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ABSTRACT

The Rossiter-McLaughlin (RM) effect is a method that allows us to measure the orbital obliquity of planets, which is an important
constraint that has been used to understand the formation and migration mechanisms of planets, especially for hot Jupiters. In this paper,
we present the RM observation of the Neptune-sized long-period transiting planet HIP41378 d. Those observations were obtained using
the HARPS-N/TNG and ESPRESSO/ESO-VLT spectrographs over two transit events in 2019 and 2022. The analysis of the data with
both the classical RM and the RM Revolutions methods allows us to confirm that the orbital period of this planet is ~278 days and that
the planet is on a prograde orbit with an obliquity of A = 57.1%%4°, a value which is consistent between both methods. HIP41378 d is

-179 >

the longest period planet for which the obliquity has been measured so far. We do not detect transit timing variations with a precision
of 30 and 100 minutes for the 2019 and 2022 transits, respectively. This result also illustrates that the RM effect provides a solution to
follow up on the transit of small and long-period planets such as those that will be detected by ESA’s forthcoming PLATO mission.

Key words. planetary systems — stars: individual: HIP41378 — techniques: radial velocities — techniques: spectroscopic —

stars: activity

1. Introduction

Space-based exoplanet transit surveys such as the former Kepler
and the upcoming PLATO missions are hunting for small and
long-period (from a hundred days up to a few years) transiting
planets (Borucki et al. 2010; Rauer et al. 2014). They allow the
community to explore planets that formed in the outer region of
the proto-planetary disk or have a different migration mechanism
than close-in planets (e.g. Ford 2014, and references therein).
Moreover, those planets are not intensively irradiated by their
host star, significantly affected by tides, or tidally locked; as a
consequence, the physics of their atmosphere as well as their
primordial composition are not impacted significantly. However,
those long-period exoplanets have very few transits that could be
detected during the lifetime of the space surveys. Consequently,
follow-up transit observations are important in order to (1) pre-
cisely constrain the orbital ephemeris and planetary parameters,

and (2) unveil transit timing variations (hereafter TTVs). From
the ground, their photometric transits are challenging to detect
since the events are rare, shallow, and with a duration that might
exceed the time span of a night (Bryant et al. 2021). They could
be detected from space with instruments such as CHEOPS (Benz
et al. 2021), but these kinds of observations are more expensive
and difficult to allocate.

An alternative way to follow up on transit events is
through spectroscopic measurements. In particular, the Rossiter-
McLaughlin (RM) effect (Holt 1893; Rossiter 1924; McLaughlin
1924) might be used to detect such transits. Gaudi & Winn
(2007) found that the amplitude of the RM effect might be larger
than the Keplerian orbit signal of long-period planets. In the
same spirit, the RM effect might be easier to detect from the
ground than the photometric transit, depending on some specific
physical and dynamical properties of the system. The advantages
of in-transit spectroscopic measurements over classical transit

A172, page 1 of 12

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe-to-Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202244182
https://orcid.org/0000-0002-2805-5869
https://orcid.org/ 0000-0002-3586-1316
https://orcid.org/0000-0002-9148-034X
https://orcid.org/0000-0002-6492-2085
https://orcid.org/ 0000-0001-9419-3736
https://orcid.org/0000-0002-5080-4117
https://orcid.org/0000-0003-2434-3625
https://orcid.org/0000-0001-7918-0355
https://orcid.org/0000-0001-8504-283X
https://orcid.org/0000-0003-3742-1987
https://orcid.org/0000-0001-7254-4363
https://orcid.org/0000-0003-1149-3659
https://orcid.org/0000-0003-4422-2919
https://orcid.org/0000-0001-9047-2965
mailto:salome.grouffal@lam.fr
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

A&A 668, A172 (2022)

photometry are the following: (1) ground-based high-precision
photometry is rather limited for bright stars (V < 10) because
of the seldomness of bright comparison stars, while no compari-
son stars are needed for the RM effect. (2) A bright Moon might
also perturb the photometry in the case that the sky conditions
are not photometric. RM measurements might not be signifi-
cantly affected by the Moon if the stellar lines are resolved from
the Moon contamination. (3) The photometric variation mainly
occurs during the transit ingress and egress, which might be
difficult to detect in the case of a long-duration transit from a
given observatory. Full-eclipse photometric variations are rel-
atively flat and challenging to detect. On the other hand, the
full-eclipse radial-velocity variation is as large as the ingress
and egress variations (Triaud 2018), and it is, therefore, easier
to detect with partial coverage of the transit, except for polar
orbits (e.g. Addison et al. 2013). Therefore, the RM effect offers
an interesting alternative to the ground-based detection of small
and long-period (hence long-duration transits) planets transiting
bright stars, especially if the latter has vsini,> 5 kms™! for
Neptune-sized planets. This is reinforced by the improved sta-
bility of the new-generation instruments, such as ESPRESSO on
the Very Large Telescope (VLT; Pepe et al. 2010).

In this context, the HIP41378 planetary system presents a rare
opportunity to study small and long-period exoplanets. This sys-
tem is composed of at least five planets transiting around a bright
(V = 8.93) F-type star (Vanderburg et al. 2016; Berardo et al.
2019; Becker et al. 2019). The two inner planets b and c are sub-
Neptunes with well constrained periods of 15.6 and 31.7 days,
respectively. The planets d, e, and f have long orbital periods
based on their transit duration. The outermost planet f has been
confirmed in radial velocity with an orbital period of 542 days
and an unexpected low density of 0.09 + 0.02 gcm™ (Santerne
et al. 2019).

Among these long-period planets, HIP41378 d has only been
observed twice in transit by the Kepler telescope during the K2
mission: once during campaign 5 and once three years later,
during campaign 18. As a result, there are 23 possible solu-
tions for the orbital period of planet d, up to 3 yr (i.e. the two
transits observed by K2 were consecutive events) with all the har-
monics down to ~48 days (the minimum orbital period allowed
during C5; Becker et al. 2019). Thanks to asteroseismology,
Lund et al. (2019) derived the stellar density with high preci-
sion and deduced that the most likely orbital period for planet
d, to minimise its eccentricity, is 278.36 days. However, other
transit detections are needed to fully secure the orbital period.
Such a detection of a small (R, = 3.54 £ 0.06 Rg) and long-
period (P4 = 278.36 days) exoplanet with a transit depth of only
~670 ppm and a transit duration of 12.5 h is challenging in pho-
tometry from the ground. As mentioned, the RM effect is an
alternative way to detect the transit of this planet. Considering
that the stellar rotation is vsini,~ 5.6 kms™' (Santerne et al.
2019), the RM amplitude is estimated at the level of 2 ms™! (see
Eq. (1) in Triaud 2018), which might be detectable with current
instrumentation for such a bright host star. By comparison, the
minimum expected radial velocity amplitude is about 0.12 m s~
as reported by Santerne et al. (2019).

Moreover, the RM effect provides interesting constraints on
the planet’s obliquity. Observations over the last decade have
shown that planets’ spin-orbit angle are not necessarily aligned
with their host stars (Winn et al. 2009). However, these mis-
alignments are mostly observed for hot Jupiters whose migration
processes can be the cause of the misalignment (Albrecht et al.
2012). Multiple systems such as HIP41378 tend to be aligned;
although, few measurements are available. This is likely a result
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of the conservation of angular momentum during protoplanetary
disk formation (Albrecht et al. 2013). As of today, four multiple
systems have been observed to be misaligned: Kepler-56 (Huber
et al. 2013), HD 3167 (Dalal et al. 2019; Bourrier et al. 2021),
K2-290 A (Hjorth et al. 2021), and # Men (Kunovac HodZié
et al. 2021). Planets in these systems have the common point to
exhibit relatively short orbital periods (P < 50 days). The oblig-
uity of long-period planets in multi-planetary systems remains
relatively unexplored and is an important step forward in our
understanding of their formation.

This paper presenting the RM detection of HIP41378 d is
organised as follows. The observations and data reduction are
described in Sect. 2. Section 3 presents the analysis of the RM
effect with two different methods. Finally, we discuss in Sect. 4
the derived orbital period of planet d and its obliquity as well
as prospects for future observations and a characterisation of
the system.

2. Observations and data reduction

In order to detect a third transit of HIP41378 d and to mea-
sure its spin-orbit angle, we secured spectroscopic observations
with the HARPS-N spectrograph (Cosentino et al. 2012) at the
3.6-m Telescopio Nazionale Galileo (TNG) at the Roque de Los
Muchachos Observatory in the island of La Palma, Spain. Those
observations were performed during the expected transit night
(assuming an orbital period of ~278 d) of planet d on 2019
December 19 (programme ID: A40DDT4). The target was con-
tinuously observed over 6.5 h near the expected transit egress.
We also secured out-of-transit observations over 1.5 h on 2019
December 22, three nights after the transit.

Since the transit duration of planet d is ~12.5 h
(Vanderburg et al. 2016), our 2019 HARPS-N observations could
only cover 40% of the transit. To improve this coverage, we
observed a second transit of planet d with both the HARPS-N
(programme ID: A45DDT2) and ESPRESSO (programme ID:
0109.C-0414) spectrographs. ESPRESSO (Pepe et al. 2021) is
mounted on the 8.2-m ESO-VLT (VLT) at Paranal Observatory
in Chile. This second transit occurred on 2022 April 01. The
target was continuously monitored with both instruments over
a total of 7.7 h near the expected mid-transit time. Out-of-transit
data were also secured with ESPRESSO over 2.9 h on the fol-
lowing night. Out-of-transit observations were not secured with
HARPS-N because of clouds.

To mitigate for possible high-frequency stellar noise, we
used an exposure time of 900s on both instruments. The
HARPS-N spectra were reduced following the method described
in Dumusque et al. (2021), while the ESPRESSO data were
reduced with the online pipeline (Pepe et al. 2021). The derived
radial velocities are reported in the Tables A.3—A.5.

The first five, in-transit HARPS-N spectra of the 2019 transit
were obtained at relatively high airmass (above X = 1.5) through
variable thin clouds. These spectra exhibit a significantly higher
photon noise (in the range 4-7 ms~! while the other data of
the radial-velocity time series have a photon noise at the level of
2-3 ms™'), and they were discarded from the analysis.

In 2022, the host star exhibited significant stellar variability
at the level of a few ms™! with a timescale of about a week (see
Fig. A.1), which superimposes with the Keplerian orbit of the
various planets. This leads to significant night-to-night variabil-
ity limiting the use of out-of-transit data taken the night after the
transit as a reference baseline for the analysis. To model the out-
of-transit radial velocity variability, we also used ESPRESSO
data collected as part of the monitoring programme 5105.C-0596
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within 10 days centred on the transit epoch. Those monitoring
data were obtained and reduced with the same method as the
transit data. They are also reported in Table A.5.

3. Analysis
3.1. Classical Rossiter-McLaughlin

We analysed the in-transit HARPS-N and ESPRESSO radial
velocities using the ARoME code based on the analytical model
developed by Boué et al. (2013). This code models the classical
RM effect assuming the radial velocities are derived by fit-
ting a Gaussian model to the cross-correlation functions (CCFs;
Baranne et al. 1996; Pepe et al. 2002) as is the case for HARPS-N
and ESPRESSO. The posterior probability was sampled using a
Markov chain Monte Carlo (MCMC) method as implemented
into the emcee package (Foreman-Mackey et al. 2013).

We first analysed the 2019 event alone. According to the
most likely orbital period (Lund et al. 2019), we expect to have
observed the transit egress. The HARPS-N data reveal a jump in
radial velocity within the night at the expected time of the tran-
sit egress with a difference of 3.4 + 1.1 ms~!. We interpret this
significant radial velocity change as the egress of planet d, since
no other transiting planets are expected at that time. The out-of-
transit data secured three nights after the transit exhibit an offset
at the level of 0.08 + 0.7 ms™' relative to the out-of-transit data
taken during the transit night. This offset is negligible.

For the MCMC analysis, we set the following as free param-
eters: the mid-transit epoch Ty 9, the spin-orbit angle A, the
sky-projected equatorial stellar spin velocity v sini,, an instru-
mental offset, and jitter term. The period, semi-major axis,
and planet-to-star radius ratio of the planet were fixed to the
median values reported by Santerne et al. (2019), and were
assumed for the 278-d solution for the orbital period. Since
we only observed a partial transit, we fixed the orbital inclina-
tion to the median value constrained by the K2 photometry. We
assumed the HARPS-N bandpass is similar to the Kepler one
and we fixed the limb darkening values to the median ones in
Santerne et al. (2019). Finally, three extra parameters were
needed to model the RM effect in ARoME: the apparent width
of the CCF o, which we fixed to 4.6 kms™!; the width of the
nonrotating star line profile, which we set to Sy = 3.2 kms™!
following the approach described in Santos et al. (2002); and
the macroturbulence, which we assume to be zero. All of these
values and priors are listed in Table A.1.

We ran emcee with 45 walkers of 107 iterations after a burn-
in of 5 x 10* iterations. Following the recommendation of the
emcee documentation (Foreman-Mackey et al. 2013), we tested
the convergence of the MCMC using the integrated autocorre-
lation time that quantifies the MC error and the efficiency of
the MCMC. We then derived the median and 68.3% credible
intervals of the parameters that we reported in Table A.1. Based
on the 2019 event only, we find that 2 = 40*$;°, which excludes
a retrograde orbit. For the transit epoch, we find that T 9 =
2458 836.42 +0.03, which is fully compatible with the predicted
transit epoch of 2458836.43. This leads to a non-significant
transit timing variation of 5 + 34 min.

We then considered the 2022 data. Since we observed the
partial transit and as no ingress and egress have been detected
in the data (as expected by the ephemeris), it is difficult to
confirm the detection of the RM effect. However, we detected
a significant slope with a 99.73% credible interval of [-9.9;
—0.41] ms~'d~! on the ESPRESSO data. This slope is beyond
the instrumental stability of ESPRESSO and is interpreted as

81 ESPRESSO 2022
@ HARPS-N 2019
64 @ HARPS-N 2022

Relative radial velocity [m/s]

—61 -==- RM model A =0°
—— RM model A = 46°

-10 s 0 5 10

Time from mid transit [h]
Fig. 1. RM effect for HIP41378 d. For HARPS-N 2019 (blue) and
HARPS-N 2022 (green), the empty circles are the data used for the
analysis, and the filled circles are the binned data. The red line is the
best fit from the combined RM effect and a GP which has a projected
obliquity of A = 46°. The dashed black line is the same model with a
projected obliquity of 4 = 0°.

the signature of the RM effect. Such a slope is not present in the
out-of-transit data.

We then analysed both the 2019 and 2022 events. We anal-
ysed the RM effect in the same way as was done previously,
except that we set a dedicated transit epoch for the 2022 event
(To22). Since no significant TTVs were detected on the 2019
event, we used, as a prior for the 2022 event, a Gaussian prior
centred on the expected transit epoch from Santerne et al. (2019)
and a conservative width of 1 h. We also used a dedicated
instrumental offset and jitter term for the HARPS-N data for
both events. We set an instrumental offset and jitter term for
ESPRESSO as well.

To take into account the stellar variability (with a period
of ~8.2 days; Santerne et al. 2019) and Keplerian orbits, dom-
inated by the orbit of HIP41378 b (K = 1.6 m s~!: Santerne et al.
2019), that affect the out-of-transit ESPRESSO data, we used
a Gaussian process (GP) with a squared exponential kernel as
follows:

2
k(Af) = Aexp [-% (%) } (1

with Ar being the time difference between data, A the ampli-
tude of the kernel, and / the characteristic timescale. The GP was
applied to ESPRESSO and HARPS-N data. The prior distribu-
tion for the new parameters and GP hyperparameters are listed
in Table A.1.

We ran emcee again with 45 walkers of 10° iterations after a
burn-in of 5 x 10* iterations. Convergence was also checked as
was done previously. The derived values from the posterior dis-
tribution functions (PDFs) are reported in Table A.1. Using both
events, we find that 1 = 463;° and T2, = 2 459 671.53 = 0.06
which leads to non-significant TTVs of 42 + 101 min compared
to the linear ephemeris.

The best-fit model of both the 2019 and 2022 events are dis-
played in the Fig. A.1 and phase-folded in Fig. 1. As a check,
we also fitted the out-of-transit ESPRESSO data with a GP and
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find that the in-transit data present a radial-velocity anomaly
compatible with the RM effect (see Fig. A.2).

3.2. Rossiter-McLaughlin Revolutions

The classical analysis of the RM effect, based on the anoma-
lous RV deviation of the disk-integrated stellar line, can yield
biased and imprecise results for A and vsini. (e.g. Cegla et al.
2016b; Bourrier et al. 2017). We thus performed a complemen-
tary analysis using the RM Revolutions technique (Bourrier et al.
2021), which interprets the planet-occulted stellar lines directly.
This technique, however, requires that a reference spectrum can
be calculated for the unocculted star, which is not possible for
the 2022 HARPS-N and ESPRESSO data. The stellar line shape
changed significantly between 2019 and 2022, preventing us
from using the 2019 out-of-transit data as a reference for the
2022 transit. We thus focussed on the 2019 HARPS-N tran-
sit, in which post-transit exposures are available to compute the
reference stellar spectrum.

Orbital and transit properties of HIP41378d are fixed to the
values reported in Table A.l. Since a precise mid-transit time
is essential to our analysis and no significant TTVs were found,
we set its value using the nominal ephemeris from Santerne et al.
(2019) in Supplementary Table 8. At the epoch of the 2019 obser-
vation, the uncertainty on the transit epoch considering a linear
ephemeris is 4.6 min. This uncertainty is significantly lower than
the exposure time of 15 min for each spectrum, which justifies
using this value to fix the mid-transit time. We aligned the disk-
integrated CCFs, CCFpy, in the star rest frame, by correcting the
following: (i) their radial velocities from the combined Keplerian
orbits of the planets and (ii) the centroid of the master out-of-
transit CCFp; (master-out). Aligned CCFp; were then scaled to
the flux expected during the transit of HIP41378 d using a transit
model using the Batman code (Kreidberg 2015), with parameters
taken from Santerne et al. (2019). The CCF of the stellar disk
occulted by the planet were retrieved by subtracting the scaled
CCFpp from the averaged out-of-transit one. Finally, they were
reset to a common flux level to yield comparable intrinsic CCFs,
called CCFyy (see Fig. 2).

We fitted a Gaussian profile to each CCFy,, using emcee.
The signal-to-noise ratio (S/N) of individual CCFyy, is too low to
detect the resulting stellar line from the planet-occulted region.
This results in broad PDFs for the line properties and prevents
the derivation and interpretation of surface RVs along the tran-
sit chord with the reloaded RM approach (Cegla et al. 2016a).
This highlights the interest of the RM Revolutions technique
to exploit the signal from small planets. This technique indeed
exploits all of the information contained in the transit time
series by directly fitting a model of the stellar line to all CCFy,
simultaneously (details can be found in Bourrier et al. 2021).
Planet-occulted stellar lines were modelled as Gaussian profiles
with the same contrast, full width at half maximum (FWHM),
and with centroids set by a RV model of the stellar surface
assumed to rotate as a solid body. The time series of theoreti-
cal stellar lines was convolved with a Gaussian profile of width
equivalent to HARPS-N resolving power, before being fitted to
the CCFyy; map over [—50,50] kms™' in the star rest frame.
Uncertainties on the CCF,,, were scaled with a constant factor
to ensure a reduced y? unity for the best fit.

We ran 40 walkers for 2000 steps, with a burn-in phase of
500 steps. These values were adjusted based on the degrees of
freedom of the considered problem and the convergence of the
chains. Best-fit values for the model parameters were set to the
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Fig. 2. Result of the RM Revolutions analysis. Top panel: map of the
CCF,y during the 2019 transit of HIP41378 d. The core of the stellar line
from the planet-occulted regions is faintly visible as a brighter streak
along the green line, which shows the stellar surface RV model from
the RM Revolutions best fit. Egress transit contacts are shown as green
dashed lines. Values are coloured as a function of the flux and plotted
as a function of RV in the star rest frame (in abscissa) and orbital phase
(in ordinate). Bottom panel: average of in-transit CCF,,, after they were
shifted to a common rest frame using the surface RV model. The dashed
profile is the stellar line model from the RM Revolutions best fit.

median of their PDFs, and their 1o~ uncertainty ranges were
defined using the highest density intervals. MCMC jump param-
eters are the unconvolved line contrast, FWHM, A, and vsini,.
We used uniform priors as defined in Table A.2. This yielded
bimodal PDFs, with a non-physical node associated with a
FWHM larger than the width of the disk-integrated line A around
90° and v sin i, significantly larger than the expected value. This
node corresponds to the spurious dip around ~12 kms~' that is
visible in the first CCF;,, that were taken at high airmass through
thin clouds (see Fig. 2). To fit this feature, the MCMC needs to
explore polar orbits on a fast-rotating star that is not compat-
ible with the observed vsini,. This solution can be naturally
excluded by imposing, as a prior, that the quadratic sum of the
FWHM of the CCF;,, vsiniy, and the instrumental FWHM is
lower than the FWHM of the CCFpy, and hence 9.8 kms™'.
This second fit results in the PDFs displayed in Fig. A.4.
The best-fit local-line model is deeper and narrower than the

disk-integrated line, as expected for this relatively fast rotator

(vsini,= 6.8f{_'(]) kms™"). We derived A = 57.1:“%?_’3", which is

in agreement with the classical RM analysis of the 2019 and
201942022 transits.
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Table 1. Twenty-three possible orbital solutions for the period of
HIP41378 d.

Orbital period TESS RM RM
[d] 2019 201942022
1113.4465 v X X
556.7233 v v X
371.1488 v X X
278.3616 v v v
222.6893 X X X
185.5744 v v X
159.0638 X X X
139.1808 X v v
123.7163 X X X
111.3447 X v X
101.2224 v X X
92.7872 v v v
85.6497 X X X
79.5319 X v X
74.2298 X X X
69.5904 X v v
65.4969 X X X
61.8581 X v X
58.6024 X X X
55.6723 X v v
53.0213 X X X
50.6112 X v X
48.4107 X X X

Notes. Values are taken from Becker et al. (2019). The orbital solutions
that would have led to a transit during one of the sectors when TESS
observed HIP41378 are indicated with X, while those compatible with
no transit detection in TESS data have a v'. Similarly, orbital solutions
compatible with the RM detection in the 2019 event alone and both the
2019 and 2022 events have a v'while those that are not compatible with
those observations have an X. The adopted solution is highlighted in
bold face.

4. Discussions and conclusions
4.1. Orbital period and ephemeris

In this paper, we report spectroscopic observations during the
expected transit of HIP41378 d. A transit egress was clearly
detected with HARPS-N during the 2019 event exactly at the
predicted time (719 = 2 458 836.42 + 0.03) and predicted
amplitude. We also detected the RM effect with ESPRESSO
during the 2022 event that is compatible with a transit time of
To2 =2 459 671.53 + 0.06. Considering the 23 possible solu-
tions for the orbital period of planet d (Becker et al. 2019), only
11 of them are compatible with the 2019 event and only five
are compatible with both the 2019 and 2022 events. These solu-
tions are listed in the Table 1. The TESS space telescope (Ricker
et al. 2015) also observed HIP41378 over sectors 7, 34, 44, 45,
and 46. No clear transit of planet d was detected in the public
data, while the photometric precision is enough to significantly
detect such an event. Considering the times of observations of
TESS, only seven out of the 23 possible solutions are compat-
ible and are listed in Table 1. Combining the three constraints,
the only orbital periods of planet d that are compatible with
both the TESS photometry and the RM observations are 278 and
92 days. Given a transit duration of 12.5 h, a period of 92 d would
mean the orbital eccentricity of planet d is greater than 0.37
(using Eq. (5) in Becker et al. 2019), a value considered unlikely

given that all other planets are found with a low eccentricity
(Santerne et al. 2019). As a consequence, we assert that the
orbital period of HIP41378 d is 278 days. This solution is also
the one that minimises the orbital eccentricity (Lund et al. 2019).
Planet d is thus near the 3:4 mean-motion resonance (MMR)
with planet e (assuming an orbital period of P, = 369 + 10 days)
and near the 1:2 MMR with planet f (P; = 542 days). Based
on our observations, we do not detect significant TTVs for
planet d. Assuming a linear ephemeris and using the four tran-
sits detected, we expect the next mid-transit of HIP41378 d to
occur on BJD = 2 459 949.8787 + 0.0077 (2023 January 05
at 09:05 UT). The transit ingress is expected to start at BJD =
2459 949.6148 and transit egress to end at BJID =2459950.1427.
This event could be observed by the CHEOPS space telescope.

4.2. System’s obliquity

The analysis of the 2019 data with the RM Revolutions indi-
cates that the sky-projected orbital obliquity of planet d is A =
57.173%5°, with a 99.74% credible interval of [—14,94]°. This
result is fully compatible with the classical RM from both the
2019 and 2019+2022 events. We can reject a retrograde orbit. The
marginalised PDF of A (see Fig. A.4) exhibits a maximum that
favours a nearly polar orbit. To confirm this possible misalign-
ment, more RM observations are needed. A possibility would
be to observe the RM effect of planet f, which is ~3 times
larger than planet d, to further constrain the obliquity of this
unique system.

However, other multiple systems, such as HD 3167, have
planets with substantially different obliquities, up to orthogonal
orbits (Bourrier et al. 2021). If the system around HIP41378 is
in the same situation, we cannot use planet f to confirm the mis-
alignment of planet d, and hence of the system. If two transiting
planets in a system have different obliquities, it means we are
observing them near their line of nodes. In such a case, the transit
probabilities of both planets are independent, unlike for systems
with low mutual inclination. As a consequence, the probability
that two planets within the same system are transiting with dif-
ferent obliquity is the product of their transit probability. In the
case of HD 3167, this probability is the following:

P(BN C) = P(B) x P(C), )

with P(B) and P(C) being the transit probability of planets b
and c, respectively. The transit probability only depends on the
geometry of the system, with P(B) = R, /a; and P(C) = R, /a.
(assuming no eccentricity), with a; and a. being the semi-major
axis of planets b and c, respectively. Using the values derived in
Christiansen et al. (2017), we find that P(B N C) = 0.6%, so the
probability that both transiting planets have different obliquity is
not negligible.

In the case of HIP41378, there are five transiting exoplan-
ets and they have much longer orbital periods than the HD 3167
planets. If we assume that planets d and f might have a differ-
ent obliquity, as in the HD 3167 system, then the probability
that they both transit is P(D N F) = 3 x 1077 using the values
in Santerne et al. (2019) and it is therefore very unlikely. If we
now assume that the orbits of the five planets are all indepen-
dent, then the probability that those five planets are transiting is
thus PBNCNDNENF)=2x107'9 As a consequence, the
five orbits are unlikely to be independent. This is also supported
by the fact that all planets have a low mutual inclination (unlike
HD 3167) below 1.5°, which is even lower when only consider-
ing the outermost planets d, e, and f whose mutual inclination is
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below 0.2°. This is fully compatible with the results of He et al.
(2020) who found that the mutual inclination within a five-planet
system such as HIP41378 is about 1.10°. This supports the idea
that planets in a multi-planetary system tend to have very low
mutual inclinations.

One might therefore use the obliquity of planet f to infer
the one of the systems, including of planet d. Planet f has a
radius 3 times larger than planet d, and hence the amplitude
of the RM signal is expected to be larger (up to 30 ms™)
and easier to detect than for planet d. The next opportunity to
observe the transit of planet f will occur on 2022 November 13
(Alam et al. 2022).

By combining the rotation period of the star, its radius, and
the value of the v sini,obtained with the RM Revolutions anal-
ysis, it is possible to infer the stellar inclination, that is to say
the inclination of the spin axis of the star with the line of sight.
The knowledge that the planets are transiting assures us that
the planets are nearly edge-on and an inclined star can there-
fore be an indication of a misaligned system. A stellar rotation
period of 6.4 + 0.8 days has been found thanks to K2 photom-
etry (Santerne et al. 2019) and combined with the stellar radius
to obtain an equatorial rotational velocity of 10.1 + 1.3 kms™!.
This value is significantly different from the v sini,found with
the RM Revolutions analysis. This lead to a stellar inclination
of iy north = 427}°° (with the stellar north pole facing us) and
iwsouth = 1385'° (with the stellar south pole facing us). The
obliquity ¥ of the system can then be inferred from the pro-
jected obliquity A, the stellar inclination i, and the planetary
inclination i, according to Fabrycky & Winn (2009):
cos¥ = sini; cos Asiniy, + cosi; cosip,. (3)

Combining the equiprobable PDFs of W, and Wsouh, We
obtain ¥ = 697};°, which excludes a spin-orbit alignment.

It is surprising to have such a system with five transiting exo-
planets at long orbital periods on misaligned orbits. In Fig. 3, we
display all transiting exoplanets with measured obliquity from
the TEPcat catalogue (Southworth 2011), highlighting the fact
that HIP41378 d is the longest orbital period planet with a mea-
sured obliquity so far. Most exoplanets with already measured
obliquity have short orbital periods and only a few planets in
multiple systems have been observed with high obliquity. One
of the reasons that is used to explain the misalignment of hot
Jupiters is the high-eccentricity tidal migration (e.g. Dawson &
Johnson 2018). However, planets in the HIP41378 system are
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5300 N Fig. 3. Absolute value of the projected obliquity,
B, as a function of the orbital periods for planets
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at relatively long orbital periods (the inner planet is orbiting at
~15 days) where tides are negligible. Since the planets are near
the mean-motion resonance, it is also unlikely that they had a
high-eccentricity migration. We can thus exclude this scenario
as an explanation for the possible misalignment of the system.

Since the various orbits of the HIP41378 system are unlikely
to be mutually inclined, a primordial mechanism, tilting the disk
as a whole, may be a promising lead to explain the possible mis-
alignment we observe (see Albrecht et al. 2022, and references
therein). Although an expected result would be a rough align-
ment between the star and the protoplanetary disk, because they
both inherit their angular momentum from the same part of a
collapsing molecular cloud, some processes are able to alter this
picture. Indeed, if HIP41378 formed in a dense and chaotic envi-
ronment, interactions with neighbouring protostars or clumps of
gas might cause an oblique infall of materials, possibly tilting the
disk (Fielding et al. 2015; Bate 2018), even though this process is
expected to generate moderate obliquities (Takaishi et al. 2020).
Magnetic warping could also have misaligned the disk by ampli-
fying any initial small tilt, due to the action of the Lorentz force
induced by a differential rotation between the young HIP41378
star and the ionised inner disk (Foucart & Lai 2011; Romanova
et al. 2021).

Alternatively, Rogers et al. (2012, 2013) argued that hot
stars have photospheres that undergo random tumbling because
of the propagation of internal gravity waves generated at the
radiative-convective boundary. This process could have mis-
aligned the stellar spin axis itself, leaving the orbital planes
mutually aligned, but tilted with respect to the stellar equator.
The feasibility of this mechanism in the case of HIP41378 is
however unclear since it lies at the boundary between what is
traditionally considered as cool or hot stars (e.g. Winn et al.
2010). In any case, the occasioned obliquity could hardly have
been damped in the past, as tidal effects have no action at such
large separations.

This paper shows that the RM effect could be used to moni-
tor the transit of small and long-period planets transiting bright
stars if the latter is rotating moderately fast, similar to HIP41378.
This approach could be used to measure large transit timing vari-
ations from the ground; although, it requires either the detection
of the transit ingress or egress or good precision on the orbital
obliquity of the system. A multi-site campaign is important to
overcome the long transit duration of those planets and increase
the probability of detecting a transit ingress or egress, even for
planets whose transit depth is too shallow to be detected in
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photometry from the ground. The RM effect could be used to
measure transit time variations for the future long-period planets
that the PLATO space mission (Rauer et al. 2014) will discover.

The projected obliquity found with the RM Revolutions anal-
ysis as well as the estimation of the true obliquity shows that the
system is likely misaligned. The obliquity of the system has to be
confirmed by a future RM detection of other planets in the sys-
tem, but the obliquity determination of such a long-period and
small planet is already a step forward in the understanding of the
misalignment of planetary systems.
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Appendix A: Supplement figures and tables
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Fig. A.1. Left panel: HARPS-N 2019 data (blue dots) with the best-fit RM model as a red line. Right panel: In- and out-of-transit data from
ESPRESSO (orange) and in-transit data from HARPS-N (green) for the run of 2022. The red shaded area is the combined best fit of the RM effect
and a GP for the out-of-transit data from ESPRESSO. The Keplerian orbit of planet b is represented as a dashed grey line.
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Fig. A.2. Left panel: Result of the GP fit (red line) to the out-of-transit ESPRESSO data (orange points). The in-transit data in blue are not taken
into account for the GP fit. Right panel: Zoom on the residuals between the in-transit data from ESPRESSO and the GP fit to the out-of-transit
data. The in-transit data show a median radial velocity anomaly of —1.18 +0.17 ms™' that is interpreted as the signature of the RM effect.
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Table A.1. List of parameters used in the classical analysis.

Parameter model Prior Posterior (median and 68.3% C.1.)
2019 2019 + 2022

Rossiter-McLaughlin model parameters

Period P, [d] fixed 278.3618

Transit epoch 2019 Ty 19 [BJD - 2400000] N(58836.4318,0.0833) 58836.4195 + 0.0271 58836.4169 + 0.0249

Transit epoch 2022 T, [BID - 2400000] N(59671.5049, 0.0833) - 59671.5279 + 0.0634

Semi-major axis [R.] fixed 147.03

Orbital inclination i, [°] fixed 89.81

Projected obliquity A [°] U(-90, 360) 4073 463

Eccentricity [°] fixed 0

Limb darkening coefficient u, fixed 0.315

Limb darkening coefficient u; fixed 0.304

Width of the non-rotating line profile Sy [ kms™'] fixed 3.2375

Stellar equatorial velocity vsini, [kms™'] NGS5, 1) 59+14 38+1.0

Width of the CCF o [kms™!] fixed 4.5864

Planet radius R, [ R.] fixed 0.0253

Stellar radius R, [Ro] fixed 1.28

Instrumental parameters

Jitter HARPS-N 2019 [ ms™'] U0, 10) 0.63 +£0.56 0.68 = 0.59

Jitter HARPS-N 2022 [ms™'] U, 10) - 1.08 £ 0.78

Jitter ESPRESSO 2022 [ms~'] U, 10) - 0.56 = 0.17

Offset HARPS-N 2019 [ms™!] U (50000, 51000) 53198.08 + 0.75 53197.72 £ 0.68

Offset HARPS-N 2022 [ms™']
Offset ESPRESSO 2022 [ms™!]

U(50000, 51000)
U(50000, 51000)

- 53193.55 + 12.57*
- 50600.73 + 12.54*

Gaussian Process parameters
coefficient ¢ U, 100)
coefficient A U0, 100)

- 40+1.8
- 15+

* The relative offset between HARPS-N and ESPRESSO in 2022 is <1 ms™'.

Table A.2. List of parameters used in the RM Revolutions analysis.

Parameter model Prior Posterior (median and 68.3% C.1.)
Rossiter-McLaughlin Revolutions model parameters

FWHM [kms™'] U(0,30)* 3.811%

Line contrast UQO,1) 0.6 +£0.1

Projected obliquity A [°] U(-180, 180) 5715758
vsini,[kms™] U(0,20)* 6.8+1.0

* The other prior: the quadratic sum of the FWHM of the CCF,, v sini,, and the instrumental FWHM must be lower

than the FWHM of the CCFpy, and hence 9.8 kms™'

NOTE: All the orbital and transit parameters are fixed and taken from Santerne et al. (2019).
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Co

AHIP41378d](")

Veqsin i (km/s)

is(%)

HIP41378d_y

FWHMq Co A[HIP41378d](°) Vegsin - (kms) () HIP41378d_y

Fig. A4. Correlation diagrams for the PDFs of the RM Revolutions model parameters: the FWHM, Cy, A, and vsini,, as well as the inferred
parameters i, and ¥ . Green and blue lines show the 1 and 20~ simultaneous 2D confidence regions that contain 39.3% and 86.5% of the accepted
steps, respectively. One-dimensional histograms correspond to the distributions projected on the space of each line parameter, with the green dashed
lines limiting the 68.3% highest density intervals. The blue lines and squares show the median values. A high-resolution plot can be provided upon
request.
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Table A.3. HARPS-N 2019 radial velocity data.

Time [BJD-2400000]

RV [m.s71]

ORYV [m.s 1]

A&A 668, A172 (2022)

Table A.5. ESPRESSO 2022 radial velocity data.

58836.50490*
58836.51532*
58836.52679%*
58836.53650*
58836.54852*
58836.55875
58836.56924
58836.57997
58836.59164
58836.60112
58836.61180
58836.62302
58836.63342
58836.64449
58836.65485
58836.66523
58836.67617
58836.68705
58836.69763
58836.70815
58836.71927
58836.72974
58836.74035
58836.75096
58836.76181
58836.77246
58836.78321
58836.79381
58839.54026
58839.55089
58839.56143
58839.57192
58839.58271
58839.59336
58839.60429

50566.14646
50565.39129
50568.22701
50572.81001

50573.82814
50562.47735
50563.39081
50568.51587
50561.78496
50560.71606
50563.67220
50563.62464
50563.00342
50562.47897
50563.69707
50562.71957
50563.25493
50567.04820
50564.31770
50568.54011
50564.32930
50567.06047
50564.37499
50571.49768
50566.48523
50565.14599
50570.12908
50564.80594
50566.97746
50566.34706
50566.40512
50564.42954
50569.59841
50566.58024
50567.58993

6.109333
4.403379
5.941264
4.941047
7.256684
3.520979
3.972621
3.077452
2.890512
2.088641
2.216153
2.404741
2.242640
1.925289
1.762094
1.848962
1.998792
1.996846
2.238532
2.277891
2.364764
2.296536
2.373564
2.711264
2.890773
3.062877
3.308243
3.633269
2.171005
2.003333
1.960066
1.950018
2.132951
2.407460
2.580426

night.

Data points with an asterisk have been removed from the anal-

ysis due to bad observation conditions at the beginning of the

Table A.4. HARPS-N 2022 radial velocity data.

Time [BJD-2400000] RV [m.s™']  ogy [m.s7T]
59666.64409 50601.02521 0.774030
59667.60457 50600.48849  0.737487
59668.49442 50601.25985 0.694932
59671.48935 50604.68854  0.637348
59671.50020 50604.66374 0.693104
59671.51106 50605.97768 0.668581
59671.52191 50604.16692 0.652153
59671.53277 50605.78427 0.657152
59671.54363 50604.62196  0.669004
59671.55448 50604.25214 0.607821
59671.56534 50604.53055  0.645923
59671.57619 50603.13627 0.691523
59671.58705 50603.53464  0.705170
59671.59790 50603.64105 0.690240
59671.60875 50603.68365  0.738659
59671.61961 50605.29261 0.714326
59671.63047 50603.91014 0.656317
59671.64120 50604.12206 0.657496
59671.65217 50603.74764 0.766929
59671.66303 50605.54514 0.906788
59671.67501 50603.03014  0.806379
59672.48770 50604.72785 0.493576
59672.49856 50603.96418 0.501172
59672.50951 50604.29583 0.494510
59672.52027 50603.16844 0.513161
59672.53113 50605.51262 0.504788
59672.54198 50604.39121 0.494640
59672.55284 50604.02493  0.503966
59672.56369 50603.65029  0.500055
59672.57455 50606.35976 0.517452
59672.58540 50604.68079 0.521614
59672.59615 50604.55110 0.537089
59672.60711 50604.80654  0.558791
59673.59898 50601.46368  0.700858
59674.56924 50598.51450 0.518263
59675.55471 50595.66269  0.576696

Time [BJD-2400000] RV [m.s'] oy [m.s7']
59671.35500 50569.37634 1.974639
59671.36610 50570.60270  2.594303
59671.37714 50572.84831 2.416007
59671.38807 50568.83393 1.968809
59671.39833 50566.43715 1.912247
59671.40906 50569.79915 1.841241
59671.41943 50570.77878 2.170695
59671.43017 50572.17411 2.417459
59671.44145 50573.60023 2.599720
59671.45198 50572.30215 2.988142
59671.46238 50566.26753 3.611159
59671.47437 50569.44185 2.866616
59671.48401 50569.47288 2.903470
59671.49522 50572.11090 1.783341
59671.50453 50572.22546 2.361605
59671.51647 50569.90146 2.690191
59671.52747 50571.63100 2.283775
59671.53769 50573.85582 2.319703
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