deg] - 205%3 5
Mean Anomaly (M,) [deg] - —39’:%17
ADDITIONAL PARAMETERS

Radial Velocity Jitter (0ier) [m/s] - 2.36*010
Radial Velocity offset (y,) [m/s] - 50711.789*09%

Notes. The symbols U, G, and N refer to uniform, Gaussian, and half-Gaussian distributions, respectively.
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A.4. Internal structure

Leonardi et al.: HIP41378 b & ¢ with CHEOPS and TESS.
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Fig. A.6: Posteriors for the main internal structure parameters of HIP41378 b, namely the mass fractions of the planet’s inner
core (far left), mantle (middle left), and envelope layers (middle right), as well as the mass fraction of water in the envelope layer
(far right). We show models assuming the planet’s Si/Mg/Fe ratios match those of the host star exactly (purple), are Fe-enriched
compared to the host star (pink), and are independent of the host star metallicity (blue). For all three options, we also use two water
priors, favoring a water-rich (top row) and water-poor composition (bottom row), respectively. The vertical dashed lines show the
medians of the inferred distributions and the dotted lines the chosen priors.

Probability density

Probability density

3 H 34
1
24 2
— Al
— A2
14 14 — A3
0 T T 0 T
1.0 0.0 0.2 08 1.0 1072 107t
Wenvelope - Zenvelope
34 >
4
2 1 34 — Bl
) —— B2
14 — B3
14
0 - Ly 1 . 0+ T = 0 | T T
1.0 00 02 04 06 08 1.0 107 1074 10° 0.000 0.005 0.010 0.015 0.020
Wmantle Wenvelope Zenvelope

Fig. A.7: Same as Figure A.6 but for HIP 41378 c.
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Table A.4: Results of the internal structure modeling for HIP 41378 b.

Formation inside iceline (water-poor)

Water prior Formation outside iceline (water-rich)

Si/Mg/Fe prior | Stellar (A1) Iron-enriched (A2) Free (A3) | Stellar (B1) Iron-enriched (B2) Free (B3)

Weore [%] 10’:; 1332 10:‘53 17f}§ 22:?% 16’:%%

Wmantle [%] 5131 47ﬂ§ 51’:{2 831’}% 77’:%? 843%
Wenvelope [ %] 38.9f?§ . 41.6’:?'3?7 38.5ﬂf8 0.32’:8:8; 0.56f8§§ O.39f8:;§
Zenvelope [%] 99.9j2:; 99.81’23 99.9fg:g 0.5’:8:% O.ngé O.ngé
XFe,core [ %] 90.3f2j 90.31’2:2 90.3ﬁg:§ 90.31’2:2 90.4f2j 90.3ﬁ2:i
Xs core [%] 9.7fg:‘5‘ 9.7f2:§ 9.7fg:2 9.7f2:§ 9.6fg:‘5‘ 9.7ng‘5‘
Xsi,mantle [ %] 40’:2 36fg 3632 40fg 351’&0 3632
XMg,mantle [%0] 42f; 37ji8 3832 42ﬁ; 37’:{8 363‘5)
XFe.mantle [%] 174, 2641 18+22 1749, 27418 19+24

Table A.5: Results of the internal structure modeling for HIP 41378 c.

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 [%] 1 lfg 163? 1 lf}f 17jﬁ 22f%2 17ﬁ§

Wmnantle [%] 57’:}; SIf}Z 54fi2 83+1) 76’:;8 82’:5
Wenvelope [%] | 31.2*7158 3077138 311757 | 0.8370%0 116703 0.96*330
Zenvetope [%] | 904734 88.735 90.6*02, | 0.5 0.5%93 0.5+02
XFe,core | %] 90.2f2:§ 90.3fg:i 90.3fg:§ 90.31'(6’:2 90.4f2:i 90.3fg:i
Xs.core %] 9.8:’2:2 9.7f2:‘51 9.7fg:2 9.7f2:‘61 9.6:’2:‘5t 9.7f2:‘5‘
XSi.mantle [ %] 40’:2) 35j;0 323}‘ 40fg 35’:})0 35’:%3
XMg,mantle [%] 42*7 37400 40735 42*7 370 36139
Xeemantte [%] | 1777 2733 1824 18+, 27419 2072
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