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ABSTRACT

GJ436b might be the prototype of warm Neptunes that have undergone late migration induced by an outer com-
panion. Precise determination of the orbital architecture of such systems is critical to constraining their dynamical
history and evaluating the role of delayed migration in the exoplanet population. To this purpose we analyzed the
Rossiter-McLaughlin (RM) signal of GJ436 b in two transits —recently observed with ESPRESSO— using three dif-
ferent techniques. The high level of precision achieved in radial velocity (RV) measurements allows us to detect the

deviation from the Keplerian orbit, despite the slow rotation of the M dwarf host (vsiniy = 272.07500ms™

498 ms™1), and to

measure the sky-projected obliquity (A = 102.51’};_‘?0). The Reloaded RM technique, which allows the stellar RV field

41.9

along the transit chord to be analyzed, yields A = 107.5i%8:2° and vsinis = 292.97559ms™!. The RM Revolutions

22.8°

technique, which allows us to fit the spectral profiles from all planet-occulted regions together, yields A = 114.1332%

45.9

and vsiniy = 300.51'57,0 ms~!. The consistent results between these three techniques, and with published results from
HARPS/HARPS-N data, confirm the polar orbit of GJ436b and support the hypothesis that its origin lies in Kozai
migration. Results from a joint RM Revolutions analysis of the ESPRESSO, HARPS, and HARPS-N datasets (A =

43.7

113.5tf?;§o; vsinig = 293.57553 ms™!) combined with a revised stellar inclination (ix = 35.7778

[e]
us to constrain the 3D obliquity ¥ to 103.21’}%‘?

1. Introduction

GJ 436 was the first M dwarf across which the Rossiter-
McLaughlin (RM) effect was detected, leading to the mea-

Send offprint requests to: V.B. (e-mail:
vincent.bourrier@unige.ch)

* Based in part on Guaranteed Time Observations collected
at the European Southern Observatory under ESO programme

1102.C-0744 by the ESPRESSO Consortium

59 or 1442778 lead

surement of a highly misaligned orbit (Bourrier et al.|2018b))
for its evaporating (Kulow et al.|2014; [Ehrenreich et al|
[2015} [Lavie et al.|2017} |[dos Santos et al|[2019) warm Nep-
tune companion. This peculiar architecture supports a late
Kozai migration (Naoz [2016) induced by an outer com-
panion (Bourrier et al.[2018b), a scenario that was orig-
inally proposed by Beust et al| (2012)) to explain the cur-
rent nonzero orbital eccentricity of GJ436b (e = 0.152,

2018]), which should otherwise have been quickly

Article number, page 1 of 13




A&A proofs: manuscript no. ESPRESSO _ GJ436b_RM

circularized by tidal interactions with the star (Mardling
2008]). In a Kozai scenario, a distant perturbing body traps
the inner planet in a secular dynamical resonance far away
from the star for several billion years, only to subsequently
decouple and migrate inwards on a misaligned and ec-
centric orbit (e.g., Fabrycky & Tremaine| 2007, |Anderson
et al.|2016)). GJ 436b might be a representative example of
Neptune-size planets that started to evaporate long after
their formation because of this delayed migration (Bourrier
et al.|2018b; |(Owen & Lai||2018}; |Correia et al.|[2020; |Attia
et al.|[2021)). |Albrecht et al|2021| recently presented statis-
tical evidence for a preponderance of exoplanets on nearly
polar orbits, several of which have noncircular orbits, lie at
the edge of the hot Neptune desert, and are observed to
be evaporating. Noticeable examples with known planetary
companions include HAT-P-11b (see |Yee et al|2018} |Ben-
Jaffel et al.|2021) and WASP-107b (see [Spake et al.|[2018;
Allart et al.||2019; [Kirk et al.[2020; [Piaulet et al.|[2021;
Spake et al.[[2021)). GJ3470b is also worth mentioning as
it exhibits all of the aforementioned characteristics of a de-
layed Kozai migration (see|Bourrier et al.[2018a} [Palle et al.
2020; Ninan et al.[[2020; [Stefansson et al.|2021)), although,
like GJ436b, its putative companion remains undetected.
While secular resonance crossing driven by the protoplan-
etary disk (Petrovich et al.[[2020) can also account for the
eccentric and misaligned orbits of low-mass planets around
the desert, it requires that the planet formed on a close-
in orbit and thus does not explain the long-term survival
of their evaporating atmospheres. The above systems thus
support the critical role that Kozai resonance could play in
forming the desert of hot Neptunes, by delaying the arrival
at their close-in location and their subsequent evaporation.
The case of GJ436b illustrates the utility of transit spec-
troscopy in determining the spin—orbit angles of close-in
planets (see the review by [Triaud 2018), in constraining
the mechanisms that altered their orbital architecture, and
in unraveling their complex evolution.

Here we analyze the RM effect of GJ 436b in two transits
recently observed with ESPRESSO (Sect. . We compare
the results obtained using the classical analysis of the RV
anomaly (Sect. [3)) with those obtained using the recently de-
veloped Reloaded RM and RM Revolutions techniques, an-
alyzing the stellar surface properties along the transit chord
(Sect. [4)). Using the latter technique, we perform a joint fit
to the ESPRESSO and archival HARPS/HARPS-N data
to refine the architecture of the GJ 436 system (Sect. .

2. Observations and data reduction

We exploit two datasets obtained with ESPRESSO dur-
ing the transit of GJ436b on 27 February 2019 (Visit 1)
and 29 April 2019 (Visit 2). During each visit, 49 expo-
sures were obtained at about the same orbital phases, with
10 in-transit exposures, 17 before the transit in Visit 1
(respectively 16 in Visit 2), and 22 after the transit in
Visit 1 (respectively 23 in Visit 2). GJ436 was observed
on fiber A, while fiber B was used to monitor sky contam-
ination. Because of the faintness of the star in the optical
(V = 10.6), it was observed in ESPRESSO high-resolution
mode (R~140000) with a binning of 2x1 to reduce readout
noise (instrumental mode HR21, for more information see
Pepe et al.||2021)). Spectra were extracted from the detec-
tor images, corrected, and calibrated using version 2.2.8 of
the Data Reduction Software (DRS) pipeline (Pepe et al.
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2021)). One of the DRS corrections concerns the color effect
caused by the variability of extinction induced by Earth’s
atmosphere (e.g., Bourrier & Hébrard|[2014) Bourrier et al.
2018b), [Wehbe et al.[2020). The flux balance of the GJ 436
spectra was reset to a M3 stellar spectrum template be-
fore they were passed through weighted cross-correlation
(Baranne et al.|[1996} Pepe et al.[2002) with an M3 numer-
ical mask to compute cross-correlation functions (CCFs)
with a step of 0.5kms™'. This mask is part of a new set
that were built with weights more representative of the pho-
tonic error on the line positions, as described in |Bourrier
et al.| (2021]).

Properties of the GJ 436 system used and derived in our
analyses are reported in Table [I| Recent CHEOPS obser-
vations of GJ 436b (Maxted|2021|) improve the precision on
mid-transit times at the epochs of our observations to 8s,
removing potential biases associated with ephemeris (e.g.,
Casasayas-Barris et al.[[2021). The planet-to-star radius ra-
tio was fixed to the error-weighted average of values ob-
tained at different precisions with various instruments by
Lanotte et al.| (2014)), Knutson et al. (2014)), |Lothringer
et al.| (2018)), and [Maxted (2021). None of these studies
found any strong evidence for variations in transit depth
with wavelength.

Throughout the paper, the posterior probability distri-
butions (PDFs) of free parameters describing models fitted
to the data are sampled using emcee MCMC (Foreman-
Mackey et al.|2013]), adjusting the number of walkers and
the burn-in phase based on the degrees of freedom of the
considered problem and the convergence of the chains. Best-
fit values for these parameters are set to the median of their
PDFs, and their 1o uncertainty ranges are defined using
highest density intervals.

3. Analysis of the disk-integrated CCFs
3.1. Stellar line properties

The CCFpy (for “disk-integrated”) produced by the DRS
correspond to the light coming from the entire star. CCFpy
of each individual exposure are aligned by correcting their
velocity table for the Keplerian motion of the star. CCFpy
outside of the transits are co-added to build master-outs
representative of the unocculted star, which display side
lobes typical of M dwarf CCFs (Fig. [I). The lobes are
thought to arise from the region around each mask line
devoid of other stellar lines, while the lower continuum be-
yond the lobes would arise from the dense forest of lines
in these cool star spectra being well-characterized by an
average distance between lines. As such, the peaks of the
lobes are better estimates of the actual continuum. We use
the double-Gaussian model introduced by [Bourrier et al.
(2018b) to fit the CCFs of GJ 436, as it captures their full
profile well and was shown to improve the stability of the
measurements. The model consists of the sum of a Gaus-
sian function representing the continuum and side lobes,
and an inverted Gaussian function representing the core.
Model parameters are the amplitude, FWHM, and RV cen-
troid of the core Gaussian component, and the amplitude
ratio, FWHM ratio, and RV centroid difference between the
lobe and core Gaussian components.

All CCFpy are shifted to the rest frame of the star using
the centroids derived from the fits to the master-outs. The
best-fit double-Gaussian model to the master-out CCFp;



V. Bourrier et al.: Refined architecture of the GJ 436 system

Table 1. Properties of the GJ 436 system.

and 44% in Visit 1, 8% and 39% in Visit 2, respectively.

The stability of the RV measurements from Visits 1 and 2

Parameter Value Unit is improved by 8% and 19%, respectively. This analysis sug-
gests that the new masks devised in [Bourrier et al.| (2021)
Stellar radius 0.4250] Ro improve the stability of CCF not only from K-type stellar
Projected rotational velocity 293. 5j§§:f ms—! spectra but also from M dwarf spectra. The above compar-
o Tiags +5.91 ison and subsequent analyses were performed with CCFp;
Stellar inclination 35.7-76 deg reduced by the DRS from the sky-subtracted products, as
144.24_'57):8T deg this improves the overall stability of their properties despite
Power-2 limb-darkening ¢ = 0.90001 an increased dispersion on the contrast in Visit 2.
o = 0.508!1 T :
able 2. Quality assessment of ESPRESSO CCFpx
Stellar reflex motion amplitude 17.3802 ms~!
Orbital period 2.6438980303]  days Sky correction Yes No Yes
Eccentricity 0.152(2 Mask Classic Improved Improved
Argument of periastron 325.8(2 deg <Contrast> (%) 33.993  30.677 30.723
Mid-transit time (-2 450 000) 5475.824501'1  BJDrpp 33.958 30.625 30.674
Orbital inclination 86.7889  deg €Contrast (/) 0.012 0.013 0.014
Scaled semi-major axis 14.461 0.011 0.012 0.013
Planet-to-star radius ratio 0.08315[1] TContrast (70) 0.024 0.016 0.016
) _ _ 3.3t 0.021 0.015 0.017
Projected spin—orbit angle 113.51173 deg Ugﬂntrast (ppm) 697 593 507
3D spin-orbit angle 10327138 deg 605 495 558

Notes. Parameters from [1] Maxted, (2021)), [2] Trifonov et al.
(2018)), [3] [Lanotte et al|(2014|) are fixed. Parameters with f
are derived from our final analysis in Sect.[5| For details about
the power-2 limb-darkening law, see |[Morello et al. (2017); 1
Maxted| (2018)). The 3D spin-orbit angle is combined over the FWHM (ms™)
two degenerate configurations for the stellar inclination, see

text.

-20 -10 0 10 20 30
Velocity in heliocentric rest frame (km s™1)

Fig. 1. Master-out CCFpr of GJ 436 in Visit 1 (blue profile) and
its best-fit double-Gaussian model (black dashed profile). The
vertical dotted line indicates the measured systemic velocity.

in each visit is then used as a template (i.e., the amplitude
ratio, FWHM ratio, and RV centroid difference between the
lobe and core Gaussian components are fixed to its proper-
ties) to fit each individual exposure. We performed the same
operations on CCFs reduced with the mask for M3-type
stars previously used by the ESPRESSO DRS, and used
the out-of-transit time-series of RV residuals, contrast, and
FWHM derived from the fits to both CCF series to assess
the stability of the measurements and the improvements
associated with the new CCF mask (Table [2). This mask
yields shallower but much narrower CCFpy, with relative
precisions on the contrast and FWHM improved by 27%

<FWHM> (kms~1) 7.0304 4.9606 4.9577
7.0360 4.9641 4.9652
CFWHM (m S_l) 2.2 1.8 1.9

2.0 1.7 1.7
3.7 1.6 1.5
2.9 1.3 1.2
oSl (ppm) 527 328 296
412 259 252
ery (cms™ 1) 78 67 71
69 61 63
ory (cms™) 78 70 72
72 64 58

Notes: For each property, values on the first (resp.) line corre-
spond to Visit 1 (resp. 2). o indicates standard deviations of
the out-of-transit contrast, FWHM, and Keplerian RV resid-
uals with respect to their mean value (<x>). The ¢™! disper-
sions have been normalized by this mean to allow for a direct
comparison between cases. ey indicate the mean out-of-transit
error on .

3.2. Classical RM analysis

Figure |Z| shows the RV time-series derived from the CCFpy.
In contrast to the HARPS/HARPS-N data in|Bourrier et al.
(2018b) the precision of the ESPRESSO data is sufficient to
detect the anomaly induced by the planet, despite its small
amplitude (~1ms~!). The RM signal is consistent between
the two visits within the quoted error bars, strengthening
its velocimetric detection. We fitted the two visits together
using the ARoME codﬂ which implements the prescription
of Boué et al.|(2013). Residuals on RV were phase-folded us-
ing the revised ephemeris (Table . The ARoME code does
not model the Power-2 limb-darkening law used by Maxted
(2021)), and we therefore used the limb-darkening calculator
too to derive quadratic coefficients c¢1 = 0.440+0.008 and

! http://www.astro.up.pt/resources/arome

2 https://exoctk.stsci.edu/limb_darkening. This tool is
part of the Exoplanet Characterization toolkit, https://
exoctk.readthedocs.io/en/latest/
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Fig. 2. Top: RM anomaly induced by GJ436b in the RV resid-
uals measured in Visits 1 (orange) and 2 (blue). Black dots rep-
resent a binning of the RV data with a bin size of 2.5 over the
combined transits. The red line shows the classical fit to the
anomaly, with associated uncertainty depicted by the gray area.
Vertical dashed lines indicate the first and fourth transit con-
tacts. Bottom: RV residuals, which display an overall dispersion
of 65cms™!.

2 = 0.238 + 0.012 in the wavelength range of ESPRESSO
(adopting the Phoenix ACES model atmospheres; [Husser
et al[[2013). We also adopted a stellar macroturbulence
velocity of 1 kms™! from Fig. 11 in Wende et al.| (2009)
(although this parameter has little impact in our final solu-
tion), the planetary parameters reported in Table[l} and an
ESPRESSO instrumental CCF width of 2.1kms~! (Pepe
et al.|2021]).

We ran a MCMC simulation with 4000 samples in or-
der to derive the sky-projected obliquity A and stellar ro-
tational velocity v sini,, together with their associated un-
certainties. We set wide and uniform priors, ¢(0,180) ° on
A and U(0, 5)kms~! on vsini. The best-fit RM model
shown in Figure [2| is obtained for A = 102.57152° and

vsini, = 272739 ms~!. These results are consistent within
1o with the values reported in [Bourrier et al.| (2018b)), al-
though their uncertainties are reduced by up to a factor of
two given the higher S/N and larger spectral coverage of
the ESPRESSO data (Table [3)).

4. Analysis of the planet-occulted CCFs

RVs condense the information contained in disk-integrated
CCF profiles into a single measurement, which limits our
ability to detect and interpret the occultation of the stellar
surface by the planet in the resulting RV anomaly. A classi-
cal analysis of the velocimetric RM effect can be further bi-
ased if the occulted stellar line profile is not well modeled or
varies along the transit chord (Cegla et al.|[2016b, [Bourrier
et al.|[2017). Here we analyze the data using the Reloaded
(Cegla et al.|[2016a)) and Revolutions (Bourrier et al.|[2021])
techniques, which provide direct access to the occultation
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signal and avoid these biases through the analysis of the
planet-occulted starlight rather than the disk-integrated
starlight. In both techniques, the disk-integrated CCFs are
rescaled to their correct relative flux level, which is critical
to extract CCFs from the planet-occulted regions. Whereas
the Reloaded RM technique analyzes the stellar line from
each planet-occulted region independently to retrieve and
interpret the stellar surface RVs along the transit chord, the
RM Revolutions technique exploits all available informa-
tion by analyzing the planet-occulted CCFs together with
a joint model. Hereafter, we characterize planet-occulted
stellar lines according to their core RV centroid, and also
according to the “true” contrast and FWHM calculated us-
ing the peaks of their model lobes as an estimate for the
continuum.

4.1. Extraction and analysis of individual exposures

CCFpr are scaled to a common flux level outside of the
transit, and to the flux expected from the planetary disk ab-
sorption during transit using a light curve computed with
the batman package (Kreidberg||2015) and the properties
in Table [I} CCFs from the planet-occulted regions are re-
trieved by subtracting the scaled CCFp; from their corre-
sponding master-out, and are then reset to a common flux
level to yield intrinsic CCFiy, that allow for a more direct
comparison of the local stellar lines (Fig. [3)).

Following the RM Revolutions approach (Bourrier et al.
2021)), we first analyze individual exposures to evaluate the
quality of each CCFy,, and assess the possibility for line
profile variations along the transit chord. Like the disk-
integrated line, the average intrinsic stellar line displays
side lobes and CCF},;, were therefore fitted with a double-
Gaussian profile as well. As in Bourrier et al.| (2018b), we
fixed the core-to-lobe FWHM ratio, amplitude ratio, and
centroid difference of the CCF,, model to the values de-
rived from the fit to the master-out CCFp; in each visit. We
set uniform priors, 2(-1,1) kms~* on the model RV centroid
(i.e., about three times the maximum stellar surface RV),
U(0,10) kms~! on the FWHM (i.e., about three times the
width of the CCFpy, which is assumed to be similar to that
of the CCFy, given the slow stellar rotation), and ¢(0,1)
on the contrast. We ran a set of 100 walkers for 2000 steps,
with a burn-in phase of 500 steps. The model is fitted to
the data over [-50,50] kms~! in the star rest frame.

The stellar line is clearly detected in all individual
CCFint, (Fig. |3), with well-defined PDFs for their model
parameters (Fig. , except for the first and last expo-
sures in both visits. Their S/N is much lower than the rest
of the series, which is due to the darkened flux of the stel-
lar limb and its partial occultation by the planet, and they
were excluded from further analysis. Properties of the local
stellar lines along the transit chord are shown in Fig. @] The
local line contrast, FWHM, and RVs are consistent between
the two visits, as expected from the stability of the host star
(Bourrier et al.[[2018b). Surface RVs are all positive and re-
main at about the same value between 200 and 300ms™*,
which is in agreement with the results from Bourrier et al.
(2018b)) and the classical RM analysis (Sect. , and con-
firms that GJ 436b is on a polar orbit across the redshifted
stellar hemisphere.
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Table 3. Comparison of RM analyses.

Refined architecture of the GJ 436 system

Instruments Analysis Parameters

vsini, (ms~ 1) A (%)
ESPRESSO Classical RM 272.07570 10257152
ESPRESSO Reloaded RM 292975579 107.5735:5
ESPRESSO RM Revolutions 300.57550 114.17338
HARPS/HARPS-N Bourrier et al.| (2018b) 330188 72158
HARPS/HARPS-N RM Revolutions 290.171555  102.4130%
HARPS/HARPS-N/ESPRESSO RM Revolutions 29357357 1135113

Notes: The analysis from [Bourrier et al.| (2018b) was per-
formed with an older version of the Reloaded RM technique

and a different reduction of the CCFs.
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Fig. 3. Maps of the CCFin¢, during the transit of GJ436b in Visits 1 (upper panel) and 2 (lower panel). Left panels show measured
profiles. The core of the stellar line from the planet-occulted regions is clearly visible as a bright streak, with side lobes visible on
both sides as dark streaks. Middle panels show the RM Revolutions best-fit profiles. Right panels show residuals between measured
and theoretical profiles. Transit contacts are shown as green dashed lines. Values are colored 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). The green solid line shows the stellar surface

RV model from the RM Revolutions best fit.

4.2. Reloaded RM fit to surface RVs

The Reloaded method is restricted to the interpretation
of the RV centroids from the planet-occulted CCFs, which
requires that they have a strong enough S/N to be fitted
with a stellar line model. This is the case here, and we were
therefore able to fit the model described in |[Cegla et al.
(2016a) to the surface RV series. We assume solid-body ro-
tation for the star and oversample each exposure by 5 to
account for the possible blur induced by the planet motion
(Bourrier et al.[(2017))). Uniform priors are set on the model
parameters, U(0,10) kms~! for vsini,, and over its defini-
tion range U(-180,180)° for A. We ran 20 walkers for 2000

steps, with a burn-in phase of 500 steps. The best fit yields

vsinig = 292. 9+49 oms~'and A = 107.5i§§’;§o. These re-

sults are consistent within 1o with those derived from the
Reloaded analysis of HARPS/HARPS-N transits in [Bour-

rier et al.[(2018b) (vsiniy, = 3307 0¢ ms 1\ = 725)’20), and
comparable in terms of precision with the results from the
classical RM analysis (Table. We note that, despite their
precision, the ESPRESSO data on GJ 436b do not allow us
to constrain differential rotation, as a fit following the pre-
scription of |Cegla et al. (2016a) results in a uniform PDF
for the relative differential rotation rate. This is in agree-
ment with the conclusions of Browning| (2008) and Morin
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the fits to individual exposures. Vertical bars indicate their asso-
ciated 1o highest density intervals. Horizontal bars indicate the
duration of each exposure. Solid lines are derived from the best
RM Revolutions fit to the CCFinty maps (contrast and FWHM
are specific to each visit and colored accordingly). The dotted
line in the top panel is the best Reloaded RM fit to the surface
RV series, nearly identical to the model from the RM Revolu-
tions fit. Dashed vertical lines are the transit contacts.

et al| (2008) that differential rotation in fully convective
dwarf stars is quenched by their strong magnetic fields.

4.3. RM Revolutions fit to intrinsic line maps

The RM Revolutions approach exploits the full informa-
tion contained in the transit time-series by directly fitting
a model of the stellar line to all CCF',, simultaneously (de-
tails can be found in [Bourrier et al.|2021)). The local stellar
line is modeled as a double-Gaussian profile, whose cen-
troids are set by the same surface RV model as in Sect. [£.3]
Figure[5]shows that the master disk-integrated and intrinsic
CCFs have the same profile. Comparisons of the Bayesian
information criterion (BIC, |Schwarz||1978} Kass & Raftery
1995; |Liddle |2007) confirm that it is not justified to model
the local stellar line with profiles specific to each visit (BIC
= 2276) or common to both visits (BIC = 2259), compared
to using the profiles describing the disk-integrated line (BIC
= 2239). Properties linking the core and lobe components of
the double-Gaussian CCF;,, model were therefore fixed to
those derived for the master CCFpy in each visit (Sect. .
The line shape is therefore controlled by its contrast and
FWHM, which are chosen to be constant along the tran-
sit chord but specific to each visit (allowing for center-to-
limb variations in the local contrast increased the BIC of
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Fig. 5. Comparison between the master-out CCFp1 averaged
over both ESPRESSO visits (blue), and the average of all
CCFiner (magenta) after they were shifted to a common rest
frame using the best-fit surface RV model for GJ 436.

the fit by 14). The time-series of theoretical stellar lines
was convolved with a Gaussian profile of width equivalent
to ESPRESSO resolving power, before being fitted to the
CCFintr in both visits. MCMC jump parameters are the
line contrast and FWHM, A, and vsiniy. Uniform priors
are set on all parameters, and over the same range as for
the Reloaded fit for A and vsiniy, between ¢(0,10) kms~!
for the local FWHM, and between ¢/(0,1) for the local con-
trast. We ran 60 walkers for 3000 steps, with a burn-in
phase of 800 steps.

The best-fit line model accurately reproduces the local
stellar lines along the transit chord, as can be seen from
the residual maps in Fig. [ These maps also highlight the
stability of the star over the visits and the overall quality
of the data, with no spurious features visible in the out-
of-transit residuals. The surface RVs and line properties

associated with the best fit are shown in Fig. @]l We de-

rive vsiniy, = 300.5f§?.‘8ms_1 and \ = 114.1f%$[§0. Again

these values are consistent within 1o and comparable in
terms of precision with those derived from the classical RM
and Reloaded analysis (Table . Varying the mid-transit
time and transit depth within their 30 uncertainties and
letting the semi-major axis and orbital inclination free to
vary with priors set from |Maxted| (2021) has no impact on
the derived values.

5. Revision of the system architecture.

To refine the orbital architecture of the GJ 436 system as
much as possible we performed a combined RM Revolutions
fit to the archival HARPS/HARPS-N and new ESPRESSO
data.

5.1. Reduction of HARPS/HARPS-N data

One HARPS transit and two HARPS-N transits of GJ 436b
were used by Bourrier et al.| (2018b)) to measure its obliquity
using the reloaded RM method (we refer to this publication
for details). Here we reduced and analyzed these datasets
following the same approach as with the ESPRESSO data,
albeit with some specificities, which are described below.
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model in ESPRESSO Visit 1 (top panel) and Visit 2 (bottom
panel). Transit contacts are shown as green dashed lines.

Older versions of the HARPS/HARPS-N DRS did not
correct for the color effect in M dwarf data, which was there-
fore corrected for manually by Bourrier et al.| (2018b)). Here
we used versions 3.5 and 3.7 of the HARPS and HARPS-N
DRS, which apply the color correction automatically. The
same template as with ESPRESSO was used. All expo-
sures were well corrected for, except for the last one in
each HARPS-N night obtained at low S/N because of high
airmass and shorter exposure time. These were excluded
from our analysis. CCFs were calculated with a step of
0.82kms~! using the same mask as the ESPRESSO data.

We observed significant correlations between the con-
trast of the CCFp; and the S/N. These correlations are
similar between the HARPS-N visits and particulary strong
in the HARPS visit (Fig. [7). The origin of these variations
is unclear, and we therefore applied an empirical correction
obtained by fitting a linear model between the out-of-transit
constrast values and the S/N at 550 nm. This polynomial
degree was set by minimizing the BIC of the fit. The correc-
tion is applied by temporarily subtracting CCFp; for their
continuum flux (so that their continuum is set to zero),
“stretching” them using the linear contrast model (so that
their contrast is corrected to the expected value), and then
adding back the continuum flux. We note that no equivalent
correlations are observed in the ESPRESSO data.
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Fig. 7. Contrast of the HARPS (magenta), HARPS-N
(green and orange), and ESPRESSO (blue and red) CCFpr.
HARPS/HARPS-N data are shown before (top panels) and af-
ter (bottom panels) correcting for their correlation with the S/N
at 550 nm. Solid lines show best-fit models to the out-of-transit
data (squares; in-transit points are shown as disks). Error bars
are not shown for the sake of clarity.

5.2. Global Revolutions fit

CCFinr were extracted in the same way as for the
ESPRESSO data. GJ436 is occulted by the planet in 12
exposures in the HARPS data, and in 9 exposures in the
HARPS-N data. Applying the same analysis as in Sect.
(see Fig. and , we exclude exposures that display
uniform RV PDFs and/or contrast and FWHM PDFs that
are consistent with null values, which is an indication that
the S/N of their CCFjpn, is too low to detect the stellar
line. This concerns exposures at the limbs of the star: the
three first and three last ones in the HARPS transit, and
the first and last ones in the HARPS-N transits.

We used the RM Revolutions technique to fit the five
visits together, using the same procedure and settings as
in Sect. [I.3] The double-Gaussian profile of the local line
model is set to the template derived for the disk-integrated
line in each visit, with the contrast and FWHM of the line
let free to vary in each visit. Theoretical line models are
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Fig. 8. Stellar surface RVs of the regions occulted by GJ436b
in ESPRESSO visits 1 (blue) and 2 (red), HARPS Visit A (ma-
genta), and HARPS-N visits B (orange) and C (green) derived
from the fits to individual exposures (same details as Fig. [4).
The solid black curve is the best-fit model derived from the joint
Revolutions fit to all visits.

convolved with the instrumental response of each instru-
ment before they are compared with the data. Figure
shows the surface RVs derived from the individual analysis
of each exposure (as in Sect. , along with the best-fit
model derived from the best RM Revolutions fit, We derive
vsiniy, = 293.5f§§jgms_1 and \ = 113.5f%§j§ . The cor-
rection applied to the HARPS/HARPS-N CCFp; improved
the stability of the CCFj,, contrast, but has negligible im-
pact on these results.

We note that combining the HARPS/HARPS-N and
ESPRESSO data does not substantially improve the pre-
cision on the derived properties (Table |3). To under-
stand why, we performed a RM Revolutions fit on the
HARPS/HARPS-N data alone, which yielded vsiniy, =

ZQOHiS ms~!and A = 102i§50. Those results remain con-
sistent within 1o with those obtained by
but vsini, is shifted to lower values while A is
shifted to larger values, with both properties having larger
uncertainties. First, this explains why the ESPRESSO
dataset dominates the global fit of the five visits. Also, these
differences with Bourrier et al.| (2018b|) could be due to bi-
ases in the reloaded RM technique these authors applied
to the HARPS/HARPS-N datasets. Indeed, Fig. |8 shows
that the surface RVs have asymmetrical uncertainty ranges
resulting from non-Gaussian PDFs from the MCMC fits to
the HARPS/HARPS-N CCFjy,. In such a case, the least-
square minimization used to fit CCFj,, in the traditional
reloaded RM approach yields biased estimates for surface
RVs and their uncertainties, which then bias the properties
derived by fitting those RV series. This highlights the util-
ity of the RM Revolutions technique in fitting the series
of CCFjyy, directly using a MCMC approach rather than
fitting their properties in a two-stage approach as with the
reloaded RM technique.

Our measurement of v sini, is the most precise to date
of all those obtained by analysis of the RM effect, with
only five other exoplanet host stars having measurements
more precise than 50ms~! (based on the NASA exoplanet
archive). Following the approach of Bourrier et al.| (2018b),
we combined our PDF for vsini, with Gaussian PDFs for
the stellar radius (0.438+0.013 Re, Maxted|[2021) and ro-
tation period (44.09+0.08 d, Bourrier et al.[2018b) to build
a PDF for the stellar inclination, revising its value to i, =

35.7759° or 144.2778° . The PDFs for the true 3D obliquity
of GJ 436b associated with these two degenerate configura-
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Fig. 9. Projection of GJ 436 in the plane of the sky for the best-
fit orbital architecture, in the configuration where the stellar
spin (shown as a black arrow extending from the north pole) is
pointing toward the Earth. The south pole is shown as en empty
disk. The stellar equator is represented as a solid (dashed) black
line on the visible (hidden) stellar hemisphere. The stellar disk
is colored as a function of its surface RV field. The normal to
the orbital plane of GJ436b is shown as a green arrow. The
thick green solid curve represents the best-fit orbital trajectory.
The thin lines surrounding it show orbits obtained for orbital
inclination, semi-major axis, and sky-projected obliquity values
drawn randomly within 1o from their probability distributions.
The star, planet (black disk), and orbit are to scale.

tions have similar widths and median and we averaged
1)

them to derive ¥ = 103.23%?0 (Table|1)). The correspond-
ing architecture for the GJ 436 system is shown in Fig. [9]

6. Conclusion

The classical, Reloaded RM, and RM Revolutions analysis
of two transits of GJ436b observed with ESPRESSO yield
similar results for the sky-projected obliquity A and stellar
rotational velocity vsiniy, which are also consistent with
the values obtained by [Bourrier et al| (2018b) (Table [3).
This unambiguously confirms the conclusions of these latter
authors that GJ436b is on a polar orbit around its slow-
rotating host.

The three analysis techniques yield unbiased results on
A and vsin i, with comparable precision when the occulted
stellar lines are detectable in each exposure, are constant
across the transit chord, and solid-body rotation dominates
their Doppler shift, as is the case for GJ 436b.

The smaller uncertainties provided by the classical RM
fit of GJ436b likely arise from the underlying assumption
of a constant stellar line profile, which removes freedom to
the fit compared to the other techniques. However, this as-
sumption is only validated by the independent analysis of
the local line profiles in the Reloaded RM and RM Revo-

3 For transiting planets, the 3D obliquity ¥ =
arccos(sin(i+) cos(A)sin(i,) + cos(ix)cos(ip)) approximates
as arccos(sin(i.) cos(\))
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lutions techniques. In a general case, the classical RM ap-
proach should be used with caution because it does not
allow the occulted stellar lines to be extracted and studied,
making its results prone to bias if these lines vary.

The comparable precision between the Reloaded RM
and RM Revolutions fits of GJ436b likely arises from the
detectability of the occulted stellar lines in nearly all ex-
posures. Indeed, the reloaded RM technique relies on the
possibility to derive the RVs of planet-occulted regions by
fitting the occulted stellar line in individual exposures. This
technique thus loses precision as planets get smaller /host
stars fainter and fewer lines can be detected, up to the
point where it fails entirely. This was the case with the
super-Earth HD 3167b, whose signal could only be detected
through the RM Revolutions technique (Bourrier et al.
2021)).

While the classical, Reloaded RM, and RM Revolutions
techniques yield comparable results in ideal cases, the latter
is required to fully exploit a RM transit dataset, and assess
and avoid the presence of possible biases due to line shape
variations, and we encourage its use to measure obliquities
from all types of planetary systems.
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