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ABSTRACT

The AU Microscopii planetary system is only 24 Myr old, and its geometry may provide clues about the early dynamical
history of planetary systems. Here, we present the first measurement of the Rossiter—McLaughlin effect for the warm sub-
Neptune AU Micc, using two transits observed simultaneously with the European Southern Observatory’s (ESO’s) Very
Large Telescope (VLT)/Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Observations (ESPRESSO),
CHaracterising ExOPlanet Satellite (CHEOPS), and Next-Generation Transit Survey (NGTS). After correcting for flares and for
the magnetic activity of the host star, and accounting for transit-timing variations, we find the sky-projected spin—orbit angle of

planet ¢ to be in the range A, = 67.87347 degrees (1o). We examine the possibility that planet c is misaligned with respect to the
orbit of the inner planet b (A, = —2.9611037), and the equatorial plane of the host star, and discuss scenarios that could explain

both this and the planet’s high density, including secular interactions with other bodies in the system or a giant impact. We note
that a significantly misaligned orbit for planet c is in some degree of tension with the dynamical stability of the system, and with
the fact that we see both planets in transit, though these arguments alone do not preclude such an orbit. Further observations
would be highly desirable to constrain the spin—orbit angle of planet ¢ more precisely.

Key words: techniques: photometric —techniques: radial velocities — planets and satellites: dynamical evolution and stability —
planets and satellites: formation — stars: activity — stars: individual: AU Microscopii.

particularly true for systems younger than 100 Myr. At such young
ages, the key processes shaping the final system are at their strongest,
Transiting planets around young stars are useful laboratories for including interactions between the planets, the disc they form in, and
studying the formation and evolution of planetary systems. This is the host star (Burrows et al. 1997; Mordasini et al. 2012; Owen 2019).

In particular, information about the early dynamical history of the

system is encoded in the orientation of the orbits of young planets
* E-mail: haochuan.yu@physics.ox.ac.uk and the spin of the host star (Winn & Fabrycky 2015). Planets might
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undergo scattering events, collisions (i.e. giant impacts), or secular
perturbations after their formation within the protoplanetary disc,
which can lift their orbital inclinations (Wu & Murray 2003; Chat-
terjee et al. 2008). Subsequently, the orbital plane might be altered
by tidal dissipation (see e.g. Bolmont & Mathis 2016). Obliquity
measurements for young planets with well-measured ages are vital
to constrain the key time-scales for these mechanisms. Specifically,
measurements for systems that are too young to have undergone
significant tidal alteration of obliquity allow us to gain insight into
their initial configurations (Mantovan et al. 2024). However, these
measurements are still scarce. Only seven such measurements have
been published to date (see Albrecht, Dawson & Winn 2022, for a
review). Some practical obstacles to performing these measurements
are the rapid rotation and intense magnetic activity of the host stars,
which severely hamper the detection and characterization of young
planets.

The AU Microscopii system illustrates these points. It is one of
the most interesting young multiplanet systems known to exist,
and is seemingly favourable for observations because it is only
9.7 pc away (Gaia Collaboration 2018) and is one of the brightest
M dwarfs in the sky (V = 8.7; Torres et al. 2006). As a member
of the Beta Pictoris moving group (Barrado y Navascués et al.
1999), it has a well-constrained age of 24.31’8;% Myr (e.g. Malo et al.
2014; Mamajek & Bell 2014; Messina et al. 2016; Miret-Roig et al.
2020; Galindo-Guil et al. 2022) and has long been known to host
an edge-on debris disc (Kalas, Liu & Matthews 2004), in which
fast-moving structures of unclear origin have been imaged with
Spectro-Polarimetic High contrast imager for Exoplanets REsearch
(SPHERE) on the Very Large Telescope (VLT) and Hubble Space
Telescope (HST; Boccaletti et al. 2015, 2018). However, the star’s
brightness and radial velocity (RV) have been intensively monitored
and found to be highly variable and complex. The light curve displays
quasi-periodic brightness fluctuations that indicate a 4.85-d rotation
period (Rodono et al. 1986; Hebb et al. 2007), along with frequent
flares (Robinson et al. 2001). The spin of the star appears to be
closely aligned with the debris disc, based on the comparison between
the inclinations of the stellar rotation axis, i = 87.33:‘; degrees,
and the disc axis, igic = 89.41’8:{ degrees (Hurt & MacGregor
2023).

Two close-in transiting Neptune-sized planets were discovered
around AU Mic using photometry from the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015). The planets were
reported by Plavchan et al. (2020) and Martioli et al. (2021)
with orbital periods of P, = 8.46d and P, = 18.86d, respectively.
Ongoing monitoring of the transits using the TESS, Spitzer (Werner
et al. 2004), and CHaracterising ExOPlanet Satellite (CHEOPS;
Benz et al. 2021) space telescopes, and ground-based observato-
ries, revealed significant transit-timing variations (TTVs) in the
system (Szabd et al. 2021, 2022; Wittrock et al. 2022, 2023).
To explain the observed TTVs, Wittrock et al. (2023) invoked
an additional, non-transiting planet ‘d’ located between planets
b and c, with a mass comparable to the Earth and an orbital
period of Py = 12.73d. Several studies have reported masses for
the two transiting planets based on optical and near-infrared RV
monitoring (Cale et al. 2021; Zicher et al. 2022; Donati et al.
2023). The star’s rapid rotation and strong magnetic activity in-
duce RV variations that can reach up to 1 kms~' in amplitude,
dwarfing the planet-induced signals and making the resulting mass
measurements highly dependent on the modelling of stellar activ-
ity. In this work, we adopt the mass and radius estimates from
Donati et al. (2023) of R, =3.55+0.13Rg, My = 10.2737 Mg,
R, =2.56 £ 0.12Rg, and M. = 14.2%3¥ Mg, Donati et al. (2023)
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did not confirm or rule out planet d, but reported an additional
candidate non-transiting planet with a period of P. = 33.4d and
a mass of ~35Mg, which may also play a role in explaining the
observed TTVs.

The fact that planet c¢ is denser than planet b (p, =
1.2670% o cm=3, p, = 4.7723 o cm~3; Donati et al. 2023) suggests
that planet ¢ has a more massive solid core and a smaller H/He
gaseous envelope (Zicher et al. 2022). This can be in tension with
the general theoretical expectation that a more massive solid core
should be able to accrete a larger mass of gas from the protoplanetary
disc (Owen & Wu 2013). Possible explanations include (a) planet ¢
could be the result of a giant impact between two outer planets in the
system, or (b) planets b and c could have formed in starkly different
conditions within the same disc (Zicher et al. 2022). Measuring
the orientation of AU Mic c¢’s orbit might be helpful to differentiate
between these scenarios.

When a transiting planet crosses over the disc of the host star,
a portion of the blueshifted or redshifted starlight (due to stellar
rotation) is blocked from the line of sight. This causes distortions of
the disc-integrated stellar spectrum and an ‘anomalous’ apparent
RV, which reflects the trajectory of the planet. This is the so-
called Rossiter—-McLaughlin (RM) effect, which allows for the
measurement of the projected angle between the planet’s orbit and
the stellar rotation axis, also known as the projected spin—orbit angle
(Queloz et al. 2000; Winn et al. 2005). Multiple studies (Hirano et al.
2020; Palle et al. 2020; Addison et al. 2021; Martioli et al. 2021)
have used RM observations to constrain the projected spin—orbit
angle of AUMicb to be consistent with zero (A, = —2.967]0%0;
Palle et al. 2020). In this work we aim to make the first same
type of measurement for planet c. A misaligned orbit for planet ¢
would suggest that the planet has undergone significant dynamical
interactions after the dispersal of the gas disc, thus favouring the
giant-impact scenario (a), or other type of dynamical disruption. In
contrast, an aligned orbit would indicate a more sedate dynamical
history, compatible with scenario (b).

The measurement of the projected spin—orbit angle A from RM
observations is known to be affected by significant degeneracies
with other parameters that are also related to the local RV of the star
along the transit chord. These include the time of the mid-point of
the transit, the planetary orbital inclination i (or impact parameter,
b =acosi/R,), and the star’s projected rotation velocity v sini,
(e.g. Gaudi & Winn 2007). Thanks to the wealth of existing space-
based photometry and high-resolution spectroscopy, most of these
parameters are relatively well known for AU Mic and its transiting
planets (e.g. Pro; = 4.856 +0.003d and vsini, = 8.5+ 0.2kms™!;
Donati et al. 2023). However, both planets display TTVs, with
TTV amplitudes of 20-30 min reported for planet b, and 5-10
min for planet ¢ (Szabé et al. 2021, 2022; Wittrock et al. 2022,
2023). These TTVs make it challenging to predict transit mid-
points precisely enough to plan and interpret our new spectroscopic
observations; for planet c, the most recent published observations
were conducted 2 yr before our Echelle SPectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations (ESPRESSO)
observations. We therefore arranged for simultaneous photometric
observations with CHEOPS and the Next-Generation Transit Sur-
vey (NGTS; Wheatley et al. 2018) to constrain the times of the
transit mid-points.

In this work, we present the first measurement of the projected
spin—orbit angle for the young sub-Neptune AU Mic c, using simul-
taneous observations with VLT/ESPRESSO, CHEOPS, and NGTS.
The remainder of this paper is structured as follows. We present the
observations and basic data reduction steps in Section 2, and describe
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Table 1. Log of the CHEOPS photometric observations of AU Mic ¢ used in this work.

Visit Start date End date File CHEOPS Integration Number
no. (utc) (utc) key product time (s) of frames
1 2023-07-07 23:25 2023-07-08 14:09 CH_PR140071.TG000901 Subarray 7x5.0 919
1 2023-07-07 23:25 2023-07-08 14:09 CH_PR140071.TG000901 Imagettes 5.0 6433
2 2023-07-26 20:08 2023-07-27 10:51 CH_PR140071.TG000602 Subarray 7x5.0 1052
2 2023-07-26 20:08 2023-07-27 10:51 CH_PR140071.TG000602 Imagettes 5.0 7364

Note. CHEOPS observation log. The table lists the time interval of individual observations (time notation follows the ISO-8601 convention), the file key,
which can be used to locate the observations in the CHEOPS archive, the type of the photometric product, the integration time, and the total number of

frames in each visit.

the steps we took to mitigate the impact of flares in Section 3. We then
present our joint model of the CHEOPS photometry and ESPRESSO
RVs, and the resulting constraints on the obliquity of planet c, in
Section 4. We discuss the limitations and potential implications of
our results, and outline our key conclusions and future plans, in
Section 5.

2 OBSERVATIONS AND DATA REDUCTION

In this section, we present the observations used in this work and the
basic data reduction steps.

2.1 CHEOPS photometry

‘We observed the two transits of AU Mic c that occurred on the nights
0f2023 July 7 and 26 (UTC) using the CHEOPS space telescope (Benz
et al. 2021) simultaneously with the ESPRESSO observations, in
order to refine the mid-transit times and characterize the photometric
variability of the host star. CHEOPS’s payload consists of a 32-
cm diameter Ritchey—Chrétien telescope and a single-CCD camera
covering the wavelength range 330-1100 nm with a field of view of
0.32 deg?. Each transit was covered by a CHEOPS visit' of AU Micc,
taken as part of the CHEOPS Guaranteed Time Observations (GTO)
programme number CH_PR140071, were used in this work (see
Table 1).

We extracted light curves using point spread function (PSF) fitting
on circular ‘imagettes’ of 30-pixel radius centred on the target using
the purpose-built software PIPE? (Szabd et al. 2021, 2022; Brandeker,
Patel & Morris 2024), which are downloaded for each 5-s expo-
sure. This approach yields similar photometric precision, but better
time sampling than the standard CHEOPS Data Reduction
Pipeline (DRP).? The latter performs instead aperture photometry
on 200 x 200-pixel subarrays of the full detector, which, due to their
larger size, must be co-added in batches of seven exposures before
downloading. The top panel of Fig. 1 shows the PIPE CHEOPS light
curve after normalizing each visit to unity. The average uncertainty
of each photometric data point in the PIPE light curve, corresponding
to a 5-s integration, is ~400 ppm.

Outliers are visible just before and after each interruption within
a given visit,* caused by the increased background associated with
scattered light from Earth. To remove these outliers, we masked

A visit is a sequence of successive CHEOPS orbits about the Earth that
are devoted to observing a single target. CHEOPS revolves around the Earth
every ~99 min in a Sun-synchronous, low-Earth orbit (700-km altitude).
2See https://github.com/alphapsa/PIPE.

3Tested using version 14.1.3 of the DRP (Hoyer et al. 2020).

4These interruptions happen once per CHEOPS orbit when the target is
occulted by the Earth, or it is barely visible due to stray light from the
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all data taken when the background flux measured by the PIPE
software exceeded 20 electrons pixel~'. Outliers identified in this
way are marked in grey in the top panel of Fig. 1. This resulted
in the removal of 1062 out of 6433 frames (16.5 percent) for the
case of the first visit, and 1592 out of 7364 (21.6 percent) for the
second, leaving a total of 11143 data points for the remainder of
the analysis.

2.2 NGTS photometry

The NGTS is a ground-based photometric facility consisting of 12
independently steerable 0.2-m diameter robotic telescopes, located
at the European Southern Observatory (ESO) Paranal Observatory
in Chile. AUMic was observed by NGTS simultaneously with
the ESPRESSO observations of the two transits of AU Micc. The
observations were performed using the NGTS multitelescope mode
in which multiple NGTS telescopes are used to simultaneously
observe the same star. This observing mode has been shown to
significantly improve the photometric precision of NGTS data (e.g.
Bryant et al. 2020; Smith et al. 2020).

9 telescopes were used on the night of 2023 July 7, and 10
on the night of 2023 July 26. For both nights, the observations
were performed using the custom NGTS filter (520-890 nm) and
an exposure time of 5s. The observations were performed with the
telescopes heavily defocused in order to avoid saturation and reduce
effects of per-pixel sensitivity systematics and X-Y systematics
(Southworth et al. 2009a, b; Nascimbeni et al. 2011). A custom
aperture photometry pipeline was used to reduce the NGTS data.
This pipeline uses the SEPPYTHON library (Bertin & Arnouts 1996;
Barbary 2016) to perform the source and photometry and also utilizes
Gaia Data Release 2 information (Gaia Collaboration 2018) to
identify comparison stars similar to AU Mic in terms of brightness,
colour, and CCD position.

Both nights of observations were severely impacted by clouds,
which caused large spurious fluctuations in the photometry (see top
row of Fig. B1). The data from the second transit also show ramps at
the beginning and end of the night, which are most likely systematic
trends due to a lack of insufficient high-quality comparison stars from
these observations for such a bright and red star. Even after masking
out the most severely affected data (middle row of Fig. B1), the transit
signals cannot be easily distinguished from the strong out-of-transit
trend and residual short-term systematics. Consequently, the NGTS
data were not used in our final analysis, though we did compare
them to our fitted model as a consistency check (see Appendix B for
details).

illuminated Earth limb or particle hits during passages above the South
Atlantic anomaly.
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Figure 1. CHEOPS photometric observations of the AU Mic c transits. The left and right columns show the first and second visits, respectively. The top row
shows the light curves as extracted by the PIPE software after normalizing each visit to unity, with the outliers caused by enhanced stray light at the start and
end of each orbit marked in grey. The second row shows the data after subtracting a low-order polynomial trend (for visualization purposes only), with the

observations affected by flares highlighted in red.

2.3 ESPRESSO spectroscopy

We observed two transits of AUMicc during the nights of 2023
July 7 and 2023 July 26, using the high-precision spectrograph
ESPRESSO (Pepe et al. 2014, 2021) mounted on the VLT (Program
ID: 111.24VF, PI: H. Yu). For both runs, we used one unit telescope
and employed the high-resolution mode (HR; R~ 13 800) and the
2x1/SLOW binning/readout mode. Each exposure lasted 300 s. On
the first night, 85 spectra were obtained, and on the second night, 66
spectra were obtained, with mean signal-to-noise ratios at 550 nm of
110.2 and 115.3, respectively. During both runs, the airmass ranged
between 0.7 and 1.4. During the second run, there was a problem
with the control unit of the UT2 telescopes that interrupted the
observations at BJDrpg = 2460152.67160. A decision was made
to switch telescopes to UT1, and the observations resumed at
BJDtpg = 2460152.73378. UT1 was used for the remainder of the
night.

The spectra were first reduced using the official ESPRESSO data
reduction software (DRS) version 3.0.0 (Pepe et al. 2021). The
DRS data products include reduced 2D and 1D (order-merged)
spectra as well as cross-correlation functions (CCFs) and RVs
extracted by fitting a Gaussian function to each CCF (along with
the other parameters of the Gaussian fit). A preliminary inspection
of these products revealed that the spectra, CCFs, and RVs were
all severely affected by the flares and other stellar activity. We
therefore decided to perform our own post-processing and RV
extraction, as previous studies (e.g. Bourrier et al. 2021) have
shown that this can yield significant gains over the DRS data
products.

We used the YARARA package (Cretignier et al. 2021) to perform
post-processing of the 1D order-merged (S1D) spectra in order to
remove or reduce instrumental and telluric signals. As YARARA is
a data-driven pipeline, it benefits from using as many observations
of a given star with a given instrument as possible. We therefore
also re-processed the transit of AUMicb observed in 2019 with
ESPRESSO (Program ID: 103.2010, PI: J. Strachan) and published
by Palle et al. (2020). This has the added benefit of broadening the
range of barycentric Earth RV spanned by the observations, which
helps with the telluric correction step of YARARA.

Before entering the YARARA pipeline, the spectra were continuum-
subtracted using the RASSINE package (Cretignier et al. 2020).
Outliers due to cosmic rays or dead pixels were then masked out
via sigma clipping and replaced by the time-median value. The
spectra were then corrected for contamination by microtelluric lines,
as described in Cretignier et al. (2021). The resulting, post-processed
S1D spectra were used in the remainder of the analysis.

After combining all the spectra into a single, master spectrum,
we used this to construct a list of non-blended absorption lines
(Cretignier et al. 2020). The so-called KITCAT line list was used
to compute a CCF for each spectrum, which contains in total around
5000 lines, from which RVs were extracted. However, the resulting
RVs were severely affected by flares, so we later re-extracted the
RVs using only the subset of lines least sensitive to the flares (see
Section 3.3).

It is worth noting that the ESPRESSO and NGTS observations
were taken simultaneously, and the two telescopes are only a few
km apart. The clouds that affected the NGTS observations probably
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Figure 2. Extraction of the flare proxy. The top panel shows the time series of ‘flare CCFs’ (see text for details), from left to right: the 2021 transit of AU Mic b,
and then the two transits of AU Mic ¢ observed in 2023. The white markers indicate the mean of a Gaussian fit to each CCF, while their size reflects the amplitude
(or contrast of this Gaussian), which is also displayed in the bottom panel, and consists of our flare proxy. The shaded area in each panel in the bottom row
indicates the transits of planets b and c. The gap during the second transit of planet ¢ corresponds to the interruption due to the change of the UT telescope.

also affected the ESPRESSO spectra. However, we expect clouds to
mainly affect the overall light level and not the shape of the spectrum
and hence have a negligible impact on the extracted CCFs and RVs.

3 FLARE MITIGATION

Several flares occurred during and around each of the two observed
transits of AU Mic c. Together with the longer term trends caused
by star-spots, they dominate both the CHEOPS photometry and
ESPRESSO RVs. We therefore adopted the following procedure to
mitigate their impact on the final analysis.

3.1 Identifying and masking flares in the CHEOPS light curve

The impact of the flares on the CHEOPS light curves is easier to see
after subtracting a second-order polynomial fit, intended to represent
the long-term trend due to active regions rotating on the stellar surface
(see bottom row of Fig. 1).

While it would in principle be possible to model the flares, this
would result in a very large number of free parameters: each flare
would require a minimum of three parameters (i.e. the occurrence
time, amplitude, and decay rate), and there are at least five flares per
visit. We therefore opted to mask out the data that were obviously
affected by flares before modelling the spot and transit signals. The
data points affected by flares were identified by visual inspection,
cross-checking against the flare proxy derived from the ESPRESSO
spectra (see Section 3.2) whenever the two time series overlap, and
are marked in red in Fig. 1. Although the onset of a flare is relatively
straightforward to identify, the tail end of a flare is much less well
defined, so we opted to exclude data after each flare up to the end of
the affected CHEOPS orbit.

3.2 Extracting a flare proxy from the ESPRESSO spectra

We first characterized the flare signal in the YARARA-processed S1D
spectra. The flares manifest mainly as emission lines that decay both
in width and intensity after the flare impulse on a time-scale of
around an hour. We started by selecting two spectra occurring right
before and after the start of the largest flare (occurring just before the
ingress of the first transit of AU Mic c, on the night of 2023 July 7) and
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computing the difference between them. We then visually inspected
this ‘flare spectrum’ in order to identify atomic line transitions and
selected a total of 33 well-defined lines between 4046 and 5434 A.
These lines were cross-matched with values in the National Institute
for Standards and Technology (NIST) atomic spectra data base’ to
determine their rest wavelengths. The resulting line list was then used
to construct a binary mask, which was cross-correlated with each of
the observed spectra, after subtracting a reference spectrum. The
latter was constructed separately for each season (2021 and 2023),
by averaging a small number of spectra taken well away from any
flare signals. The resulting ‘flare CCF’ time series for the three visits
is shown in the top row of Fig. 2. Each CCF in this time series was
fit with a Gaussian function, and the amplitude (or contrast) of this
fit — shown in the bottom row of Fig. 2 — constitutes our flare proxy.

In this figure, the massive flare that occurred in the middle of the
night for visit 1 of AU Mic c is clearly visible. In comparison, this
flare was five times larger and twice as long in duration than the ones
that occurred for visit 2 or the visit of AU Mic b. Despite our attempts
to mitigate it, the flare occurring in this first visit was too strong and
made the production of out-of-transit products impossible. It can also
be noted that the RVs associated with flares were generally between
—5and 5 kms~!, likely due to the local RV of the surface where they
were produced and the extra RV of the ejected matter.

3.3 Extracting flare-resistant CCFs and RVs

The CCFs and RVs produced using the KITCAT mask, shown in
red on Fig. 3, are heavily affected by the flares. We therefore sought
to identify the subset of lines that are least sensitive to the flares
while retaining sufficient RV information content. To quantify the
flare sensitivity of each line, we first modelled the time evolution of
flux recorded in each pixel (wavelength) of the residual spectrum as
the sum of a low-order polynomial (intended to account for spots on
the rotating stellar surface) and a term proportional to the flare proxy
derived in Section 3.2. We then defined a flare index that quantifies
the sensitivity of each line to flares by computing the average of the
correlation coefficient over a line profile in a given velocity window

Shttps://www.nist.gov/pml/atomic-spectra-database
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Figure 3. RV time series extracted with progressively fewer flare sensitive lines (from red to blue) for the archival transit of planet b (left) and the two transits
of AU Mic ¢ (middle and right). The colour represents the mean flare index of all lines in the line list. Note that the flare just before the first transit of AU Mic c
caused such a large RV perturbation in the RVs extracted with all the lines (red points) that it goes beyond the y-axis range shown here. A quadratic RV trend
caused by rotational modulation of active regions has been fitted to the out-of-transit data and subtracted prior to plotting. The grey shaded area in each panel

indicates the duration of the transit.

of 10 kms™! that contains most of the Doppler information of a
spectral line.

We used this coefficient to rank the lines in order of flare sensitivity
and computed CCFs and RVs with a progressively lower limiting
sensitivity to flares until only the 250 least sensitive lines remained.
While using fewer stellar lines decreases the impact of the flares, it
increases the photon noise. By examining the transit of AU Micb,
we found that the mask with 2000 lines (out of the total ~5000 lines)
gave the best trade-off between flare suppression and RV precision.
The RVs extracted with this mask, shown in dark blue on Fig. 3, were
used in the remainder of the analysis.

The final RVs for the archival transit of planet b are very similar
to those reported by Palle et al. (2020), which strengthens our
confidence in our reduction and RV extraction methodology. The
RV uncertainties are somewhat larger, though, because we are using
fewer lines. The flare correction described above is effective for most
of the archival and new ESPRESSO observations. However, careful
examination of Fig. 3 shows that the impact of the strongest flares on
the RVs is not completely corrected when the flare proxy (displayed
in the bottom row of Fig. 2) exceeds a value of 3. We therefore
excluded the RVs taken at those times from the remainder of our
analysis.

4 JOINT MODELLING OF THE PHOTOMETRY
AND RVS

We jointly modelled the CHEOPS light curve and the ESPRESSO
flare-resistant RVs obtained during both transits of AUMicc in
order to derive constraints on the transit times and the projected
orbital obliquity simultaneously, while accounting for the uncertain-
ties arising from the star’s intrinsic variability and instrumental

noise.

4.1 The model

For both types of observation (photometry and RVs), our model
consists of three components. The first component represents the
planetary transits. We used the BATMAN package (Kreidberg 2015)
to model the photometric transits, and the AROME package (Boué et al.

2013) to model the RM effect in the RVs (this model is optimized
for CCF-derived RVs). The transit models used for both transits and
both types of observations share the same star and planet parameters,
including the sky-projected stellar obliquity (1), inclination (i),
scaled semimajor axis (a/R;), planet-to-star radius ratio (R,/R;),
and limb-darkening coefficients (u#; and u5).® To account for possible
TTVs, each transit was modelled using a separate mid-transit time
(T.). We placed uninformative uniform priors on the sky-projected
stellar obliquity as well as the mid-transit times, and Gaussian priors
on all other orbital parameters based on the best-fitting model from
the transit analysis in Wittrock et al. (2023). The RM model also
depends on the projected stellar rotational velocity, vsini,; we
placed a Gaussian prior on this parameter based on the spectroscopic
measurement of Donati et al. (2023).

The second component of our model consists of a second-order
polynomial to account for the variations caused by active regions
on the rotating stellar surface. Each data set for each transit was
modelled using a separate set of three polynomial coefficients.
Finally, the third component is a Gaussian Process (GP) with a
Matérn 5/2 kernel, which absorbs short-term variations, whether
caused by the star’s activity or by instrumental systematics. The GP
hyperparameters were shared across the two transits, but differed
between the light curves and RVs. We adopted uninformative
(broad and uniform) priors for all parameters associated with the
polynomial and GP components, except for the GP time-scale p
that represents how quickly the correlation between points decreases
with distance, which was restricted to the range 10-60 min. All the
priors used are reported in Table Al. We used nested sampling
with PolyChord’ (Handley, Hobson & Lasenby 2015a, b) to
explore the posterior distribution of the free parameters in the
model.

The flux-weighted mean wavelength of the customized CCF mask used for
the ESPRESSO data is 624.4 nm. This closely aligns with the centre of mass
of the CHEOPS passband, which ranges from 400 to 1100 nm. Therefore,
we applied the same limb-darkening coefficients to both the CHEOPS and
ESPRESSO data.

7https://github.com/PolyChord/PolyChordLite
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4.2 Results

The best-fitting models are shown overplotted on the data for both the
light curves and RVs in Fig. 4. From top to bottom, the different rows
of panels show the input data with lines and contours corresponding
to the full model (GP + polynomial + transits), the data and models
after subtracting the polynomial component, and after subtracting
both the polynomial and the GP components. We also show a phase-
folded version of the two transits after subtracting the polynomial and
GP components of the model in Fig. 5. The posterior distributions
for the key parameters of the fit are plotted Fig. 6, while the priors
and inferred 68.3 and 95 per cent credible intervals (CIs) in Table 2.
The priors and inferred values of all free parameters are listed in
Table A1, and the full posterior distributions are shown in Fig. Al in
Appendix.

The best-fitting model shown in the bottom panel of Fig. 4 and
in Fig. 5 displays the one-sided RM signature characteristic of a
misaligned orbit (as opposed to a prograde or retrograde one), and the
best-fitting (maximum a posteriori) value of the projected spin—orbit
angle is A &~ 87 degrees. However, the posterior distribution for A is
bimodal, with a second subsidiary maximum at A & 34 degrees, and
a width that appears to encompass 0 degree. Formally, we measure
A = 67.87357 degrees, where the central value represents the median
and the uncertainties encompass the central 68.3 percent of the
posterior distribution. After taking into account their weights from
the nested sampling, 89 per cent of the posterior samples correspond
to somewhat misaligned orbits (1. > 10 degrees).

The bimodality in the projected spin—orbit angle is partly explained
by its strong correlation with the mid-transit times, particularly for
the second transit. The latter is itself multimodal, owing to the gaps
in the CHEOPS light curve, and this has a knock-on effect on the
spin—orbit angle. The derived mid-transit times correspond to TTVs
of 27 and 49 min relative to the published ephemerides — somewhat
larger than the TTVs previously reported for planet c, though the
uncertainties are also large (~15 min at 1o).

5 DISCUSSION AND CONCLUSIONS

We have used simultaneous high-precision photometry from
CHEOQPS and precise RVs from ESPRESSO to measure the projected
obliquity of AU Mic relative to the orbital plane of the young, dense
sub-Neptune AU Mic c. While inconclusive, our results provide a
tentative indication (89 per cent confidence) that the orbit of AU Mic ¢
is misaligned with the spin axis of its host star, and hence also with
planet b’s orbit and the debris disc seen at wider separation. Fig.
7 shows a schematic representation of the orbital configuration of
planet c relative to the host star and the debris disc, based on the
posterior samples from our joint fit of the CHEOPS light curve and
ESPRESSO RVs.

If this result is confirmed, it will be the first observation of a young
(<100 Myr) planet on a misaligned orbit. We note that, as the star
is seen essentially equator-on, the true obliquity for both planets’
orbits is within a few degrees of the sky-projected value. Only seven
other planets with ages <100 Myr have measured obliquities to date.
In Fig. 8, we show the projected spin—orbit angle versus the age of
these planets, together with the measurement of AU Mic ¢ obtained
in this work.

Moreover, very few systems with two transiting planets exhibit
large mutual inclinations, irrespective of age. One comparable
example is the HD 3167 system, where the close-in super-Earth
appears to be on an aligned orbit (Bourrier et al. 2021), while the
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outer mini-Neptune is on a nearly perpendicular orbit (Dalal et al.
2019).

5.1 Limitations of our measurement

The large uncertainties on our reported value of the projected spin—
orbit angle A for planet c¢ preclude any claim of a significant
misalignment at this stage (which would require at least a 3o
departure from A = 0).

Degeneracies with other parameters, such as orbital inclination i
and especially mid-transit times, are known to affect the measurement
of the projected spin—orbit angle, A (e.g. Narita et al. 2010; Triaud
et al. 2010). This highlights the critical role played by CHEOPS
in constraining the transit times. On the other hand, even with
simultaneous photometry and RVs, we were not able to constrain
the transit times as well as we might have hoped given the precision
and cadence of our observations, and this had a knock-on effect
on the obliquity measurements. This was partly because strong
flares coincided with the ingress and egress of both transits, making
key parts of the data unusable (in addition to the gaps in each
CHEOPS orbit caused by the occultations of the target by the
Earth).

5.2 The importance of joint modelling

Before we developed the joint model described in Section 4, our
initial attempts at modelling the data involved fitting the CHEOPS
light curve first, and then using the posteriors from that fit as priors
on the RV fit. When fitting the CHEOPS light curves alone, we
were able to model the flares explicitly, rather than masking them
out, resulting in somewhat tighter constraints on the mid-transit
times. The subsequent fit to the ESPRESSO RVs was restricted to
the second transit observation, as the lack of post-transit baseline
precluded the use of the first. This fit to the second transit yielded a
nominally much more significant detection of a misaligned orbit, with
A = 108.7 &+ 12.5 degrees. However, the fit of the CHEOPS light
curves including flares implied anomalously large TTVs of the order
of 50 min — much larger than the 5—10 min TTVs reported for planet
¢ to date (Szabd et al. 2021, 2022; Wittrock et al. 2022, 2023). In
addition, there was then a significant tension (around 20 ) between the
mid-transit time obtained from the second CHEOPS light-curve fit
and from the RV fit (despite the use of the CHEOPS-based prior): the
sequential approach does not guarantee a self-consistent fit between
the light curve and the RVs. This motivated our decision to model
both types of observations simultaneously, rather than sequentially,
as reported in Section 4. Doing this required masking the flares,
which had the effect of considerably increasing the uncertainty
on the mid-transit times, and hence on the projected spin—orbit
angle, but allowed us to include the ESPRESSO observations of
the first transit into the fit. The result is less precise, but in our
view more robust, than the sequential approach. None the less, we
note here that the sequential fit supports a significantly misaligned
orbit.

Modelling the two observed transits jointly was also important,
as the first ESPRESSO observation covered the full transit, but no
post-transit baseline, while the gap in the second observation fell
during the transit.

5.3 Possible explanations for a misaligned orbit

Despite the tentative nature of our result, it is interesting to speculate
as to the mechanisms that could lead to a misaligned orbit for
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Figure 4. Joint analysis of the first and second transits of AU Mic c. The upper plots show the raw data with lines and contours corresponding to the full model
(GP + polynomial + transits). The middle plots show the data and models subtracting the polynomial component. The lower plots show the model and data
further subtracting the GP component. For each plot, the model is estimated through 10000 randomly selected samples with corresponding weights generated
from the nested sampling. The solid lines correspond to the weighted median of the samples, while the contours correspond to the 68.3 percent (which is
equivalent to 1o for a Gaussian distribution) and 95 per cent CIs of the samples. Each of the samples obtained via nested sampling is associated with a weight,
which was taken into account when evaluating the percentiles used to compute the CIs. In the middle and lower plots, the data points are the original data minus
the weighted median of the samples for the components of the model subtracted, evaluated at the location of the observations, and their error bars are calculated
as the quadrature sum of the original error bars and the weighted standard deviation of these samples. The solid lines and the surrounding shaded areas represent
the median, 68.3 per cent, and 95 per cent ClIs of the transit model. The grey shaded area in each panel indicates the duration of the transit.

AU Mic c, without disrupting the mutual alignment between the star,
disc, and planet b.

One such mechanism is planet—planet scattering. Interactions
between planets can lead to significant orbital changes. When these
interactions drive relative velocities up to the escape velocity of the
most massive body in the system, collisions or giant impacts become

likely (Goldreich, Lithwick & Sari 2004; Schlichting 2014). Thus,
these collisions typically occur at escape velocity and can result in
inclination changes proportional to the ratio of the escape velocity to
the local Keplerian velocity. Thus, an order-of-magnitude estimate
of the inclination change is ~Vcol/Vkep. SINCE Vesc/Vkep ~ 1/2, then
large-inclination changes, similar to the one we have observed, are
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Figure 5. Phase-folded light curve (top) and RV (bottom) observations of the transits of AU Mic b (transit 1 in blue, transit 2 in orange). The polynomial and GP
terms used to model the spot signals and residual short-term variations, respectively, have been subtracted from the data, and the vertical error bars incorporate
the uncertainty in those model components. The solid line and shaded areas represent the median, 68.3 percent (1o), and 95 per cent (*20) CIs of the transit
component of the model. The horizontal error bars shown in the top panel represent the 1o uncertainties on mid-transit times 7¢ of each transit.

plausible (e.g. Rasio & Ford 1996; Weidenschilling & Marzari 1996;
Lin & Ida 1997; Davies et al. 2014). In the event of a collision,
such a scenario would likely result in planet ¢ losing its atmosphere
aligning with the abnormal density trend observed between planets
b and ¢ derived from mass measurements. However, a collision
causing a large inclination is also likely to result in high eccentricity
unless it occurred along a specific trajectory that resulted in high
inclination and low eccentricity. None the less, the eccentricity of
AU Mic c is weakly constrained and may still be relatively significant.
Additionally, debris from such a collision could potentially form a
disc, allowing the planet to circularize.

Another possibility is a nodal secular resonance, which can drive
large misalignments (Ward, Colombo & Franklin 1976; Lai 2014;
Owen & Lai 2017). Given the possible presence of an exterior
planetary companion (e.g. Donati et al. 2023; Wittrock et al.
2023), this mechanism is a viable explanation for the planet c’s
misalignment. In this scenario, the nodal precession frequency of
the exterior companion is driven by a dispersing protoplanetary disc,
which slowly evolves as the disc disperses. If, during this evolution,
the frequency aligns with the nodal precession frequency of planet
c, the exterior planet could drive planet c¢ into a highly inclined
orbit (Petrovich et al. 2020). In particular, this mechanism drives
planets towards polar orbits, broadly consistent with the obliquity we
measure. Such secular resonances do not necessarily result in large
eccentricities, although they can be induced; however, they do require
the system to be configured to allow the precession frequencies to
become commensurate during disc dispersal.

MNRAS 536, 2046-2063 (2025)

A third possibility is Kozai-type interactions with the disc. Kozai-
type dynamics cause inclination and eccentricity to oscillate in phases
that are 90 degrees out of sync. Since RV monitoring of the system
is consistent with a circular orbit for planet ¢ (Zicher et al. 2022;
Donati et al. 2023), we might currently be observing AU Micc in a
high-inclination, low-eccentricity phase. Moreover, if the event that
caused the tilt in planet c’s orbit happened before the dispersal of
the disc, the eccentricity might have been dampened as the planet
repeatedly passed through the disc (e.g. Teyssandier, Terquem &
Papaloizou 2013; Teyssandier & Terquem 2014).

5.4 Dynamic stability and transit probability

The predicted sky-projected spin—orbit angle of planet ¢ (Table 2)
may correspond to a high mutual inclination between the two
planets, which raises concerns about the dynamic stability and transit
probability of the system.

Petrovich et al. (2020) suggest that large mutual inclinations could
lead to eccentric instability, resulting in increased eccentricity, orbit
crossings, and overall instability. Conversely, strong planet—planet
interactions between planets b and ¢ might stabilize the system, as
indicated by Denham et al. (2019), particularly in the presence of
general relativity (GR) precession. Due to the significant mutual
inclination, planet ¢ would induce a nodal precession on planet b,
causing variations in planet b’s impact parameter and leading to
transit duration variations (TDVs) as well as the TTVs that have
been observed. More accurate predictions of the TTVs and TDVs,
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Table 2. Inferred values for the key parameters from the joint analysis of the
first and second transits of AU Mic c. The full set of parameters included in
the fit is reported in Table Al.

Parameter Value® 95 per cent CI
Ac (degrees) 67.87350 —23.2-120.7
ic (degrees) 89.09+0-18 88.77-89.47
Te —2460133.82615” (d)  0.019110:5978 0.0046-0.0343
Tep —2460152.68512° (d)  0.034170:90% 0.0073-0.0703

“Median and 68.3 per cent CI.
bTransit times are quoted relative to the published ephemerides of Wittrock
et al. (2023), namely T, = 2458 342.2240 and P, = 18.858 970 d.

requiring detailed N-body calculations, could provide a further test
of the mutual inclination of the system.

To check whether the system can be stable, we performed a
dynamical analysis in a similar way as for other planetary systems
(e.g. Correia et al. 2005, 2010). The system is integrated on a regular
2D grid of initial conditions around the best-fitting solution from
table 5 in Wittrock et al. (2023). Each initial condition is integrated
for 5000 yr, using the symplectic integrator SABAC4 (Laskar &
Robutel 2001), with a step size of 5 x 1074 yr and GR corrections.
We then performed a frequency analysis (Laskar 1990, 1993) of the
mean longitude of planet ¢ over two consecutive time intervals of

2500 yr, and determined the main frequency, n and n’, respectively.
The stability is measured by A = log |1 — n’/n|, the stability index,
which estimates the chaotic diffusion of the orbits. A higher absolute
value of the stability index indicates that the system is more stable.
We note that the stability analysis here does not consider the impact
of the debris disc.

In the lower panel of Fig. 9, we present the stability of the system
with varying the projected spin—orbit angle® and the eccentricity
of planet c. The colour represents the stability index, with orange
and red indicating strongly chaotic unstable trajectories. A stability
index below —4 indicates that the system is stable on time-scales
around 20 Myr, corresponding to the current age of the AU Mic
system. We observe that orbits with eccentricities higher than
0.3 or spin—orbit angles higher than 50 degrees are completely
unstable.

In comparison, we show the posterior distribution of the measured
sky-projected spin—orbit angle of AU Mic ¢ A in the upper panel
of Fig. 9. We adopted an eccentricity for planet ¢ of 0.0417003
measured from RV modelling in Zicher et al. (2022). The posterior
distribution of A, reveals a median value around 67 degrees and a

8We assume iy, & i, & ic ~ 90 degrees (Wittrock et al. 2023), and thus A, ~
2 (Fabrycky & Winn 2009), where A is the spin—orbit angle and €2 is the
longitude of the node of planet c.
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Stellar rotation axis

Debris
disk

Figure 7. Schematic representation of the spin—orbit alignment of planets b
and ¢ within the AU Mic system. The stellar disc is colour-coded to represent
local RVs, which vary as the star rotates, transitioning from blueshifted on
the left to redshifted on the right. The bold green and grey lines represent
the inferred orbits for planet b from Palle et al. (2020) and planet ¢ from this
work, with arrows indicating the directions of motion for the planets. Thin
green and grey lines represent 50 000 randomly selected samples for the orbit
of planets b and c, respectively. For the orbit of planet c, the transparency of
the thin grey lines scales as the weight of each sample in the nested sampling.
The orange arrow marks the axis of stellar rotation. The dark blue arrow
marks the orientation of the debris disc.
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Figure 8. Projected spin—orbit angle of planets in systems younger than
100 Myr. The measurement of AU Mic ¢ obtained in the work is shown in
light blue. The measurements of other systems are from Albrecht et al. (2022).

maximum a posteriori value around 87 degrees, which lies in an
unstable region. However, stability is possible within the uncertainty
of A. for lower values, especially around the second subsidiary
maximum in the posterior distribution around 34 degrees.

To check the transit probability of the two planets, we used the
semi-analytical transit probability model presented in Ragozzine &
Holman (2010), Brakensiek & Ragozzine (2016) and Read et al.
(2017). The input parameters of the model include the radius of the
star and the semimajor axis of the two planets, for which we use

MNRAS 536, 2046-2063 (2025)

values reported in Donati et al. (2023) and Wittrock et al. (2023).
By assuming that planet b is on a well-aligned orbit, we estimated
the double transit probability versus the projected spin—orbit angle
of planet ¢, shown in the middle panel of Fig. 9. Compared to the
case where both planets are well aligned, the transit probability is
about 1/17 of that scenario when planet ¢ is misaligned with A, =
67.8735 0 degrees.

In summary, a significantly misaligned orbit for planet c is in some
degree of tension with dynamical stability arguments, and with the
fact that we see both planets in transit. While these arguments alone
do not preclude such an orbit, they tend to favour the lower end of the
range of mutual inclinations allowed by our analysis and presented
in Section 4. Ideally, repeat observations should be carried out to
settle the matter.

5.5 Future work

Given the importance of this system and the challenges caused by
stellar activity, repeating the observations at a later date would be
highly desirable to confirm the result and search for evidence of
orbital procession.

The enhanced activity level of AU Mic during our observations
compared to observations of the system in 2018-2021 was evi-
denced by the flares and the strong spot-induced signals seen in
both light curves and spectra. We developed a novel method to
characterize the flares in the ESPRESSO data, and mitigate their
impact on the extracted RVs. This technique could prove valuable
for future mass and obliquity measurements of planets around active
stars.

The data set presented in this work contains a wealth of information
about the spectroscopic signature of the flares, which we intend to
investigate further and report on in a future paper.

In principle, it should also be possible to use Doppler tomography
techniques to cross-check the results of our RV analysis, as done
by Palle et al. (2020) for the ESPRESSO observations of the transit
of planet b. However, this would require a modelling framework
capable of handling the rotating active regions present on the stellar
surface during and around the transits, which is beyond the scope of
this work.
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APPENDIX A: TABLE FOR DERIVED VALUES
OF ALL FREE PARAMETERS AND THEIR
POSTERIOR DISTRIBUTIONS

The parameters of the joint fit described in Section 4 are listed in
Table A1, which gives the priors adopted over each parameter and the

values inferred from the fit. LC-sig, LC-rho, LC-jit, RV-sig, RV-rho,
and RV-jit are GP hyperparameters in the model. sig is the overall
variance, rho is the time-scale in the Matérn 5/2 kernel representing
how quickly the correlation between points decreases with distance,
and jit is the jitter term. The 1D and 2D posterior distributions are
shown in Fig. Al.

Table Al. Priors and inferred values for all free parameters from the joint analysis (CHEOPS photometry and ESPRESSO RVs) of the first

and second transits of AU Mic c.

Parameter Prior Value® 95 percent CI

i N[89.22,0.21] 89.097012 88.77-89.47

A U[—180.0, 180.0] 67.8%350 —23.2-120.7
vsini N[8.5,0.2] 8.491019 8.10-8.88
Ry/Rs N0.0311, 0.0028] 0.032070001 0.0281-0.0356
a/Rs N[32.05, 1.0] 32.3570¢ 30.49-34.24

U N[0.47,0.1] 0.5175:%9 0.33-0.70

U NT0.30,0.1] 0.3275:%9 0.13-0.51

Te,1 — 2460 133.826 15° (d) U[—0.02, 0.10] 0.0191790078 0.0046-0.0343
Te» — 2460 152.685 12° (d) U[—0.02,0.10] 0.0341700% 0.0073-0.0703
RV1-b0 U[-3.0,3.0] 1.59827 0744 1.0643-2.0453
RV1-bl U-1.0,1.0] 0.0540700312 —0.0225-0.1170
RV1-b2 U(-3.0,3.0] —0.0130130040 —0.0218-—0.0047
RV2-b0 U-3.0,3.0] —0.759179243¢ —1.2881-—0.2426
RV2-bl U-1.0, 1.0] —0.7207+0 0504 —0.7683-—0.6750
RV2-b2 U(-3.0,3.0] 0.022800042 0.0136-0.0315
LC-sig U[0.0,0.01] 0.000 337500004 0.000 26-0.000 44
LC-rho U[0.006, 0.042] 0.0064 100008 0.0060-0.0087
LC-jit U[0.0, 0.001] 0.000173:0500 0.0000-0.0001
RV-sig U[0.0,0.1] 0.0050700018 0.0028-0.0092
RV-tho N0.018,0.01] 0.023415.0072 0.0119-0.0383
RV-jit U[0.0,0.01] 0.0011+5:000% 0.0002-0.0018
LC1-b0 U[-2.0,2.0] 0.045610.0.%7 0.0125-0.0795
LC1-bl U[-2.0,2.0] —0.007870-9533 —0.0145-—0.0011
LC1-b2 U[-2.0,2.0] 0.064910. 0013 0.0623-0.0675
LC1-b3 U-2.0,2.0] 1.0022700005 1.0019-1.0025
LC2-b0 U-2.0,2.0] 0.0408 101219 ~0.1928-0.2729
LC2-b1 U(-2.0,2.0] 0.1271790148 0.0972-0.1560
LC2-b2 U[-2.0,2.0] 0.0213700024 0.0158-0.0271
LC2-b3 Ur-2.0,2.0] 10010700002 1.0007-1.0014

“Median and 68.3 per cent CI.

bTransit times are quoted relative to the published ephemerides of Wittrock et al. (2023), namely 7. = 2458 342.2240 and P, = 18.858 970 d.
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Figure Al. Posterior distribution of all free parameters in the joint analysis (CHEOPS photometry and ESPRESSO RVs) of the first and second transits of

AU Micc.

APPENDIX B: NGTS LIGHT-CURVE ANALYSIS

We performed a stand-alone analysis of the NGTS data collected on
the nights of 2023 July 7 and 26. Initially, we attempted an agnostic
analysis where the transit mid-point times and the planet-to-star
radius ratio were allowed to vary freely. However, the NGTS data are
significantly impacted by the presence of clouds during both observa-
tions. The light curves also display significant short-term variability,
which may be due to flares or spots, and ramps at the beginning and
the end of the observations, which are most likely due to insufficient
comparison stars of a brightness and colour similar to AU Mic. Due
to this, the results of this agnostic analysis are highly sensitive to
the out-of-transit flux baseline model used and the priors chosen.

Therefore, in this instance we feel that these NGTS observations are
unable to provide independent constraints on the planet parameters
or transit timing. However, the photometric precision of the NGTS
measurements is high enough that, dependent on the exact transit tim-
ing, the data may provide evidence against the transit timing reported
by the CHEOPS-ESPRESSO observations. We therefore perform a
transit analysis to check for any inconsistency between the NGTS
observations and the results of the CHEOPS-ESPRESSO joint
analysis.

For this analysis, we compute the transit models using the
BATMANPYTHON package (Kreidberg 2015). The only planet pa-
rameter we allow to vary is the transit mid-point time, 7c. For
this parameter, we use a truncated Gaussian prior with a mean

MNRAS 536, 2046-2063 (2025)
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Table B1. Results obtained from the analysis of the NGTS observations. The parameter values are the median posterior values and the uncertainties

give the 16 and 84 percentile ranges of the posteriors.

Name Symbol Value
2023 July 7 2023 July 26
Transit mid-point time Tc 2460 133.84857 00060 2460 152.736075:9013
Constant detrending coefficient co 1.1738f8:88ﬁ 1.1968 4+ 0.0031
Quadratic detrending coefficient ¢ —0.524 £ 0.012 —0.58761 00088
Quadratic detrending coefficient c 0.3819f8:88§g O.4278J_r8:882(8)
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Figure B1. NGTS photometric observations of the AU Mic c transits. The left and right columns show the first and second visits, respectively. The top row
shows the full observations for all telescopes used, with data from each individual telescope plotted using a different colour. The middle row shows the data with
the cloud-affected portion removed, and with the data from all telescopes binned together at a time-scale of 5 min (the binning is performed for visualization
purposes only; the analysis was performed on the unbinned data). The orange dashed line in the middle row shows the best-fitting polynomial component to the
NGTS data. The bottom row shows the data after subtracting the polynomial component. The blue line shows the best-fitting model from the NGTS analysis
with the blue shaded region showing the 68 percent CI. The dark and light orange shaded regions give the 67.3 and 95 percent ClIs, respectively, from the

CHEOPS-ESPRESSO joint analysis.

and standard deviation taken from the median and 68.3 percent
CI from the CHEOPS-ESPRESSO joint analysis and a strict upper
limit set by the 95 percent CI from the joint analysis. The values
of these are provided in Table Al. We fix the remaining planet
parameters — orbital period, P, planet-to-star radius ratio, Rp/R,,
semimajor axis scaled to the stellar radius, a/ R, orbital inclination,
i, eccentricity, e, argument of periastron, w, and the quadratic limb-
darkening coefficients — to the median values from the joint analysis
(Table Al). Simultaneously to varying the transit mid-point time
we fit the out-of-transit flux baseline using a quadratic polynomial
trend in time.

We explored the joint posterior over the fit parameters using
Markov chain Monte Carlo using the EMCEE (Foreman-Mackey

MNRAS 536, 20462063 (2025)

et al. 2013) package. 12 walkers were run for a burn-in phase of
3000 steps followed by a further 15 000 steps ‘production’ run. The
resulting parameters from this analysis are provided in Table B1 and
the best-fitting models are shown in Fig. B1. The resulting transit
mid-point times from this analysis are 2460133.84850:0050 BJD-
TDB and 2460152.73601 00013 BJD-TDB for visits one and two,
respectively. For the night of 2023 July 7, the NGTS data are
fully consistent with the results of the CHEOPS-ESPRESSO
joint analysis. For the night of 2023 July 26, the NGTS ob-
servations suggest a slightly later transit than the 68.3 percent
CI of the CHEOPS-ESPRESSO joint analysis but fully sup-
port the presence of the transit occurring during the 95 percent
CL
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