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ABSTRACT

We present the characterisation of the TOI-6041 system, a bright (V = 9.84 + 0.03) G7-type star hosting at least two planets. The inner
planet, TOI-6041 b, is a warm Neptune with a radius of 4.55f8:{§ Rs, initially identified as a single-transit event in TESS photometry.

Subsequent observations with TESS and CHEOPS revealed additional transits, enabling the determination of its 26.04945’:8:888;?1 d
orbital period and the detection of significant transit-timing variations (TTVs), exhibiting a peak-to-peak amplitude of about 1 hour.
Radial-velocity (RV) measurements obtained with the APF spectrographs allowed us to place a 30~ upper mass limit of 28.9 M, on
TOI-6041b. In addition, the RV data reveal a second companion, TOI-6041 ¢, on an 88 d orbit, with a minimum mass of 0.25 My,,.
A preliminary TTV analysis suggested that the observed variations could be caused by gravitational perturbations from planetc;
however, reproducing the observed amplitudes requires a relatively high eccentricity of about 0.3 for that planet. Our dynamical
stability analysis indicates that such a configuration is dynamically viable and places a 1o~ upper limit on the mass of TOI-6041 c at
0.8 Mjy,p. An alternative is the presence of a third, low-mass planet located between planetsb andc, or on an inner orbit relative to
planet b — particularly near a mean-motion resonance with planetb — which could account for the observed variations. These findings
remain tentative, and further RV and photometric observations are essential in to better constrain the mass of planet b and to refine the
TTV modeling, thereby improving our understanding of the system’s dynamical architecture.

Key words. planets and satellites: detection — planets and satellites: dynamical evolution and stability

1. Introduction TTVs alone in the Kepler-11 system (Lissauer et al. 2011). In

o . ) ) o addition, TTVs can be used to confirm planetary candidates or
Gravitational interactions between planets can induce deviations to infer the presence of non-transiting companions, with notable

from strictly periodic transit times — known as transit-timing examples including KOI-142 and K2-146 (Nesvorny et al. 2013;
variations (TTVs; Agol et al. 2005; Holman & Murray 2005).  Hamann et al. 2019).

These variations provide a powerful dynamical tool for esti-
mating planetary masses and probing orbital architectures. For
instance, TTVs were first used together with radial-velocity (RV)  temg with detectable TTVs. This enabled numerous dynami-
measurements to characterize the Kepler-9 system (Holman etal. a1 mass measurements and constraints on mutual inclinations
2010) and later enabled the inference of planetary masses from (Holczer et al. 2016; Hadden & Lithwick 2017). While some

* Corresponding author: heidari@iap. fr TTV systems were discovered from the ground (e.g., WASP-148,

The NASA Kepler mission, followed by its K2 extension,
provided the first large statistical sample of exoplanetary sys-
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Hébrard et al. 2020), more recently the NASA TESS mission
(Ricker et al. 2015) expanded the catalog of TTV-bearing sys-
tems (e.g., Hobson et al. 2023; Heidari et al. 2025). However,
its shorter observing windows — typically around 27 d — limit its
sensitivity to TTVs, particularly for planets with longer orbital
periods (P > 20 d). In a given TESS sector, such planets often
appear as single-transit events. The extended mission revisits
the same sectors after about two years and occasionally cap-
tures a second transit — producing a so-called duotransit. This
sparse coverage is usually insufficient for unambiguous period
determination or robust TTV detection. Fully characterizing
these systems typically requires extensive follow-up, including
additional photometric monitoring and RV observations.

In this context, we present the detection and characterization
of the TOI-6041 system, a multi-planetary system hosting at least
two planets. The inner planet was initially identified as a single-
transit event in the TESS data. Subsequent TESS observations,
together with our follow-up campaign — including space-based
photometry, high-resolution imaging, and RV measurements —
have enabled the characterization of both planets in the system
and revealed strong TTVs for the inner planet.

The structure of this paper is as follows. In Sect. 2, we present
the observational datasets, including TESS and CHEOPS pho-
tometry, RV follow-up, and high-resolution imaging. Section 3
describes the stellar characterization. In Sect. 4, we detail the
photometric and spectroscopic analysis. The dynamical model-
ing and TTV analysis are discussed in Sect. 5. Finally, in Sect. 6,
we highlight prospects for further follow-up and summarize our
conclusions.

2. Observations
2.1. TESS photometry

TESS observed TOI-6041 in three sectors: Sector 18 (November
2019), Sector 58 (November 2022), and Sector 85 (November
2024). A single-transit event was identified in Sector 18 and vet-
ted by the TESS Single Transit Planetary Candidate (TSTPC)
group (Harris et al. 2023; Burt et al. 2021) and the Planet Hunters
TESS (PHT) citizen scientists (Eisner et al. 2021). After the
second transit was detected in Sector 58, the TESS Science Pro-
cessing Operations Center (SPOC) assigned the system a TESS
object of interest (TOI) (Guerrero et al. 2021), as the planetary
candidate signal successfully passed all diagnostic tests outlined
in the data-validation report (Twicken et al. 2018; Li et al. 2019).
These tests included the odd-even transit depth test, the ghost
diagnostic test, and the difference-image centroiding test. Based
on centroiding analyses from Sectors 18 through 85, the transit
signal is located within 1.49 + 2.53 arcseconds of the host star
TOI-6041.

The two transits observed in Sectors 18 and 58 are sepa-
rated by 1094.06 d. Multiple possible periods are compatible
with the detection of the two transits, from the P, = 20.260d
(defined from the lack of transits seen in TESS photometry) to
Prax = 1094.06 d (the time interval between the transits). A third
transit was later detected in Sector 85, 729 d after the second.
It enabled a large number of aliases to be ruled out; however,
because it occurred Py, /3 = 364.7 d after the previous transit,
it was insufficient to uniquely determine the period due to the
large time gaps and the limited number of observed events in the
TESS data alone. Combining the three TESS detections with the
non-detections in the light curves therefore leaves a minimum
allowed period of 20.260 d and a maximum of 364.7 d.
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Nevertheless, such candidates offer a simple avenue for pho-
tometric period assessment by targeting the times of transit
according to each of the possible periods. This has been per-
formed extensively on long-period targets from the ground (e.g.,
Schanche et al. 2022; Ulmer-Moll et al. 2022, etc.) and from
space (e.g., Osborn et al. 2022; Luque et al. 2023, etc.).

The data analyzed in this paper include two-minute cadence
observations processed by the Presearch Data Condition-
ing—Simple Aperture Photometry (PDC-SAP) pipeline (Stumpe
et al. 2012; Stumpe et al. 2014; Smith et al. 2012), provided
by the Science Processing Operations Center at NASA Ames
Research Center (Jenkins et al. 2016). The TESS light curves
were retrieved from the Mikulski Archive for Space Telescopes
(MAST") using the lightkurve package (Gaia Collaboration
2018).

We used tpfplotter (Aller et al. 2020) to visualize the
target pixel files and assess potential light-curve contamina-
tion, incorporating sources from Gaia Data Release 3 (DR3;
Gaia Collaboration 2016, 2021). Our analysis considered sources
within the photometric aperture down to a contrast of six mag-
nitudes. Beyond this threshold, contamination is negligible,
contributing less than 0.4%. As shown in Fig. B.1, no stars within
the TESS aperture exceed this six-magnitude contrast limit in
Sector 18. The same applies to Sectors 58 and 85. We therefore
did not include dilution from nearby stars in our joint modeling.

Furthermore, using Eq. (4) from Vanderburg et al. (2019),
we estimate that a neighboring star would need to be within a
contrast of Amag < 2.3 (at 307) to be capable of producing the
observed transit depth. No such bright stars are present in the
TESS aperture, ruling out the possibility that the transit signal is
due to a background eclipsing binary. This conclusion is further
supported by our high-resolution imaging, which is presented in
Sect. 2.6.

2.2. CHEOPS photometry

As discussed in Sect. 2.1, the orbital period of TOI-6041b
remained uncertain based on the TESS data alone. Initial mod-
elling of this TESS data using the MonoTools package® (Osborn
2022) revealed 54 aliases. More usefully, the fit allows the
marginal period probability across the aliases thanks to a com-
bination of the transit model likelihood, a geometric transit
probability prior, a window function prior (see Kipping 2018),
and an eccentricity prior (in this case using a beta distribution
derived from populations of planets with 2 < Rp < 6 Rg from
Bern model simulations; Emsenhuber et al. 2021). The result is
shown in Fig. C.1. In order to resolve the true period, we turned
to observations with CHEOPS.

The CHEOPS mission (Benz et al. 2021; Fortier et al. 2024)
is a 30 cm aperture ESA telescope dedicated to the study of
transiting exoplanets. It performs high-precision optical pho-
tometry in a 330-1100 nm pass band, from a Sun-synchronous
and nadir-locked low-Earth orbit. One science case within the
CHEOPS GTO has been the determination of the orbital peri-
ods of planetary candidates found to have ambiguous periods in
TESS photometry (see, e.g., Osborn et al. 2022; Tuson et al.
2023; Psaridi et al. 2024).

TOI-6041 was observed on nine occasions by CHEOPS in
2023 and 2024 (see Table 1). Due to the significant depth of
TOI-6041 b and large expected S/N in CHEOPS, we designed

1 MAST Archive
2 MonoTools GitHub repository


https://mast.stsci.edu/
https://github.com/hposborn/MonoTools
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Table 1: Summary of CHEOPS observations.

BJD start Dur (orb) Filekey Eff. (%) RMS (ppm) Aliases (d)
2460220.4030 3.18 TG004901 59 339 P=20.6
2460226.5118 2.59 TG005001 59 304 P=[84.2,42.1,28.0,21.0]
2460236.9567 3.32 TG006201 59 328 26.7
2460254.5351 2.9 TG004801 60 326 18 aliases
2460254.7455 2.9 TG005101 55 475 18 aliases
2460261.8290 2.9 TG005201 56 295 P=20.6
2460262.5632 2.56 TG005501 60 359 P=23.3
2460306.6604 3.28 TG006101 56 333 P=[26.0,52.1]
2460645.3298 3.07 TG030701 53 425 P=26.0

Notes. Each duration is given in units of CHEOPS orbits (1 orbit = 98.99 minutes). Efficiency is averaged between the start and end of the visit,
and the RMS is reported in ppm per hour. File keys are all preceded by PR140079_ and succeeded by _V0300. The “Aliases” column lists orbital
period aliases that are consistent with a transit occurring at the specified BJD. Rows in bold indicate observations where the transit of TOI-6041 b

was successfully detected.

an observing strategy in order to flexibly observe partial tran-
sits. This allowed for short (three-orbit, ~5 h) observations to be
more easily scheduled between higher priority observations. An
initial transit was found at ~2460254.8 BJD, with the full tran-
sit event being observed. This transit occurred exactly Ppx/2
after the second TESS transit, allowing us to exclude half the
aliases. A further transit ingress was clearly seen at ~2460306.9
BJD, which corresponded to two potential periods — either
52.1 or 26.05d. Finally, in order to determine the period, we
observed a time only corresponding to the 26.05d alias at
~2460645.5 BJD, finding another clear ingress feature. Together,
these three transits determined a period of 26.049 + 0.001 d for
TOI-6041 b.

Due to CHEOPS’ field rotation once per 99min orbit, sub-
stantial detrending is necessary to achieve photometry close to
the expected photon noise. We initially processed the sub-arrays
using the PIPE package®, which models the point spread func-
tion (PSF) on the images (see, e.g., Brandeker et al. 2022; Morris
et al. 2021). We then used the chexoplanet package* in order
to further detrend the CHEOPS photometry. This first assesses
which housekeeping data such as background, number of cen-
troids, and on-board temperature correlate with flux, looking at
both linear and quadratic trends. It then built a model that decor-
relates the flux using these parameters, as well as a spline with
~9deg spacing to model rapid changes in flux as a function
of spacecraft roll-angle, and a simple transit model (see, e.g.,
Egger et al. 2024). The result is photometry with a precision of
~330 ppm/h.

2.3. APF spectroscopy

We collected 102 RV measurements of TOI-6041 using the Levy
High-Resolution Spectrograph (R = 114 000; Burt et al. 2014)
on the 2.4 m Automated Planet Finder (APF) telescope at Lick
Observatory (Vogt et al. 2014; Radovan et al. 2014, 2010). Obser-
vations were conducted between January 30, 2020, and June 27,
2023. The RVs have a median uncertainty of 2.6ms~' and a
mean dispersion of 13.2ms~!. For further details on the instru-
mental setup and data reduction, see Fulton et al. (2015). Four
measurements were excluded due to their high error bars. The
complete list of corrected RVs is provided in Table E.1.

3 https://github.com/alphapsa/PIPE
4 https://github.com/hposborn/chexoplanet

2.4. SOPHIE spectroscopy

We observed TOI-6041 using the SOPHIE high-resolution spec-
trograph mounted on the 193 cm telescope at the Observatoire
de Haute-Provence (OHP; Perruchot et al. 2008; Bouchy et al.
2013). SOPHIE has been extensively used to characterize numer-
ous planetary candidates discovered by TESS (e.g., Serrano Bell
et al. 2024; Martioli et al. 2023; Heidari et al. 2022; Moutou et al.
2021).

For this study, we obtained four spectra of TOI-6041 between
August and October, 2024. The observations were conducted in
SOPHIE’s high-resolution mode (R = 75000) with simultane-
ous sky monitoring to account for potential contamination from
moonlight. Exposure times ranged from 900 to 2100 seconds,
depending on weather conditions, and were chosen to achieve a
target S/N per pixel of approximately 50 at 550 nm. Two of the
spectra had slightly lower S/N values of 45 and 39, but they were
still sufficient for our analysis.

The RVs were derived using the standard SOPHIE pipeline,
which computes cross-correlation functions (CCFs) as described
by Bouchy et al. (2009) and further refined by Heidari et al.
(2024). The resulting RV measurements presented in Table E.2
and have typical uncertainties of approximately 2 m/s and a mean
dispersion of 11.9 m/s.

2.5. TRES spectroscopy

A reconnaissance spectrum of TOI-6041 was obtained with
the Tillinghast Reflector Echelle Spectrograph (TRES; Fiirész
2008), mounted on the 1.5 m Tillinghast Reflector telescope at
the Fred Lawrence Whipple Observatory (FLWO) on Mount
Hopkins, Arizona. TRES is an optical, fiber-fed echelle spec-
trograph covering a wavelength range of 390-910 nm with
a resolving power of R ~ 44000. The TRES spectrum was
extracted following the procedure described by Buchhave et al.
(2010). This spectrum was only used for our stellar classification
presented in Sect. 3.

2.6. High-resolution imaging

As a usual part of the validation and confirmation process for
transiting exoplanets, high-resolution imaging is one of the crit-
ical assets required. The presence of a close companion star,
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whether truly bound or in the line of sight, will provide “third-
light” contamination of the observed transit, leading to derived
properties for the exoplanet and host star that are incorrect
(Ciardi et al. 2015; Furlan & Howell 2017, 2020; Bouma et al.
2018). In addition, it has been shown that the presence of a close
companion dilutes small planet transits (<1.2 R,) to the point of
non-detection (Lester et al. 2021). Given that nearly half of FGK
stars are in binary or multiple-star systems (Matson et al. 2018),
high-resolution imaging provides crucial information toward our
understanding of each discovered exoplanet as well as more
global information on exoplanetary formation, dynamics, and
evolution (Howell et al. 2021).

TOI-6041 was observed on 2020 December 02 and 2021
February 03 using the ‘Alopeke speckle instrument on the
Gemini North 8-m telescope (Scott et al. 2021). ‘Alopeke pro-
vides simultaneous speckle imaging in two bands (562 nm and
832 nm) with output final data products including a recon-
structed image with robust contrast limits on companion detec-
tions (e.g., Howell et al. 2016). While both observations had
consistent results showing that TOI-6041 is a single star, within
the achieved angular resolution and S0~ magnitude contrast lim-
its, the December 2020 observation had better seeing, which led
to deeper contrast levels in the 562 nm band. Four sets of 1000 x
0.06 second images were obtained and processed in our standard
reduction pipeline (see Howell et al. 2011). Figure D.1 shows our
final contrast curves and the 562 nm and 832 nm reconstructed
speckle images. We find that TOI-6041 is a single star with no
companion brighter than five-to-nine orders of magnitude below
that of the target star from the 8-m telescope diffraction limit
(20 mas) out to 1.2”. At the distance of TOI-6041 (d=72 pc),
these angular limits correspond to spatial limits of 1.44—-86.4 AU.

3. Stellar characterization

To determine the stellar atmospheric parameters, we first com-
bined the SOPHIE spectra of TOI-6041 to construct a high S/N
template, after correcting for both the star’s RV variation and
the barycentric Earth RV. We then applied the methodology of
Sousa et al. (2011), Santos et al. (2013), and Sousa et al. (2018)
to derive the effective temperature (7.g), metallicity ([Fe/H]),
and surface gravity (log g). A more accurate trigonometric log g
was also derived using Gaia DR3 data, following the procedure
described in Sousa et al. (2021). Additionally, we estimated the
projected stellar rotational velocity (vsin i) for each individual
SOPHIE spectrum using the calibration of Boisse et al. (2010)
and then computed the mean value, which we report in Table 2
along with other stellar properties.

As an independent analysis, we also derived stellar param-
eters from the TRES spectrum using the Stellar Parameter
Classification (SPC; Buchhave et al. 2012) tool. The SPC cross-
correlates the observed spectrum with a grid of synthetic spectra
based on Kurucz atmospheric models (Kurucz 1992) to deter-
mine the star’s T, [Fe/H], log g, and vsini. Following the rec-
ommendation of Tayar et al. (2022), we conservatively adopted a
systematic uncertainty floor on the TRES-derived T, which can
be seen in brackets in Table 2. For the SOPHIE-derived Teg, the
systematic uncertainty had already been included in the reported
uncertainty (Sousa et al. 2011). The stellar parameters derived
from the TRES spectrum are consistent within 1o~ with those
obtained from the SOPHIE spectra, as summarized in Table 2.

An analysis of the broadband spectral energy distribu-
tion (SED) of the star was performed together with the Gaia
DR3 parallax, in order to determine an empirical measurement
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Table 2: Stellar properties of TOI-6041.

Identifiers:
TIC 192415680
Gaia DR3 432549871529588608
TOI-6041

Parameter TOI-6041 References
Parallax and coordinates

Parallax (mas) 13.76 £ 0.02 Gaia DR3

Distance (pc) 72.3+0.1 Gaia DR3

a(hms) 03:04:145 Gaia DR3

5 (dms) +43:33:28.6 Gaia DR3
Photometric properties

B-V 0.86 +0.02 HIP

V (mag) 9.84 £0.03 HIP

Gaia (mag) 9.713 + 0.003 Gaia DR3

Ggp (mag) 8.605 + 0.003 Gaia DR3

Grp (mag) 7.540 = 0.001 Gaia DR3

TESS (mag) 7.58 +£0.01 TESS

T (mag) 8.50 £ 0.02 2MASS

H (mag) 8.13+0.02 2MASS

K, (mag) 8.06 +0.01 2MASS

W, (mag) 8.01 £0.02 WISE

W, (mag) 8.07 £ 0.02 WISE

W3 (mag) 8.02 +0.02 WISE

W, (mag) 8.0+£0.2 WISE
Spectroscopic properties

Spectral type G7 LAMOST!

log Ri;x -4.7+0.1 SOPHIE (Sect. 3)

vsini (kms™!) 34+1.0 SOPHIE (Sect. 3)
3.0+0.5 TRES (Sect. 3)

[Fe/H] 0.02 +0.04 SOPHIE (Sect. 3)
0.05 +0.08 TRES (Sect. 3)

log g (cgs) 44+0.1 SOPHIE (Sect. 3)
45+0.1 TRES (Sect. 3)

Trigonometric log g (cgs) 4.49 +0.03 SOPHIE (Sect. 3)

Tegr (K) 5334 + 66 SOPHIE (Sect. 3)
5417 + 50 [130]? TRES (Sect. 3)
Bulk properties

Mass (M) 0.85 +0.01 Sect. 3
0.89 +0.04 Sect. 4.2

Radius (Rp) 0.86 + 0.02 [0.04]> Sect. 3
0.88 +0.03 Sect. 4.2

Prot (d) 23+5 Sect. 3

Age (Gyr) 20+1.1 Gyrochronology (Sect. 3)
7.9 MIST model (Sect. 4.2)

Notes. ! Zhang et al. (2022); 2 adopted systematic uncertainty floor
suggested by Tayar et al. (2022).

of the stellar radius (Stassun & Torres 2016; Stassun et al.
2017, 2018). The JHKs magnitudes were sourced from 2MASS
(Skrutskie et al. 2006), the W1-W4 magnitudes from WISE
(Wright et al. 2010), the GgpGrp magnitudes from Gaia (Gaia
Collaboration 2023), and the NUV magnitude from GALEX
(Martin et al. 2005). The absolute flux-calibrated Gaia spec-
trum was also utilized, when available. Together, the available
photometry spans the full stellar SED over the wavelength range
of at least 0.4—10 pm and at most 0.2-20 pum (see Fig. 1).

A fit using PHOENIX stellar atmosphere models (Husser
et al. 2013) was performed, adopting the T.g, [Fe/H], and log g
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Fig. 1: Spectral energy distribution of TOI-6041. Red symbols repre-
sent the observed photometric measurements, where the horizontal bars
represent the effective width of the pass band. Blue symbols show the
model fluxes from the best-fit PHOENIX atmosphere model (black).
The absolute flux-calibrated Gaia spectrum is shown as a gray swathe
in the inset figure.

from the SOPHIE spectroscopic analysis. The extinction, Ay,
was fit for, limited to the maximum line-of-sight value from the
Galactic dust maps of Schlegel et al. (1998). The resulting fit
(Fig. 1) has an y? = 16.2, excluding the GALEX NUV flux,
which indicates a moderate level of activity (Findeisen et al.
2011), with the best-fit Ay = 0.03 + 0.03. Integrating the (unred-
dened) model SED gives the bolometric flux at Earth, Fyo =
3.233 + 0.075 x 107 erg s™! ecm™2. Taking the Fyo together
with the Gaia parallax directly gives the bolometric luminos-
ity, Lpo; = 0.532 £0.012 L. The Stefan-Boltzmann relation then
gives the stellar radius, R, = 0.855 + 0.023 R, In addition, the
stellar mass was estimated using the empirical relations of Torres
et al. (2010), with the offset correction applied following Santos
et al. (2013), yielding M, = 0.85 + 0.01 M. We note that the
intrinsic error from the Torres et al. (2010) calibration was also
added in quadrature to the final uncertainty.

The formal error estimates for the stellar radius from our
SED analysis may be underestimated. For a star such as TOI-
6041, the systematic uncertainty floor is expected to be approx-
imately 4.2% in radius, as suggested by Tayar et al. (2022). To
account for this, we conservatively adopted these relative uncer-
tainties and report them in brackets in Table 2. In the case of the
stellar mass, our uncertainty is consistent with this systematic
uncertainty floor.

We estimated the stellar rotation period using the method
described in Sudrez Mascarefo et al. (2016), which relies on
the activity—rotation relation calibrated for different spectral
types using the chromospheric activity index log (R ). For
this G-type star, we applied the corresponding calibration with
log (Ry;) = —4.7 = 0.1, derived from the SOPHIE spectra fol-
lowing the procedures of Noyes et al. (1984) and Boisse et al.
(2010). We compare this with the value obtained from Mamajek
& Hillenbrand (2008), which incorporates both log(R},, ) and the
B —V color. These methods yield rotation periods of 23 + 5 days
and 29 + 5 days, respectively, consistent within approximately
lo.

To further investigate the stellar rotation period, we applied
the Lomb-Scargle periodogram to the SAP TESS light curves

from all three available sectors, with periods from 0 to 50 d. We
detected a strong, broad peak between approximately 20 and 30
d, with a false alarm probability below 0.001% (see the peri-
odogram and phase-folded light curve in Fig. F.1). This signal
is consistent with the rotation periods estimated from log(R{;)
and is likely associated with rotational modulation. Its broad
nature may be attributed to the limited time baseline of each
TESS sector, which spans only about 27 d. Additionally, using
the empirical age—activity relations of Mamajek & Hillenbrand
(2008), we estimate an age of 2.0 + 1.1 Gyr.

Finally, as a further check, we compared these values
with results obtained using an alternative modeling method in
EXOFASTv2, performed simultaneously with the planetary fit
(see Sect. 4.2). The parameters agree within 1o, except for the
stellar age, which is only consistent at the 20~ level. However,
we note that the stellar age derived from the EXOFASTv?2 fit is
poorly constrained, yielding a broad and asymmetric posterior
distribution (see Fig. G.1).

4. Detection and characterization of TOI-6041’s
planets

4.1. RV-only analysis

We began our RV analysis by performing a periodogram analy-
sis of the RVs and the S-index activity indicator using the Data
and Analysis Center for Exoplanets (DACE; Delisle et al. 2016)°.
Since we only had four SOPHIE RV measurements, we only used
the APF data in this section to avoid instrumental offsets between
the two datasets, while we also tested fits including both datasets
in our global modeling in Sect. 4.2.

The periodogram of RVs showed a significant peak at 88 d,
below the analytical false alarm probability (FAP, Baluev 2008)
of 0.1% (see Fig. 2, first panel). We modelled and subtracted
this signal using a circular Keplerian fit (see justification below).
The periodogram of the residuals then reveals a peak at 0.9d
and a tentative signal around 11 d, both with FAP values close
to 10% (see Fig. 2, second panel). These two signals are aliases
of each other and are not statistically significant. Additional RV
measurements are required to understand their origin. Finally,
we detect neither a significant signal in the S-index activity peri-
odogram (see Fig. 2, third panel) nor any correlation between the
S-index and the RVs (Pearson’s correlation coefficient r =—0.1)
or their residuals (r=0.3) after removing the 88 d signal.

Additionally, we considered several RV-only models and per-
formed model comparisons. The RV analysis was conducted
using juliet (Espinoza et al. 2019), which employs RadVel
(Fulton et al. 2018) to model the RVs. Since we found no signif-
icant influence of stellar activity in our RVs, we did not include
a Gaussian process in our analysis. For each tested model,
juliet computes the Bayesian log evidence (InZ). A model
is considered moderately favored over another if the difference
in Bayesian log evidence (AlnZ) exceeds two, while a differ-
ence greater than five indicates strong preference (Trotta 2008).
When AlnZ < 2, the models are statistically indistinguishable,
and in such cases, the model with the fewest free parameters is
preferred.

First, we tested a no-planet model (No-planet) and a one-
Keplerian model with circular orbit and a uniform prior on the
orbital period between 70 and 100 d (1cpl). For the remaining
parameters, we adopted fairly broad uniform priors. The one-
Keplerian model converged on the 88 d signal. As shown in

5 Available at https://dace.unige.ch
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Fig. 2: Periodograms of RV and S-index derived from APF data for
TOI-6041. From top to bottom: APF RVs, residuals of the RVs after
a Keplerian fit to the 88 d signal, and the S-index activity indicator.
The vertical pink line marks the planet candidate with a period of 88 d,
which shows no corresponding signal in the S-index periodogram. The
horizontal lines indicate false alarm probability (FAP; Baluev 2008)
thresholds of 0.1%, 1%, and 10%, respectively, from top to bottom.

Table 3: Comparison of different models tested using RV-only data
analyzed with juliet.

Model AlnZ
No-planet 0
Iepl 25.0
1pl 253
2cpl 25.0
3cpl 25.7

Notes. The tested models include (1) a no-planet model; (2) a one-planet
model with an 88 d signal and free eccentricity (1pl); (3) a one-planet
model with a circular orbit (1cpl); (4) a two-planet model with circular
orbits at 88 d and 26 d (2cpl), where the period and T, for the 26 d planet
are fixed; and (5) a three-planet model, which includes the same setup
as the 2cpl model for the planets at 26 d and 88 d, with an additional
planet on a circular orbit and a uniform prior on the period ranging from
0to 20 d (3epl).

Table 3, the Aln Z between these two models is 25.0, indicating
a strong detection of the 88 d signal. We then considered a one-
Keplerian model with a freely varying eccentricity (1cpl), which
yielded a best-fit eccentricity of e = 0.3 + 0.2. However, since
the eccentricity is not significantly detected and the AlnZ val-
ues for the circular and eccentric models are indistinguishable,
we adopted the circular model for our final analysis.

Next, we tested a two-Keplerian model on 88 d and 26 d
signals (2cpl). Since we did not observe a signature for the 26
d periodic signal in the RV periodogram, we fixed the transit
epoch (Ty) and period to the values derived from photometry
for this planet (see Sect. 2.2) and ran the model. This model
converged with an amplitude of K = 2.6*3 for this signal, but
it reached the prior edge. The AlnZ comparison showed this
model is indistinguishable from the one-Keplerian model, indi-
cating no significant detection of 26 d signal in RVs, which is
consistent with the results of the periodogram.
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Finally, we tested a three-Keplerian model with an additional
planet candidate with a circular orbit and a uniform prior on the
period ranging from O to 20 d (3cpl). This model was motivated
by the tentative 0.9 d and 11 d signals observed in the resid-
ual periodogram. The fit converged on an 11 d signal. However,
this model remained statistically indistinguishable from the one-
planet model, confirming that the 11 d signal is not statistically
significantly detected.

Therefore, we conclude that the only robustly detected sig-
nal in our RV data is the 88 d signal. Since this signal has no
corresponding signal in the S-index activity indicator, it is likely
of planetary origin. In the rest of this paper, we refer to it as
TOI-6041 c.

4.2. Global modeling

To simultaneously model the stellar and planetary param-
eters, we used EXOFASTv2 (Eastman et al. 2013; Eastman 2017;
Eastman et al. 2019). Our analysis incorporated photometric data
from three TESS sectors, three CHEOPS observations, and RVs
from APF. We applied Gaussian priors on [Fe/H], centered on
the value derived from the SOPHIE spectrum (Sect. 3), but
adopted a conservatively broad standard deviation equal to twice
its reported uncertainty. A Gaussian prior was also applied to
the parallax, using values from the Gaia DR3 catalog. Addi-
tionally, we imposed an upper limit on extinction, Ay, based
on the dust maps from Schlegel et al. (1998). The broadband
photometry, as presented in Table 2, is also included. The Gaia
DR3 parallax, the Ay upper limit, and the broadband photom-
etry were used to constrain the stellar properties through SED
fitting. To compare our results, we also modeled the star using
the MESA Isochrones and Stellar Tracks (MIST; Dotter 2016;
Choi et al. 2016) method. As part of the modeling process, we
simultaneously detrended the TESS photometry using a spline
(Vanderburg & Johnson 2014) within EXOFASTv2 to mitigate
instrumental systematics (see Sect. 2.2 for the CHEOPS detrend-
ing procedure). We did not impose any priors on the planetary
parameters, allowing EXOFASTv2 to explore them freely (see
Eastman et al. (2013), Eastman (2017), and Eastman et al. (2019)
for detailed information).

We began our analysis with a circular orbit model for both
planets. Upon convergence, we observed a significant TTV sig-
nal for TOI-6041 b (see Fig. H.2). To account for this, we
incorporated a TTV model using EXOFASTv?2 as part of our joint
analysis and re-ran the fit. We note that the TTVs in this model
correspond to artificial shifts added to a Keplerian model, which
allows for a first estimate of the system parameters. In most
cases, such an approach provides suitable parameter estimates
(see, e.g., Hébrard et al. 2020; Almenara et al. 2022). Mutual
gravitational interactions are taken into account below in Sect. 5.
The updated model, which included TTVs, was strongly favored
by the Bayesian information criterion (BIC), with a difference of
ABIC = 543.8 compared to the Keplerian-only model. This indi-
cates a significantly better fit to the data. We chose this model as
the final one and present the posterior distributions of all model
parameters in Table 4 and Table 1.1, while the best-fit model for
both the RV and photometric data is shown in Fig. 3.

Including TTVs in the model allowed the transit times to
deviate from those predicted by a purely Keplerian orbit and a
strictly linear ephemeris. EXOFASTv2 determined the mid-transit
times based on both a linear ephemeris and a TTV model, and
provide the corresponding observed-minus-calculated (O-C)
diagram (see Fig. H.1). A summary of the observed mid-transit
time and the TTV measurements is provided in Table 5 (see
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Fig. 3: APF RV measurements of TOI-6041 (fop panel); phase-folded
RVs for TOI-6041c (second panel) and TOI-6041b (third panel); and
the phase-folded CHEOPS and TESS light curves for TOI-6041b (fourth
and fifth panels). The red lines show the best-fit models derived using
EXOFASTv2. Residuals are displayed at the bottom of each panel.

Sect. 5 for a more detailed discussion of the system’s TTVs).
The TTVs display a peak-to-peak variation of 57.2 minutes and
an RMS scatter of 28 minutes.

We also tested fits that included the SOPHIE RVs. However,
given that only four SOPHIE measurements were available, the
corresponding RV jitter term could not be robustly constrained.
Importantly, including or excluding these four data points did not
affect our results. We therefore chose not to include the SOPHIE
RVs in our final analysis. The results indicate that TOI-6041 has
a mass of 0.885%09%2 A7 a radius of 0.879 + 0.026 R, and an

~0.036
effective temperature of 5445*96 K. These values are consistent
within 1o with those derived from the spectral analysis and SED
fitting presented in Sect. 3, with the exception of the stellar age,
which differs at the 20" level. However, we note that the age esti-
mate from the EXOFASTv2 analysis remains weakly constrained,
yielding a broad and skewed posterior distribution (see Fig.G.1).

For TOI-6041 b, accounting for the observed TTV signal, we

determine an average orbital period of 26. 04945+8 888;2 dand a

radius of 4. 55*8 ig Rg. Although this planet is not unambiguously
detected in our RV data, the measurements allow us to place a 30
upper limit on its RV semi-amplitude of 7ms~!, corresponding
to a maximum mass of 28.9 M. Additional RV observations are
needed to more tightly constrain the mass of TOI-6041 b.

We also tested a model allowing a nonzero eccentricity for
TOI-6041 b. However, the MCMC chains did not converge well
due to a strong bimodality in the argument of periastron (w), with
two dominant modes around 20° and 230°. The posterior distri-
bution of the eccentricity spans the entire prior range (0-1), with
68% of the probability lying below 0.6. We therefore conclude
that the current data do not support a significant eccentricity
detection for TOI-6041b. As before, additional observations —
both RV and TTV - are needed to better constrain the planet’s
eccentricity.

The outer planet, TOI-6041 c, is detected solely through our

RV measurements. It has an orbital period of 88.0%}$ d and a

minimum mass of 0. 245*8 8%2 M;. We adopted a circular orbit for

this planet, as the eccentricity is not significantly constrained by
the data (see Sect. 4.1). We also note that including or excluding
an RV model for TOI-6041 b does not affect the derived param-
eters of TOI-6041 c. Whether TOI-6041 c is transiting remains
uncertain, as the time of periastron listed in Table 4 has an uncer-
tainty of approximately 12 d. Each TESS sector provides about
27 d of coverage, and a data gap occurs about near the midpoint
of the relevant sector. It is therefore possible that a potential tran-
sit fell within this gap. Additional RV measurements are required
to better constrain the time of periastron and to assess the planet’s
transit probability.

5. Dynamical analysis

In this section we present a dynamical analysis of the TOI-6041
system to assess the long-term stability of its orbital configu-
ration and to investigate whether the observed TTVs of planet
b can be explained by its gravitational interactions with the
outer planet c. Although several transits of planet b have been
observed, the planet is not detected in RVs; planet ¢, conversely,
is detected via RVs but does not transit. This limits our ability
to constrain the system’s orbital architecture. The analysis pre-
sented here should therefore be regarded as exploratory, pending
additional observational constraints. Additional data would ben-
efit from a photodynamical analysis (see, e.g., Almenara et al.
2022).
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Table 4: Median values and 68% confidence intervals for TOI-6041 and its two planets.

Parameter Description Model Priors Value
Stellar parameters

M, ........ Mass (Mg) ....ooooe o, - 0.885%0:042
Ro.......... Radius (Rg)...ovvvvvv vt - 0.879 +0.026
Lo.......... Luminosity (Lg) ...t vvnne.. - 0.613 +0.033
Fpopooov oo .. Bolometric flux (cgs)............ - 3.73 £0.20 x 107°
Piovnnnnnn Density (€g8) ..ovvvve cuvnnnn - 1.84%019
logg........ Surface gravity (cgs)...... ...... - 4.498+0.93
T oeev vnn Effective temperature (K).......... - 544547
[Fe/H] ... ... Metallicity (dex) ....... ....... N10.02,0.08] 0.104+0069
[Fe/H], ... ... Initial metallicity! .............. - 0.111%0:06
Age.... .... Age (Gyr) ...oovvs v - 7931
EEP........ Equal evolutionary phase® .... .... - 3592
Ay ... ... V-band extinction (mag).......... U[0.01, 0.74] 0.260*9-062
OSED -+ .. SED photometry error scaling .. ... - 0367017
e Parallax (mas) .. ...... ........ N[13.79,0.02]  13.794 % 0.020
d.......... Distance (pc) .....ovv veenann. - 72.49 +0.10

Planetary Parameters: TOI-6041b TOI-6041 ¢
P.o......... Period (d) ......... ......... - 26.04945+0.00033 88.0*19
Rpooooon . Radius (Rg) . vveveevennn. . - 4.55+018 -
My ... ... Mass (Mg) .. .oeev e - 10.81 + 6.36 (<28.9%) -
Teoouinenn.. Observed time of conjunction* (BJDypg) - 2459890.1062+5:008¢ -
a........ Semi-major axis (AU)............ - 0.1651*9-002¢8 0.3721+00067
[ Inclination (degrees) ...... ...... - 88.955+0.963 90.00 (fixed)
DGR - ev vne Computed GR precession (°/century) . . - 0.0801+0:0023 0.01054+5-:00043
Teg oo oo Equilibrium temp® (K) ..... ..... - 605644 403559
Teie e nen onen Tidal circ timescale (Gyr).......... - 1150077860 27732 x10°
K.......... RV semi-amplitude (m/s).......... - 2.5+ 1.5(<6.7%) 121+ 14
Rp/R. ... ... Radius of planet in stellar radii ... ... - 0.04753+0:90058 -
a/R......... Semi-major axis in stellar radii ... ... - 404 +1.3 -
S, Rp/R) oo i - 0.002259*0-00005¢ -
OCHEOPS « - - - - - Transit depth in CHEOPS (frac). .. ... - 0.002360’:818838‘3‘8 -
OTESS + v v v v v Transit depth in TESS (frac).... .... - 0.002321 + 0.000038 -
T oo, In/egress transit duration (d)........ - 0.0145 +0.0011 -
Tigooee ... Total transit duration (d)..... ..... - 0.1526 = 0.0013 -
Trwam -+ - -- FWHM transit duration (d) .... .... - 0.1381 = 0.0011 -
b il Transit impact parameter .......... 0.738*0:0%0 -
O525um - - - ve- BB eclipse depth at 2.5 um (ppm) .. .. - 0.317+50%3 -
Os5.0um - -« - BB eclipse depth at 5.0 um (ppm) ... .. - 13.71%5 -
Os75um - - - - BB eclipse depth at 7.5 um (ppm) .. .. - 41.9724 -
PP Density (€g8) ...vvvve cuvennnn - 0.62f8§2 (<1.79%) -
loggp........ Surface gravity (cgs) ...... ...... - 2.7279%9 2.857013
O.......... Safronov Number .............. - 0.031 +0.018 0.22173:9%0
(Fy........ Incident Flux (10° erg s~ cm™)...... - 0.0305*9-0017 0.00601+5:9003¢
Tsoooenn... Observed Time of eclipse* (BJDypg) . . - 2459903.1291*5:008¢ -
Tpooevenin.. Time of periastron (TJDpg). ... .... - 2459890.1053*5:008¢  2.458774+0.900010 % 106
Taoooiioo.. Time of asc node (TIDyp) ... ... - 2459909.64241000% 24588309 691
Tp ... ... Time of desc node (TVDrpp)... .. - .. - 2459896.6176*09%% 2458795 6+9%
Mpsini... ... Minimum mass (Mg) ...... ...... - 10.81 + 6.36 (<28.9%) 77.9%%3
d/R......... Separation at mid transit .......... - 404 +1.3 -
Pr.... .... A priori non-grazing transit prob .. .. - 0.02356*50007 -

Notes. ! The metallicity of the star at birth;  the 30~ upper limits * corresponding to static points in a star’s evolutionary history (see Sect. 2 in
Dotter 2016); * reference epoch = 2456438.359500, > assuming no albedo and perfect redistribution.
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Fig. 4: Stability analysis of TOI-6041 system. The phase space of the system is explored by varying the orbital period, P;, and eccentricity, ¢;, of
each planet independently. For each initial condition (Table 4), the system is integrated over 10 kyr, and a stability criterion is derived with the
frequency analysis of the mean longitude. The chaotic diffusion is measured by the variation in the frequencies. The color-scale corresponds to the
logarithmic variation in the stability index used in Correia et al. (2010). The red zone corresponds to highly unstable orbits, while the dark blue
region can be assumed to be stable on a billion-year timescale. Dashed white lines indicate the nominal orbital periods reported in Table 4.

Table 5: Median values and 68% confidence interval for transit times,
and TTVs.

Epoch Observed mid-transit (BJD)  TTV (min)
—42 (TESS) 2458796.0279j8:88}‘51 -58=+2.1
0 (TESS) 2459890.0860 + 0.0012 -409 + 1.7
14 (CHEOPS)  2460254.81990 + 0.00049  16.28 + 0.70
16 (CHEOPS) 2460306.9173fg:88‘31§ 13.7+6.1
28 (TESS) 2460619.4775 + 0.0011 -364+1.6
29 (CHEOPS) 2460645.5292j8:88£ -333+28

5.1. Stability analysis

We first performed a global frequency analysis (Laskar 1990,
1993) in the vicinity of the best fitting circular solution (Table 4),
using the methodology described in Correia et al. (2005), Cor-
reia et al. (2010), and Couetdic et al. (2010). The goal is to assess
the long-term stability of the orbital solution. The system was
integrated on a regular 2D mesh of initial conditions, varying
the orbital period and eccentricity of each planet individually,
while keeping all other orbital elements fixed to the values listed
in Table 4. The integrations were carried out using the sym-
plectic integrator SABA 1064 of Farrés et al. (2013), with a time
step of 5 x 1073 yr, and included general-relativity corrections.
Each initial condition was integrated over 10 kyr, and a stability
indicator was derived with the frequency analysis of the mean
longitude, to be the variation in the measured mean motion over
the two consecutive 5 kyr intervals of time (for more details, see
Couetdic et al. 2010). For regular motion, there is no significant
variation in the mean motion along the trajectory, while it can
vary significantly for chaotic trajectories. The results are shown
in Fig. 4, where “red” represents the strongly chaotic trajectories,
and “dark blue” denotes extremely stable regions. We observe
that the system remains stable for eccentricities up to ~0.15 for
planet b and ~0.3 for planet c.

Additionally, we computed a 2D stability map for the two
unconstrained orbital parameters of planet ¢ — the inclination,
i., and the longitude of the ascending node, €. — to assess
how dynamical arguments can constrain their possible values.

Figure 6 explores the stability in the (€, i) plane, with all other
orbital elements fixed to the values listed in Table 4. We find that
the system remains stable for 20° < i, < 160°, corresponding to
mutual inclinations up to about 70°. This dynamical constraint
allows us to place an upper limit on the true mass of planet
c, despite the absence of a transit. Given the 1o upper bound
on the minimum mass, m sini. < 0.274Mjy,,, and the inclina-
tion, i; < 160°, we infer a 1o upper limit on the true mass of
me < 0.80Mjyp.

5.2. Transit-timing variations

To investigate the origin of the observed TTVs in planet b, we
generated synthetic TTV signals using TTVFast (Deck et al.
2014) for different orbital configurations of planet c. Adopting
the circular and coplanar setup from Table 4, we found that the
resulting TTV amplitudes remained below 2 minutes; these are
significantly smaller than the observed variations. Reducing the
inclination of planet ¢ (and thereby increasing its true mass)
increased the amplitude somewhat, but it remained insufficient
to match observations.

In contrast, increasing the eccentricity of planet ¢ had a
stronger effect on the TTVs: for e, ~ 0.3 (i.e., the largest sta-
ble value; see Sect. 5.1), the simulated TTV amplitudes become
comparable to those observed. However, the shape of the sig-
nal becomes highly sensitive to the initial orbital phase angles,
particularly the argument of pericenter w, and mean longitude
Ac. Figure 5 illustrates this degeneracy by showing two con-
figurations with identical eccentricity but different w. values.
This highlights a key limitation of TTV modeling: different
combinations of poorly constrained orbital elements can yield
similar TTV signatures (Lithwick et al. 2012). It is worth noting
that the period ratio between planets b and c is close to a 7:2
commensurability, corresponding to a fifth-order mean-motion
resonance (MMR). Such a high-order resonance would typically
generate weaker TTV signals unless the perturber has a rela-
tively large eccentricity, consistent with the value required in our
modeling. Moreover, in observed systems, TTVs are often asso-
ciated with first- or second-order MMRs, which makes it less
likely that planet c alone is responsible for the observed TTVs
for planet b. Additional photometric observations will be needed
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Fig. 5: Transit-timing variations of TOI-6041b planet. We adopted e, =
0.3 and two values of the argument of pericenter: w. = 0° (blue) and
w, = 50° (red). All other parameters are fixed at their nominal values
from Table 4. The dots correspond to the observed TTVs. While the
amplitudes are consistent with observations, the signal shape depends
strongly on the orbital phase angles.

ic [deg]

Qc [deg]

Fig. 6: Stability analysis of TOI-6041 system in the (€, i.) plane. The
phase space is explored by varying these two parameters, while all other
orbital elements are fixed to the nominal values in Table 4. As in Fig. 4,
red regions indicate strongly chaotic orbits, while dark blue regions cor-
respond to long-term stability. White curves denote levels of constant
mutual inclination between planets b and c.

to improve the analysis of the TTVs and assess the viability of
this configuration.

5.3. Effect of a potential third planet

A tentative 11 d signal in our RV-only analysis presented in
Sect. 4.1, suggests the possible presence of an additional inner
planet. To evaluate its potential dynamical impact, we included
a hypothetical third planet in our numerical simulations. We
assumed a circular orbit with P = 11 d, a RV semi-amplitude
of K = 0.5 m/s, and all orbital angles set to 0°, except for the
inclination (i = 90°). We first verified that the system remains
dynamically stable in the presence of this third planet. To inves-
tigate this, we varied its semi-major axis and eccentricity over a
wide range and performed a stability analysis. The stability map
(Fig. J.2) reveals that stable orbits are indeed possible for semi-
major axes below 0.15 AU, corresponding to orbital periods
shorter than 22 d.

Next, we tested its impact on the TTVs of planet b. In the
circular and coplanar configuration for all three planets, the
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Fig. 7: Transit-timing variations of TOI-6041b in a three-planet model
including the hypothetical 11 d planet. We adopted the same favorable
configuration as in Fig. 5, with e, = 0.3 and w, = 50°, and varied the
eccentricity of the additional planet, e, from O to 0.4. The resulting
curves show negligible differences, confirming that planet c likely is
the dominant source of the observed TTVs in this configuration.

additional planet’s influence is negligible: the resulting TTVs
remain below 2 minutes. Its effect remained negligible across
the different orbital configurations we explored. For example, in
Fig. 7, we adopt the favorable setup previously shown to repro-
duce the observed TTVs — specifically e, = 0.3 and w. = 50°
for planet ¢ — and include the additional planet while varying its
eccentricity, e, between 0 and 0.4. The resulting TTV signal of
planet b remains essentially unchanged.

We further tested several near-resonant periods for this addi-
tional inner planet, placing it closer to low-order MMRs with
planet b (e.g., 3:2, 4:3, and 5:4). Such resonances could enhance
the gravitational interactions with planet b and potentially
account for the large observed TTV amplitudes. Specifically, we
ran numerical simulations with the third planet placed at orbital
periods of 17.3, 19.63, and 20.96 d, and computed the TTVs
of planet b, assuming circular and coplanar orbits for all three
planets. As shown in Fig. J.1, the resulting TTV amplitudes can
be comparable to those observed, particularly for the periods
near the 4:3 and 5:4 MMRs. In this configuration, the additional
planet acts as the main perturber inducing TTVs on planet b,
while planet c contributes negligibly. The exact shape of the sig-
nal remains sensitive to the poorly constrained orbital elements
and the inherent degeneracies of TTV modeling. Nevertheless,
this provides a plausible explanation for the observed TTVs of
planet b that does not require a high eccentricity for planet c.

We also explored the possibility of a third undetected planet
located between planets b and c, assuming the same RV semi-
amplitude (K = 0.5 m/s) as before. As shown in Fig. J.2, stable
orbits exist in this region for low eccentricities, particularly
near 0.25 AU, corresponding to orbital periods between approxi-
mately 30 and 70 d. This range includes several possible MMRs;
for instance, a planet with a period of around 34.7 d lies near the
4:3 MMR with planet b and the 5:2 MMR with planet ¢, whereas
a period of around 39 d corresponds to the 3:2 MMR with planet
b and the 9:4 MMR with planet c.

To test its impact on the TTVs of planet b, we placed the
third planet at orbital periods of 36 and 41 d and computed
the TTVs of planet b, again assuming circular and coplanar
orbits for all three planets. As shown in Fig. J.3, these config-
urations also produce TTV amplitudes of the same order as the
observed variations. In this case, the additional planet acts as
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the main perturber inducing TTVs on planet b, though planet
¢ also contributes non-negligibly to the signal. As before, the
detailed signal shape remains sensitive to the poorly constrained
orbital elements and the inherent degeneracies of TTV modeling.
Nevertheless, this scenario offers another plausible explanation
for the observed variations. It does not require a high eccentric-
ity for planet ¢ and is consistent with the expectation that the
dynamically stable region between planets b and c could host an
additional, undetected planet. New transit observations and RV
measurements will be essential to confirm the presence of such
possible companions and to refine the TTV modeling.

6. Summary and discussion

TOI-6041 is a G7-type star with a radius of R, = 0.879 +
0.026 R, and a mass of M, = 0.885f8:8‘3‘é M, and it is located at
a distance of 72.3 = 0.1 pc. The system hosts at least two planets.
The inner planet, TOI-6041 b, is a transiting Neptune-like planet

with a period of 26.04945’:8:88?3431 d, aradius of 4.55f8:1§ Rg,and a

30 upper limit on the RV semi-amplitude of 7ms~!, correspond-
ing to a maximum mass of 28.9 M. This constraint implies a
bulk density below approximately 1.7 gcm™, suggesting the
presence of a substantial gaseous envelope. Further RV measure-
ments would enhance the precision of the inner planet’s mass
estimate and enable modeling of its internal structure.

The outer companion, TOI-6041c, is detected only
through our RV measurements and has a minimum mass of
0.245*00%% My and an orbital period of 88.0*}$ d. Preliminary
dynamical modeling of the observed TTVs of TOI-6041 b sug-
gests that they could arise from gravitational perturbations by
planetc, although matching the observed amplitudes requires
a relatively high eccentricity of about 0.3. By integrating the
dynamical stability analysis with the observed minimum mass
constraints, we derive a 1o~ upper bound on the true mass of
planet c of approximately 0.80 Mj,,. An alternative is the pres-
ence of a third, low-mass planet located between planets b and ¢
or on an inner orbit relative to planet b — particularly near an
MMR with planetb — which could significantly contribute to
the observed variations. In this three-planet configuration, the
observed TTV amplitudes can be reproduced without requiring
large eccentricities.

With a magnitude of V = 9.84 + 0.03 mag, TOI-6041 is a
good candidate for follow-up observations. Using the 30~ upper-
mass limit of the inner planet, we estimate a lower bound on the
transmission spectroscopy metric (TSM; Kempton et al. 2018) of
TSM > 59, suggesting that TOI-6041 b is a good target for atmo-
spheric characterization. This is particularly compelling given its
estimated equilibrium temperature of 605.6*33 K, which places
the planet near the so-called “hazy-atmosphere” regime (270—
600 K) proposed by Yu et al. (2021). This offers an opportunity
to probe haze formation and to characterize atmospheric com-
positions above it (Kawashima et al. 2019). Moreover, cooler
atmospheres may exhibit disequilibrium chemistry, providing
additional insight into atmospheric processes and their under-
lying physics (Fortney et al. 2020).

In parallel, TOI-6041 b is well suited for spin—orbit align-
ment measurements, which can help constrain its dynamical
history. Using Eq. (6) of Gaudi & Winn (2007), we estimated
a Rossiter—McLaughlin (RM; McLaughlin 1924; Rossiter 1924)
semi-amplitude of 7.7 + 2.4ms~!, which is within reach of
high-precision spectrographs such as HARPS-N. Moreover, the
relatively high-impact parameter of the transit (b= 0.74 + 0.02)
is advantageous for RM observations, as it reduces the degen-
eracy between vsini, and the projected spin—orbit angle A (see
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Planet radius (Rg)
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0.4 1.0 25 63 15.8
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Fig. 8: Location of TOI-6041 b within radius—period diagram,
along with other known exoplanets whose radius precision is bet-
ter than 30%, taken from the NASA Exoplanet Archive (https://
exoplanetarchive.ipac.caltech.edu/) as of June 5, 2025. The
background-density map illustrates the distribution of confirmed exo-
planets, with regions labeled as the desert, ridge, and savanna to
reflect differing planet-occurrence rates (Castro-Gonzdlez et al. 2024).
TOI-6041 b (green marker) lies in the savanna region. This plot was
generated using the nep-des Python code (https://github.com/
castro-gzlz/nep-des).

Gaudi & Winn 2007), thereby allowing for a more precise deter-
mination of A. Planets on relatively long-period orbits, such as
TOI-6041b, are particularly valuable for RM observations, as
their spin—orbit angles are less likely to have been modified by
tidal realignment (Li & Winn 2016), and therefore they may
retain signatures of their formation and migration histories.

The location of TOI-6041b in the so-called Neptunian
“savanna” further strengthens the scientific interest of this sys-
tem (see Fig. 8). This region of parameter space corresponds to
a milder deficit of intermediate-sized planets at longer orbital
periods and lower levels of stellar irradiation (Bourrier et al.
2023), in contrast to the more pronounced Neptunian desert at
shorter periods (P < 4 d; Mazeh et al. 2016). While the origin of
these features in the radius—period plane is not fully understood,
several physical mechanisms have been proposed.

Runaway gas accretion, which is predicted to occur beyond
the ice line, is one such mechanism thought to contribute to the
gap between sub-Neptunes and gas giants (Pollack et al. 1996;
Lissauer et al. 2009). The presence of TOI-6041b and other
similar planets, located well within the ice line, therefore raises
the question of whether it formed in situ or instead migrated
inward after formation. If migration occurred, the nature of
the process—whether through smooth disk-driven migration or
high-eccentricity dynamical interactions—could leave observable
signatures, such as spin—orbit misalignments or nonzero orbital
eccentricities. Continued characterization of the system, includ-
ing improved mass constraints, eccentricity measurements, and
RM observations, could thus provide valuable information on
the migration pathways of Neptunian planets in this transitional
regime.

Finally, the significant TTVs observed in this system offer a
valuable opportunity to study planet—planet gravitational inter-
actions. Additional photometric and RV observations will also
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be essential to refine the TTV analysis and to better characterize
the architecture and interactions within the system.
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Appendix B: TESS Target Pixel File
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TIC 192415680 - Sector 18

Pixel Row Number
Flux x10% (e~ /s)

1520 1518 1516
Pixel Column Number

Fig. B.1: TESS Sector 18 target pixel file image, produced with
tpfplotter (Aller et al. 2020). The image displays electron counts,
with red-contoured pixels indicating the SPOC aperture mask. Red cir-
cles mark the primary target (labeled as 1) and nearby sources (labeled
with other numbers) at their Gaia DR3 positions. The size of each circle
represents the relative brightness of the corresponding source compared
to the target star. Arrows illustrate the proper motion of each star.

Appendix C: Period alias analysis
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Fig. C.1: Log probabilities for individual aliases below 100 d from
MonoTools analysis. Dark red bars show aliases ruled out by CHEOPS
non-detections. Light red bars show aliases ruled out by the initial
CHEORPS transit (at 13 = 2460254.82; also identical to the alias con-
straints from the additional TESS transit at 5 = 2460619.47). Light
blue bars show potential aliases after the third transit. The dark blue
bar (P, ~ 52d) shows the only other remaining alias after the sec-
ond CHEOPS transit detection (at 4 = 2460306.92), and the green bar
shows the true period confirmed by the third CHEOPS transit observa-
tion (at 7, = 2460645.53). Only solutions with P < 100 d are shown.

Appendix D: High-resolution image
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Fig. D.1: Contrast curves for speckle interferometry observations of
TOI-6041 are represented by blue and red solid lines, corresponding
to the 562 nm and 832 nm bands, respectively. The plot also features
the final reconstructed images, which are exhibited in the upper right
corner.

Appendix E: RV time series

Table E.1: APF RVs for TOI-6041

BJD (-2400000d) RV (ms™) ogy (ms™T) S-index O S_index

58878.746286 -3.675772 3.705683 0.285060  0.002000
58879.726339 -8.463644  3.290296 0.281664  0.002000
58879.738838 -10.997050  3.874931 0.286212  0.002000
58880.797159 -9.933371 3.128346 0.332416  0.002000
58880.812424 -2.336793  3.193655 0.365784  0.002000
58881.670902 -1.405450  2.060878 0.274256  0.002000
58884.751924 2.814829 3.092716 0.329735  0.002000
58886.765389 -4.769997  2.528419 0.315359  0.002000
58913.656211 3.664502 2.145155 0.286027  0.002000
59065.005918 -17.797050  1.920321 0.290075  0.002000
59151.875374 3.007125 1.906633 0.258785  0.002000
59175.81492 10.663193  1.952455 0.301509  0.002000
59178.799161 9.402857 2.273092 0.268886  0.002000
59183.839845 12.460935  1.684850 0.253937  0.002000
59185.745209 16.822493  1.802879 0.255540  0.002000
59187.824279 21703418  2.133267 0.299052  0.002000
59189.721148 25.945226  2.426826 0.277322  0.002000
59192.811932 -0.260808  2.545385 0.240542  0.002000
59194.730117 23.689326  2.835935 0.232222  0.002000
59196.746152 17.039138  2.876056 0.235607  0.002000
59203.745308 6.798748 2.251436 0.254774  0.002000
59205.809787 5.332593 3.136430 0.271199  0.002000
59220.708426 0.493159 1.988439 0.271507  0.002000
59222.726767 -16.407493  1.878274 0.287557  0.002000
59223.775499 -13.654458  3.084584 0.284669  0.002000
59224.707155 -17.611471  2.228663 0.267820  0.002000
59225.669654 -15.966185  3.911181 0.304180  0.002000
59227.782816 -19.936158  2.040957 0.249690  0.002000
59229.694648 0.122848 2.116640 0.233523  0.002000
59232.655802 4.722274 2.326371 0.270615  0.002000
59252.689723 15.755542  2.859335 0.246251  0.002000
59256.652165 4.500011 2.125033 0.279923  0.002000
59263.767872 17.587455  2.991848 0.295455  0.002000
59264.669769 17425248  2.796155 0.267046  0.002000
59268.769189 -20.203679  2.702685 0.229752  0.002000
59271.77326 -6.655588  2.415996 0.236950  0.002000
59300.643436 5.779297 2.001258 0.235421  0.002000
59302.643426 -7.140546 2.161766 0.280446  0.002000
59389.952101 6.882930 2.666451 0.329347  0.002000
59393.957888 -14.504518  2.662398 0.232953  0.002000
59394.972102 -25.068372  4.071342 0.100356  0.002000
59396.945806 -11.793712  2.117844 0.219664  0.002000

\ Continued on next page |
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Table E.1: APF RVs for TOI-6041 (continued from the previous
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page).
BJD (-2400000d) RV (ms™") ory (ms™T)  S-index TS index
59400.924655 -12.651099  2.256776 0.195205 0.002000
59405.922931 -16.243811 2.307827 0.272837  0.002000
59414.985241 -26.136852  2.186811 0.233966  0.002000
59416.986705 -13.068008  2.131959 0.277445  0.002000
59417.88872 -19.877650  2.693949 0.227865  0.002000
59418.989513 -17.074286 2.044257 0.282066  0.002000
59425.861153 -6.294075 2.245834 0.238931 0.002000
59435.896564 -8.876406 1.854445 0.285025  0.002000
59438.000685 -4.181937 1.831004 0.254261 0.002000
59440.003684 10.628007 2.211236 0.256321  0.002000
59443.940052 11.270397 2.258986 0.190402  0.002000
59452.911009 25.396281 1.897756 0.308554  0.002000
59457.836395 8.840762 2.029293 0.270793  0.002000
59458.84345 7.762176 2.052025 0.278758  0.002000
59461.955661 11.806341 2.938594 0.251668 0.002000
59463.862224 6.488133 1.981545 0.258889  0.002000
59469.849794 18.908617 1.885259 0.260064  0.002000
59474.86075 13.335184 1.845414 0.309356  0.002000
59484.832335 -11.059417 2.101504 0.254515 0.002000
59487.710553 -15.593764  2.452338 0.258694  0.002000
59491.844004 8.734471 2.135005 0.323412  0.002000
59497.825031 -19.616376 2.038971 0.292149  0.002000
59500.780816 -12.891278  2.061234 0.270509  0.002000
59502.81946 -11.342598 1.935440 0.239413 0.002000
59504.81671 -13.756204  2.653957 0.249042  0.002000
59515.830421 4.940400 2.450592 0.273709  0.002000
59521.922046 2.841695 1.904567 0.262198  0.002000
59529.609743 -7.240996 2.357965 0.231821 0.002000
59535.657523 -1.764802 3.112409 0.304540  0.002000
59539.783013 8.323448 2.361199 0.232327  0.002000
59543.802504 15.999291 2.526530 0.201152 0.002000
59547.817931 25.617852 1.907665 0.255249  0.002000
59551.787616 9.392959 2.123997 0.262901  0.002000
59556.780105 1.649591 3.957952 0.239870  0.002000
59565.958976 12.277812 2.721480 0.233771 0.002000
59585.659114 -10.616888 2.485141 0.281554  0.002000
59597.615832 -28.165146 2.133431 0.203673  0.002000
59605.813312 -7.165401 1.899179 0.406647  0.002000
59621.697561 4.152944 2.142703 0.238221  0.002000
59638.646756 0.345306 2.484259 0.251508  0.002000
59668.651078 -23.581879  2.956201 0.228605  0.002000
59669.651475 -15.166291 2.669378 0.230284  0.002000
59761.961077 -15.912920  2.240801 0.371436  0.002000
59784.865346 1.301724 2.756187 0.259621  0.002000
59814.883885 6.719600 1.782827 0.232911 0.002000
59846.815453 -17.704571 2.034993 0.266785  0.002000
59846.815453 -17.704571 2.034993 0.266785  0.002000
59895.802272 17.331376 2.011618 0.258387  0.002000
59929.725474 -5.523999 1.750116 0.226264  0.002000
59930.658269 4.045986 1.712320 0.244680  0.002000
59965.685832 11.280608 1.751465 0.334634  0.002000
59969.687373 9.881691 1.849688 0.249993  0.002000
59972.686895 -1.873843 2.257040 0.313591 0.002000
59976.716474 10.474115 1.742901 0.256628  0.002000
59993.64703 2.025093 1.921243 0.278203  0.002000
Table E.2: SOPHIE RV for TOI-6041

BJD (-2400000d) RV (m s’l) oRry (M s’l)

60526.62699 70475 23

60544.61465 7035.9 22

60563.62546 7046.5 24

60604.57924 7069.2 22

Appendix F: Periodogram on SAP TESS data
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Fig. F.1: Rotation period analysis from the SAP TESS light curve, after
masking transits of TOI-6041 b. Top: Lomb-Scargle periodogram show-
ing a broad, significant peak between 20-30 d, under the 0.001% FAP.
Bottom: Light curve phase-folded on the best-fit period (~23 d), with
the model overplotted in red. This analysis was performed using the
Astropy library.

Appendix G: Age probability distribution function

Probability

Fig. G.1: Posterior probability distribution for stellar age from the EXO-
FASTV2 fit (see Sect. 4.2). Each color represents an individual MCMC
chain, with the thick black curve showing the average across all chains.
The thin black vertical line marks the best value.

Appendix H: TTVs of TOI-6041 b
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Fig. H.1: TTV observed—calculated (O-C) diagram for TOI-6041b. The
transit times are calculated using a linear ephemeris model, T, = Ty + E -
P, with Ty = 2459890.114417 + 0.000467 BJD and P = 26.049584 +
2.37 x 107° d, where E represents the transit epoch. These values are
derived by minimizing the covariance between Ty and P, following the
approach described in Eastman et al. (2019).
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Appendix J: Different tests on the effect of a
potential third planet
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Fig. J.1: Transit-timing variations of TOI-6041b with a hypothetical planet
placed interior to planet b. We adopt circular and coplanar orbits for all three
planets and consider three orbital periods for the additional planet: 17.3 d (blue),
19.63 d (orange) and 20.96 d (green), corresponding to potential 3:2, 4:3 and 5:4
MMRs with planet b.
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Fig. J.2: Possible location of an additional planet in the TOI-6041 system. The
stability of a low-mass planet (K = 0.5 m/s) is analyzed as a function of semi-
major axis and eccentricity. All angles are set to 0°, except for the inclination
(90°). As in Figures 4 and 6, red regions indicate strongly chaotic orbits, while
dark blue regions correspond to long-term stability. White dashed lines indicate
the nominal orbital periods of planets b and c.
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Fig. J.3: Transit-timing variations of TOI-6041b with a hypothetical planet
placed between planets b and c. We adopt circular and coplanar orbits for all
three planets and consider two orbital periods for the additional planet: 36 d
(blue) and 41 d (red), corresponding to potential 4:3 and 3:2 MMRs with planet
b. In both cases, the resulting TTV amplitudes are consistent with the observed
variations.
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