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ABSTRACT

Context. General circulation models of gas giant exoplanets predict equatorial jets that drive inhomogeneities in the atmospheric
physical parameters across the planetary surface.

Aims. We studied the transmission spectrum of the hot Jupiter WASP-127 b during one transit in the K band with CRIRES*.
Methods. Telluric and stellar signals were removed from the data using SYSREM and the planetary signal was investigated using the
cross-correlation technique. After detecting a spectral signal indicative of atmospheric inhomogeneities, we employed a Bayesian
retrieval framework with a two-dimensional modelling approach tailored to address this scenario.

Results. We detected strong signals of H,O and CO, which exhibited not one but two distinct cross-correlation peaks. The double-
peaked signal can be explained by a supersonic equatorial jet and muted signals at the planetary poles, with the two peaks representing
the signals from the planet’s morning and evening terminators. We calculated an equatorial jet velocity of 7.7 + 0.2 km s™! from our
retrieved overall equatorial velocity and the planet’s tidally locked rotation, and derive distinct atmospheric properties for the two
terminators as well as the polar region. Our retrieval yields a solar C/O ratio and metallicity, and shows that the muted signals from
the poles can be explained by either significantly lower temperatures or a high cloud deck. It provides tentative evidence for the
morning terminator to be cooler than the evening terminator by —175*133 K.

Conclusions. Our detection of CO challenges previous non-detections of this species in WASP-127b’s atmosphere. The presence of a
clear double-peaked signal highlights the importance of taking planetary three-dimensional structure into account during interpretation
of atmospheric signals. The measured supersonic jet velocity and the lack of signal from the polar regions, representing a detection of
latitudinal inhomogeneity in a spatially unresolved target, showcases the power of high-resolution transmission spectroscopy for the

characterisation of global circulation in exoplanet atmospheres.
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1. Introduction

While we can readily resolve and study the three-dimensional
(3D) structure of Solar System planets (Lellouch et al.|[2019;
Cavalié et al.||2019), similar investigations of exoplanets are
challenging due to their vast distances from us. Nonetheless,
the study of atmospheric inhomogeneities in these planets has
started to make significant progress in recent years. Exoplanet
atmospheres can be explored using spectrophotometric obser-
vations. These studies are particularly favourable for transiting
planets, for which not only dayside emission and reflection spec-
tra can be obtained by observing phases close to the secondary

eclipse but also transmission spectra can be obtained by prob-
ing the planet terminator during a transit event. During the tran-
sit, part of the star light passes though the upper atmosphere of
the planet and is imprinted with the unique pattern of absorption
lines of atoms and molecules present in the planet atmosphere.

Previous studies have investigated atmospheric inhomo-
geneities by observing time resolved changes of the planetary
spectra, and thus probing different longitudes of the planet as
they rotate in or out of view (Ehrenreich et al.|2020; |Seidel
et al.|[2023; |Cont et al. 2021} |Gandhi et al.|[2022; [Louden &
Wheatley| 2015; [Pino et al.| 2022; Brogi et al. 2023; |Prinoth
et al.|[2023). These studies have been conducted at both low
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and high spectral resolution. When observing at high resolution
(R ~100000) the dynamics of the atmospheric material can be
measured through Doppler shifts of the signals caused by their
relative motions towards the observer (Dang et al.[[2018}; |[Ehren-
reich et al.[|2020). Using this benefit, high wind speeds from jet
streams and dayside-to-nightside winds as well as temperature
differences can be deduced from observed line broadening and
asymmetries (Prinoth et al.|2022; [Keles|2021)). Previous studies
have investigated signals stemming from different parts of the
planet atmospheres, including their morning and evening termi-
nators, which were observed superimposed on each other and
had to be disentangled through comparison with models contain-
ing combined absorption features of different regions (Gandhi
et al[2022] 2023} Maguire et al.|[2024) and comparing differ-
ences between ingress and egress line shapes (Seidel et al.[2023];
Louden & Wheatley|[2015). One advantage that was used to dis-
entangle signals in the time domain was that very close-in plan-
ets with very short orbital periods (~ 1-2 days) undergo signifi-
cant changes in projected viewing angle between transit ingress
and egress (Gandhi et al.|[2022; Ehrenreich et al.|[2020; |Sei-
del et al.|2023} |Prinoth et al.|[2023). This effect, however, be-
comes progressively less pronounced for planets at larger dis-
tances from their host stars (i.e. with longer orbital periods).
Here we studied the transmission spectrum of the hot Jupiter
exoplanet WASP-127b, which orbits its G-type host star on a
4.18-day orbit (Lam et al.|2017)). The planet has one of the low-
est densities ever recorded for an exoplanet (o = 0.07 £0.01pyyp;
Lam et al.|2017), which, in combination with its favourable
star-planet radius ratio, makes it a prime target for atmospheric
studies. The first indication of a feature-rich transmission spec-
trum on this planet was obtained at low resolution with the
Andalucia Faint Object Spectrograph and Camera (ALFOSC)
mounted on the 2.5m Nordic Optical Telescope (NOT) at the
Roque de los Muchachos Observatory (ORM) (Palle et al.|2017).
These findings were later confirmed with higher precision us-
ing the OSIRIS instrument at the 10m Gran Telescopio Canarias
(GranTeCan) (Chen et al.|2018)), showing not only sodium and
potassium absorption, but also a tentative detection of lithium in
the planet. However, follow-up studies of the planet at high res-
olution in the optical wavelength range only measured a weak
signal for sodium with ESPRESSO at the 8m Very Large Tele-
scope (VLT) (Allart et al.|[2020) and HARPS (Seidel et al.
2020), the latter being compatible with a non-detection. Using
the Rossiter-McLaughlin effect, these high-resolution observa-
tions of the planet during transit revealed that the planet is or-
biting its host on a misaligned orbit (Allart et al.||2020; |Cristo
et al|2022). The atmosphere and orbit were further constrained
by successful eclipse measurements with Spitzer, which deter-
mined the planet’s dayside temperature as T ~ 1400 K (1454*$

K and 13732‘? K at 3.6 um and 4.5 um, respectively; Wallack
et al|2021). Low-resolution space-based spectroscopy obtained
in the H band with the WFC3 instrument on the Hubble Space
telescope (HST) led to a detection of water in the planet’s trans-
mission spectrum (Skaf et al.|2020} Spake et al.|2021)). An at-
mospheric retrieval study combining the HST and Spitzer transit
data led to conflicting carbon-to-oxygen ratios (C/O) depending
on whether chemical equilibrium or free chemistry assumptions
were adopted (leading to values of C/O ~ 0.8 and C/O ~ 0.0, re-
spectively; |Spake et al.|[2021). This degeneracy was seemingly
solved through recent high-resolution observations of this tar-
get over a wide wavelength range in the near-infrared (~ 980 -
2500 nm) using the SPIRou spectrograph, which yielded a detec-
tion of water (H,O) and hydroxyl (OH), but no carbon monoxide
(CO). The non-detection of CO led to strong upper limits on the
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CO abundance (log,,(CO) < —4.0) and favoured a disequilib-
rium case with a low C/O ratio for this planet in the joint retrieval
of SPIRou + HST + Spitzer data (Boucher et al.|2023)). The H,O
and OH signals found in this high-resolution study were detected
to be strongly blueshifted (by approximately 10km s!) from
the planet’s rest frame and the authors discussed the possibility
of this signal being only part of a broadened velocity signature,
with other parts of the signal hidden within the noise.

For this work we used the CRyogenic InfraRed Echelle
Spectrograph (CRIRES™) in the K band (1972 - 2452 nm) and
independently investigated the atmospheric composition and its
atmospheric dynamics at a spectral resolution of R =140 000.
The instrument has recently been used to successfully investigate
exoplanet atmospheres, in transmission and in emission spec-
troscopy (e.g.Holmberg & Madhusudhan|2022} | Yan et al.[2023];
Lesjak et al.||2023} Ramkumar et al.|2023}; |Grasser et al.|[2024;
Parker et al.[2024; |Cont et al.[2024).

We report the detection of both H,O and CO using the
cross-correlation method. We further report the detection of two
peaks in the velocity profile for each of these species, located
at approximately + 8km s!. These peaks remained resolved
throughout the entire duration of the planetary transit. We found
that these two peaks can be explained as representing the signals
stemming from the two limbs of the planet. We used these spec-
troscopically resolved signals to retrieve the atmospheric prop-
erties of the two equatorial regions of the morning limb and the
evening limb, and for the poles, via a Bayesian retrieval frame-
work. The retrieval utilized a simplified two-dimensional (2D)
atmospheric model, which incorporates the freedom of varying
dynamics and atmospheric conditions at different latitudes and
longitudes of the planet. This approach is analogous to previous
studies using 2D retrievals to disentangle the components of the
morning and evening terminator in unresolved signals (Gandhi
et al.|2022} [2023} [Boucher et al.[[2023} [Maguire et al.[|2024)), but
additionally includes the option of latitudinal variations, further
pushing the exploration of inhomogeneities in exoplanet atmo-
spheres.

Our work is structured as follows. The observations are de-
scribed in Sect.[2] The data reduction and pre-processing, such as
the removal of stellar and telluric signals, is described in Sect. 3]
The detection of atmospheric species is described in Sect. [} de-
tails on the model calculation are given in Sect.[4.T|and the cross-
correlation analysis is described in Sect. [4.2] The results of the
cross-correlation analysis are given and discussed in Sects. 4.3
and [4.4] respectively. In Sect. [4.5] we discuss the interpretation
of the double-peaked signals. The set-up of the 2D atmospheric
retrieval is described in Sect. [Sl The results of the retrieval are
provided and discussed in Sect. [5.5] Finally, we give conclusions
about our work in Sect.

2. Observations

We observed the extrasolar planet WASP-127 b during a transit
event (i.e. when the planet passed in front of its host star in our
line of sight) on the night 24-25 March 2022 in the K band us-
ing the upgraded infrared spectrograph CRIRES*, mounted at
the Nasmyth B focus of the 8m UT3 telescope at the VLT Fa-
cility of the European Southern Observatory (ESO) (Dorn et al.
2023)). The observation lasted for 6.6 hours (00:22 UT - 07:03
UT) and covered the whole transit event as well as a comparable
amount of pre- and post-transit baseline (Fig.[I]a). The exposure
time of 240s was purposefully chosen: short enough to avoid
the planet signal spreading over several detector pixels, due to
the Doppler shift caused by the planet’s orbital motion (Boldt-
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Fig. 1. Transit coverage and observing conditions during the observa-
tion of WASP-127b on the night of 24-25 March 2022. Panel a: The-
oretical light curve based on literature parameters indicating the 98 ex-
posures of 240s. Each data point corresponds to one exposure, and its
width to the duration of the exposure. Blue crosses indicate nodding
position A and red crosses nodding position B. The transit including
ingress and egress (i.e. the first to fourth contact T1-T4) is covered by
spectra 20-81; the second to third contact (T2-T3) is covered by spectra
26-75. Panel b: Progression of the airmass. Panel c: Mean signal-to-
noise ratio (S/N) of the spectra over all covered wavelengths.

Christmas et al.|2024). For comparison, the projected orbital ve-
locity of this planet changes by approximately 1 km s~! every
456 s during transit. In total we obtained 98 spectra, 62 of them
in transit, including ingress and egress (i.e. between first and
fourth contact, T1-T4), and 50 (of the 62) between the second
and third contact, excluding ingress and egress (T2-T3) (see Fig.
a). The airmass at the start of the observation was 1.5, reached
a minimum of 1.07 during the transit, and then rose again to 1.9
towards the end of the observation in the post-transit coverage.
The signal-to-noise ratio (S/N) per pixel fluctuated between 57-
73. The progression of the airmass and mean S/N over the course
of the observing night are shown in Fig. [T]b and c, respectively.
We used a slit width of 0.2” and the K band setting K2148, which
covers the wavelength range 1972 - 2452 nm. An ABBA nod-
ding sequence with a separation of the two nodding positions of
6” was employed to facilitate precise sky background subtrac-
tion. During the observations, the adaptive optics system was
used and the guiding was done on the target itself.

3. Data reduction and pre-processing
3.1. Extraction of 1D spectra and wavelength solution

The spectra were extracted from the 2D images using the
CRIRES* Data Reduction Software (DRS) CR2RES (Version
1.1.4). Details can be found in Sect. [A.T] During the observa-
tion the full width half maximum (FWHM) of the stellar point
spread function was smaller than the slit width. This translated
into a spectral resolution of R ~140000 and caused an offset
between the wavelength solution of the science spectra and that
of the calibration spectra (see Fig.[A.T)). For this reason, instead
of adopting the wavelength solution provided by the pipeline,
which is based on the calibration spectra, we obtained a refined

wavelength solution from the science frames themselves. This
was done by fitting the position of the telluric lines with the
ESO tool molecfit (Smette et al.|2015)) in two reference spec-
tra taken at the two respective nodding positions. Further, we
corrected for spectral drifts during the night by cross-correlating
each individual spectrum with the reference spectra and using
the measured offsets to interpolate all spectra to the same wave-
length grid. Details on the determination of the wavelength res-
olution and the wavelength offsets are given in Sect. [A.2] More
details on the use of molecfit are described in Sect.[A3]

3.2. Removal of stellar and telluric signals

To investigate the planet spectrum, all stellar and telluric sig-
nals had to be removed. For this purpose all spectra were nor-
malised to the same continuum level, and the deepest telluric
lines, with flux below 20% of the continuum level, were masked.
More details on the normalisation procedure can be found in
Sect.[A.5] We then brought all spectra into the stellar rest frame,
and removed stellar and telluric signals, which are quasi-static
in time, using the detrending algorithm SYSREM (Tamuz et al.
2005} Birkby et al.|2013)). We found that performing the detrend-
ing in stellar rest frame improved the removal of stellar residu-
als without compromising the removal of telluric residuals. This
was tested by performing the analysis for both cases (see Sect.
[A.4] for more background information on the spectral alignment
and its motivation). We ran SYSREM for 20 iterations and applied
the correction in flux space following|Gibson et al.|2020] through
division of the data by the summed up SYSREM models. The anal-
ysis described in the following sections was then performed on
each of the 20 iterations.

4. Detection of atmospheric species and velocity
profile in the planetary transmission spectrum

After the correction of the quasi-static signals found by SYSREN,
the data only contained noise and the planet signal, which is
Doppler shifted by different amounts in each spectrum, due to
the rapidly changing planetary velocity. To detect the planet sig-
nal in the noise, we used the high-resolution cross-correlation
spectroscopy (HRCCS) method (Snellen et al.2010; Brogi et al.
2012; lde Kok et al.| 2013} [Birkby et al.|[2013} [Lockwood et al.
2014), meaning that we calculated the cross-correlation func-
tions (CCFs) of the data and synthetic atmospheric models.

4.1. Computation of synthetic 1D models for the
cross-correlation

The models we used in this step of the analysis were calculated
with petitRADTRANS (Molliere et al.[2019). The input parame-
ters for petitRADTRANS are a temperature-pressure profile (7-p
profile); the abundances of the molecules to be included in the
model; and the system parameters, such as the planet radius Ry,
stellar radius Ry, and planet surface gravity log,,(gp). For our
cross-correlation analysis we used models with solar C/O ratio
and metallicity (i.e. C/O = 0.55 and [Fe/H] = 0.0), and a T-p pro-
file based on the one retrieved for this planet from low-resolution
spectroscopy by [Spake et al.| (2021) for equilibrium chemistry
assumptions.
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4.1.1. T-p profile

We set up a pressure grid spanning from 107 to 10 bar in
100 steps and calculated the temperatures for each pressure
point using Eq. 29 in |Guillot| (2010), which is implemented in
petitRADTRANS as a function with five input parameters: the
planetary internal temperature T, the atmospheric equilibrium
temperature T4, the atmospheric opacity in the infrared (IR)
wavelengths kg, the ratio of the optical to IR opacity y, and
the planet surface gravity g,. For the planet surface gravity, we
adopted the value of logy(g,/(cm s72)) = 2.36, which we calcu-
lated following |Southworth et al.|(2007) using the literature sys-
tem parameters from Seidel et al.|(2020), which are summarised
in Table[T] Our value for log,,(gp) is consistent within the errors
with the value given by|Lam et al.|(2017). As|Spake et al.|(2021)
use a slightly different parametrisation of the Guillot T-p profile,
we cannot directly adopt all five parameters needed to replicate
their 7-p profile from their work. However, we found that us-
ing our value for g, and the values they provide for the opacities
(log;p(kir) = =2.99 and log,,(y) = —1.92), setting Ti,, = 500
K and Ty = 1135 K in the petitRADTRANS parametrisation
closely reproduces the T-p profile shown in their manuscript
(Spake et al.|2021}, Fig. 11 top panel).

Table 1. Parameters for the WASP-127 system used in this manuscript.

Adopted parameter Value
Planet radius R, (Ryup) 13114005
Planet mass M, (Myyp) 0.1647+003
Stellar radius R, (Ry) 1.33+0:025
Stellar mass M (Mo) 0.949+0.0%3
Orbital period Py, (days) 4.17806203 0 00000083
Orbital inclination i (°) 87.84%03%
0.11
Cl/RS 7-81:).09
Time of mid-transit Ty (BJDrpp) ~ 2456776.62124*300023
Systemic velocity vy (kms™)  -8.25
Stellar radial velocity semi- 0.022+9003

amplitude K (kms™')

References. The listed parameters are all from [Seidel et al.[(2020).

4.1.2. Atmospheric absorbers

For the abundances we used the poor_mans_nonequ_chem sub-
package of petitRADTRANS, which allowed us to interpolate
pressure-dependent chemical abundances for each species based
on the input T-p profile, C/O ratio, and metallicity [Fe/H]. This
function uses a chemical grid calculated with easyCHEM (Mol-
liere et al.[2017).

We focused on the strongest absorbers expected in this wave-
length range: water (H,O), carbon monoxide (CO), methane
(CHy), and carbon dioxide (CO,). In the first step, we calculated
separate spectra for each species, with each model only contain-
ing the absorption lines of one molecule.

Since we found no signals for CH4 and CO,, but significant
CCF signals for both H,O and CO, we then also calculated a
model containing lines of both detected species simultaneously.
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A list of the used opacity information and the corresponding lit-
erature references can be found in Table 2

Furthermore, we explored the option of the inclusion of an opac-
ity deck as an additional source of absorption that could be
caused by clouds or hazes. This grey opacity layer is referred
to as a grey cloud deck in petitRADTRANS. When we refer
to clouds in the remainder of the manuscript, we intend this
grey opacity deck, which may have multiple potential origins.
We find that a grey cloud layer at an atmospheric pressure of
log,((P./bar) = —3bar has an effect on the shape of the model
spectra comparable to that of any additional haze layer with
the parameters proposed from retrievals of low-resolution data
(Spake et al.|[2021). We do not include a haze in our models
because the effects of both absorbers are interchangeable when
only investigating a short wavelength range, as in our case.

Table 2. Line list sources.

Molecule Reference

H,O 7(Rothman et al.72010)7
CO (Rothman et al.[[2010)
CH,4 (Hargreaves et al.|[2020)
CO, (Rothman et al.[[2010)

4.1.3. Model resolution and normalisation

Before we applied the cross-correlation of the models with the
data, the models were normalised and brought to the spectral res-
olution provided by the instrument for which we adopt a fixed
value of R = 140000 as an approximation of the slightly vari-
able resolution for each observed spectrum. This was done by
convolution with a Gaussian kernel. For the convolution we re-
sampled the model onto a wavelength grid with equidistant sam-
pling in velocity space. The sampling step was chosen so that we
would maintain the same number of sampled points between the
lowest and highest wavelength of the model. The model normal-
isation was realised by dividing the model into small wavelength
sections corresponding to the 18 wavelength sections covered by
the data, and then dividing each of the 18 model sections by their
respective mean value.

4.2. Cross-correlation analysis
4.2.1. Weighted cross-correlation

We then performed a weighted cross-correlation by allowing ve-

locity shifts v from —150 km s™! to +150 km s~! in 1 km s7!

steps. In each step, we calculated the weighted CCF as
N RA(OM;(v)

CCFv,t) = y |2, 1

1) Z( £ ) M

J=0

where R is the matrix of the residual spectra (i.e. data after
SYSRENM correction) with ¢ as the time index and j as the pixel
index, M is the synthetic model shifted by the velocity v, and
E is the error corresponding to R. We performed the weighted
cross-correlation for each of the 18 wavelength segments inde-
pendently and then co-added the results of all segments. When
summing over the segments we do not apply any additional
weighting or exclusion of individual segments as is sometimes
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done by other groups (e.g. /Giacobbe et al.|2021} Basilicata et al.
2024).

4.2.2. Calculation of Kj-v maps

We then brought the CCF results into the planetary rest frame,
assuming a circular planet orbit (i.e, e = 0) so that the planet ve-
locity is given by Vplanes = Kp sin(27£(2)). Here £(¢) denotes the
orbital phase which we calculate using the ephemeris informa-
tion from (Seidel et al.|2020, summarised in Table |l and K, is
the planet’s radial velocity semi-amplitude. While the value for
K, expected from literature parameters is Kpj;; = 133 km s7L we
repeated the calculation for K, values between 0 and 400 km s7!
in steps of 1 km s™! in order to be able to assess if the measured
signals optimally align in the planet rest frame. In each step we
aligned the spectra in the planet rest frame calculated using the
presumed value for K, and then co-added the CCFs of all spectra
taken fully in-transit (i.e, between T2 and T3 see Fig.[T]a).

The results of the summed CCFs for each K, value can be
displayed in what is commonly referred to as a Kj-v map; this
means that the results are shown as a function of K}, and a ve-
locity offset v. In our case, v = 0 corresponds to the planet’s rest
velocity. Offsets of the signals from v = 0 may stem from un-
certainties in the transit timing, from atmospheric dynamics (i.e.
winds in the planetary atmosphere) or from uncertainties in the
systemic velocity (here assumed to be vy, = —8.25+0.89 km s
based on the value from the Gaia catalogue; Mowlavi et al.
2018).

To evaluate the significance of any signal, we normalised
the entire K,-v map by the standard deviation of values
outside the region containing the signal. Here we used the
two regions encompassed between v = [ -75 km s~!, -20 km s7']
and v=[+20kms™', +75kms™'] over the entire K, range
(i.e. [0 km s™', 400 km s™']) to calculate the standard deviation
representative of the noise of the K,-v map outside the region
containing peak signal. We then divided all values of the K,-v
map by this standard deviation.

We repeated calculation of the weighted cross-correlation
and the K,,-v map calculation for each of the 20 SYSREM itera-
tions as well as for data with an injected signal. The best SYSREM
iteration was then determined objectively, based on the highest
signal to noise ratio recovery of the injected artificial signal anal-
ogous to [Cheverall et al.| (2023). Details on the selection of the
best SYSREN iteration can be found in Sect.

4.3. Results of the cross-correlation analysis

For both H,O and CO the CCF showed two spectroscopically
resolved signals each. These signals were moving with the pre-
dicted planetary orbital velocity but shifted systematically by ap-
proximately +8 km s~! and —8 km s~!, respectively, over the en-
tire duration of the transit (Fig. 2] upper panel). This behaviour
of the signals was also reproduced for the cross-correlation with
a synthetic model containing both species. In each of the three
cases, we found the amplitude of the redshifted signal to be lower
than the blueshifted one. For CO, and CH, we found no signifi-
cant signals (> 40) close to the expected Kp,.

The detections and non-detections as well as the position of
the peak signals did not vary significantly between SYSREN it-
erations. Furthermore, the double-peaked nature of the signals
could be reproduced when confining our analysis to only spec-
tra obtained in either nodding position A or B, as well as when
only looking at a single wavelength segment (tested by using the

last i.e. the reddest segment). Further, a cross-correlation of the
synthetic models with themselves did not produce any other sig-
nificant peaks beside the central one, with any aliasing effects
being below 3.5% of the central peak signal amplitude. We can,
therefore, exclude that the signal shape was caused by co-adding
misaligned data or by model self-correlation. The results are,
moreover, robust against small variations in the model parame-
ters. However, we noted that inclusion of a cloud or opacity deck
(here at log,,(P./bar) = —3) increased the signal strength in the
CCFs, which is why we choose to show the final results for the
cross-correlation for this model. We show the cross-correlation
results for the best SYSREM iteration in Fig.[2] for the detected
species and in Fig. [3| for the species without detected signals.
The best number of SYSREM iterations and the corresponding
S/N values and exact K, and v values of the peak signals are
summarised in Table[3l

We find that the two signals at ~ +8 km s~! peak at slightly
different K,-values, which may be attributed to superimposed
noise in the map or effects of SYSREM on the data, as the latter
was not accounted for in the cross-correlation analysis. We find
that a cut through the Kj,-v map at either peak K, value differs
only marginally from a cut through the K, value which we derive
from literature parameters (i.e., K, =133 km s~!). Consequently,
in the bottom panels of Figs.[2] EIKZ_I, and[3] we show a cut through
the K,-v map at K, =133 km s™".

4.4. Discussion of the cross-correlation results

We confirmed that the signals of HO and CO align at K}, veloc-
ities compatible with the prediction from the literature values,
supporting the conclusion that they are of planetary origin and
that both species are present in the planet atmosphere. The ab-
sence of signals of CH4 and CO,, however, does not necessarily
imply that these species are not contained within the atmosphere
at all. When computing a model spectrum containing the two de-
tected species and the two non-detected species, we found that
this model is indistinguishable from a model only containing the
two detected species. The explanation for this is that the absorp-
tion features of water are forming a quasi-continuum that hides
any weaker absorption features, for example those of CH4 and
CO;, in the case of solar metallicity and C/O ratio.

Furthermore, we found indications of the presence of an ad-
ditional opacity source, as the obtained S/N of the signals in-
creased when an additional absorber was introduced in the form
of a grey opacity or cloud deck. The presence and exact pres-
sure level of such a potential absorption layer as well as the
abundances of atmospheric species, however, cannot be accu-
rately determined by testing a limited number of models in cross-
correlation. Instead, a Bayesian retrieval framework can be em-
ployed. In this framework we have to address the fact that our
planet signal is spread over different regions in velocity space.
The double-peaked nature of our signals suggests that the atmo-
sphere of this planet cannot be accurately characterised by a 1D
model. To adapt to a physically more accurate description of the
planet signal we must understand what physical circumstances
could cause the signal of the planet’s transmission spectrum to
be split into two distinct peaks. In the following section we dis-
cuss the double-peaked signal and its probable source.

4.5. Discussion of the double-peaked velocity signal

The exoplanet WASP-127 b is a hot Jupiter orbiting a G-type star
at 0.05 AU distance on a misaligned orbit with a 4.2-day period
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Fig. 2. Results of the cross-correlation analysis of WASP-127b. The results are shown for cross-correlation with a pure H,O model (left column),
with a pure CO model (middle column), and with a model containing both atmospheric species (right column). Top panels: Results for the CCF
for each orbital phase. The radial velocity of the planetary orbital motion is indicated with a white dashed line. Middle panels: K,,-v map, i.e. the
CCF co-added using different values for K. The white dotted line indicates the value for K, found in the literature. Bottom panels: Cut through
the K;-v map at the literature value for K.

Table 3. Results from the cross-correlation analysis.

Molecule | Best iteration | Blueshifted peak S/N  [K,, v] (km s7") | Redshifted peak S/N  [K,, v] (km s7h
H,0 7 8.7 [133, -8] 5.0 [136, +8]
CO 5 9.6 [144, -8] 6.0 [143, +7]
CO +H,;0 9 11.6 [140, -8] 6.6 [138, +8]

Notes. The results listed are those obtained from the data that had undergone the SYSREM correction in stellar rest frame. The map was sampled in

1 km s~! steps which is reflected in the precision of the peak position coordinates.

(Cam et al|2017; [Allart et al]2020). At this distance to its host
star, the planet is presumed to be tidally locked, meaning that it
completes one rotation around itself during each orbit. Given the

radius of the planet of 1.3 Jupiter radii (Seidel et al[2020), this
would lead to a maximum velocity at the equatorial regions of

Vmax = 1.6 km 71,

Figure [ shows different example scenarios for atmospheric
dynamics and their influence on the velocity kernel of the atmo-
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spheric material. The top row of Fig. ] (panels a, d, g) shows
sketches of the described scenarios. The middle row (panels b,
e, h) shows the velocity kernels of the material at infinite resolu-
tion. These kernels were calculated as described in Sect.[5.3] The
bottom row (panels c, f, and i) shows how the CCF of an atmo-
sphere signal that was broadened with the velocity kernel from
the middle row would appear in observations at a resolution of
R = 140000. For this we used a synthetic atmospheric model,



L. Nortmann et al.: CRIRES* transmission spectroscopy of WASP-127b

normalized CCF

-50 0 50
v (km/s)

-50 0 50
v (km/s)

Fig. 3. Results of the cross-correlation analysis for methane (CHy, left
column) and carbon dioxide (CO,, right column). The results shown are
based on data corrected by using SYSREM in telluric rest frame. Top pan-
els: Cross-correlation function for each orbital phase. Middle panels:
K,-v maps. Bottom panels: Cut through the K,-v map at the literature
K, value.

which we first convolved with the velocity kernel depicted in the
middle row, and then convolved with a Gaussian to apply the ef-
fects of instrument resolution as described in Sect. 1.3 Then
we cross-correlated this broadened model with its unbroadened
counterpart to create the CCFs shown in the bottom panels. In
the scenario for the muted polar regions (g, h, i), a featureless
model was used for the convolution with the part of the veloc-
ity kernel representing the polar regions, in all other cases we
used the model employed in the CCF calculations of Sect @1}
In the following we address the different scenarios in detail. Fig-
ure[d]b shows the velocity distribution of the material in the part
of the atmosphere probed by transmission spectroscopy during
transit for the case of tidally locked rotation. While this distri-
bution exhibits two distinct peaks they are very close in velocity
space. Due to the limited resolution of the instrument, this sce-
nario leads to a broadened cross-correlation function instead of
a double-peak profile (Fig.[dc, solid line). The two peaks of the
velocity kernel only become spectrally resolved in the CCF at
higher rotational velocities (Fig. [ c, dashed line; also see e.g.
2016), at which point the CCF will show two peaks
representing the material at the two equatorial terminator regions
and a plateau between them that is caused by the decrease in the
velocities when moving towards higher latitudes (i.e. closer to
the rotation axis).

An alternative scenario does not require the entire planet to
rotate at this elevated speed but constrains these fast velocity
regions to the equator, where they form an equatorial super-
rotating jet (Fig. [] d). Such jets are predicted by 3D models
to occur in hot Jupiter planets (Showman et al|2015}; [Rauscher|

|& Menou|[2010) and have been suggested from line broadening
in high-resolution planetary dayside spectra (Zhang et al|2017}

[Lesjak et al|2023)), ingress and egress asymmetries in transmis-
sion spectroscopy (Louden & Wheatley|2015}, [Salz et al.[2018),
and hot spot shifts derived from low-resolution eclipse mapping
(de Wit et al.[2012)). In the case of the fast-rotating material be-
ing constrained to a region at the equator, the remaining signals
at the poles, rotating at reduced velocities in agreement with
tidally locked rotation, would form a third peak at around 0 km
s™! (Fig. He, ).

As we do not detect this peak, nor a plateau between our two
signals at +£8 km s!, we hypothesise that the signal of the planet
atmosphere in the polar region of WASP-127b may be signifi-
cantly muted due to lower temperatures, a higher cloud deck, or a
combination of these factors. Similarly, these parameters being
different between the evening terminator (i.e. where the mate-
rial transitions from the day to the nightside and is blueshifted)
and the morning terminator (where the material moves from the
nightside to the dayside and is redshifted) could explain the dif-
ference between the amplitudes found for these two signals in
the CCF. We evaluate whether such a scenario could produce
two isolated peaks by assigning a flat model spectrum to the
polar regions of the planet. Figure f] i shows that for this sce-
nario the resulting CCF signal only exhibits two peaks without a
plateau or third peak at low velocities, which is compatible with
our findings for WASP-127b.

5. Two-dimensional retrieval of the atmosphere

We set up a retrieval framework using a log-likelihood opti-

misation (as described in [Yan et al|[2020, 2023} [Lesjak et al.

[2023}, [Cont et al.|2024), using the Markov chain Monte Carlo
(MCMC) method, as implemented by Foreman-Mackey et al.|

(2013). We adapted this retrieval framework by switching from
a 1D atmospheric model to a simplified 2D model. We assumed
that the probed part of the atmosphere in transmission can be
described as a ring around the planet. Instead of using one 1D
model to represent the entire ring, we divided it into three re-
gions, with each region represented by its own 1D model (cal-
culated with petitRADTRANS). Similar 2D retrieval approaches

have been employed by previous studies (Gandhi et al.|[2022]
[2023}, Boucher et al][2023} Maguire et al|[2024), where the at-

mospheric ring was split into two regions representing the sig-
nals of the leading and trailing planetary limb observable at a
given time. In our case the three regions represent the two equa-
torial regions at the leading and trailing terminators and the po-
lar regions (combined as one region) as indicated in Fig. [] g.
The model of each of the three regions was convolved with the
respective velocity distribution (calculated as described in Sect.
[5:3]and indicated in Fig.[dh) and the weight of its corresponding
region, before all models were combined into a global model.
The global model was then shifted into the rest frame of the data
for each exposure and the effects of SYSREM on the data were
reproduced in the model following the pre-processing approach
described by [Gibson et al| (2022).

For the comparison of the model with the data, we used a
Gaussian log likelihood function following|Gibson et al.| (2020),

(2020, [2023)), [Cesjak et al] (2023) and |Cont et al]
(2024):

(v =1

2
7 (BSy)
Here R is the 2D matrix of the residual spectra, S is the matrix

containing the corresponding errors, M is the matrix of the pre-
processed model, and i and j indicate the individual elements of

1
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Fig. 4. Different scenarios of super-rotating atmospheric material. Panels a, b, and ¢ show the scenario of a homogeneously rotating planet. The
purple solid line shows the velocity kernel of the material at rotation consistent with tidally locked rotation (panel b) and the resulting shape of the
cross-correlation function (panel ¢). The turquoise dashed line shows the effect of the planet rotating approximately six times faster. Panels d, e,
and f show two cases of a super-rotating equatorial jet, with the poles rotating at tidally locked velocities. The difference between the two cases is
the opening angle of the equatorial region (35° orange dashed, and 65° solid green). Panels g, h, and i explore the case of the velocity kernel of a
super-rotating equatorial jet (blue and red solid lines in panel h) with the polar region represented by the velocity kernel of super-rotating velocity
(grey dash-dotted line) or tidally locked velocity (grey dotted line), but not contributing to the transmission spectrum due to muted atmospheric

features, leading in both cases to only two peaks in the CCF (panel 1).

the 2D data. We also allow for an error scaling factor . In the
following we discuss the various free parameters of the retrieval,
regulating the velocity distributions, atmospheric conditions in
the three regions, and transformation into data rest frame.

5.1. Free parameters
5.1.1. Parameters regulating the velocity profile

As the latitudinal angle ¢ at which an equatorial region tran-
sitions into the polar region was unknown, it was set as a free
parameter in the retrieval. In Fig. [ g, as one possible example,
it is set to ¢ = 35° (see Fig.[5] a for an illustration with the re-
trieved value ¢ = 65°). Further free parameters regulating the
velocity profile were the maximum equatorial velocity veq for
the super-rotating material in the equatorial regions and a pa-
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rameter regulating the velocity at the polar region v,. Here v,
does not correspond to the maximum velocity measured for the
polar regions, but rather the maximum velocity that would be
measured at the equator if the entire planet was rotating at the
same velocity as the polar regions. The maximum velocity can
be translated into an angular velocity as w = v/R;, (s~!). While
we initially considered fixing the maximum velocity for the polar
regions, vy, to that corresponding to tidally locked rotation, we
ultimately did not want to constrain the validity of the results by
this assumption, and we decided to allow the value to vary freely
within the limits of a uniform prior, covering values between the
tidally locked case (1.6 km s™') and the faster velocity obtained
for the super-rotating equatorial material vq. This allowed us to
obtain more accurate uncertainties for the atmospheric parame-
ters of this region. The formal calculation of the velocity kernel
is described in Sect. 3.3
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5.1.2. Parameters regulating atmospheric properties

The atmospheric chemistry was parametrised via one joined
value for the C/O ratio and one for the metallicity, both of which
were shared between all three modelled regions. Aside from the
different velocity kernels, the atmospheres representing the three
regions were parametrised as distinct from each other by using
individual cloud top pressures P. and individual 7-p profiles.

We find that Guillot T-p profiles, with values for «g, v, and
Tiy fixed to the values obtained by [Spake et al.|(2021)) and vary-
ing Teq, approach isothermal 7-p profiles at pressures below ap-
proximately log,,(P.) = —2. We further find that the shape of
the temperature profiles below this pressure level have very little
impact on the resulting models. This impact gets further min-
imised in the presence of cloud or opacity decks. This effect can
be explained when we look at the contribution function for a
few sample models at different T,,. Here we see that the major-
ity of transmission signal originates from one specific pressure
level with only minor contributions from pressures lower than
this level and no contributions from pressures higher than this
level even in the absence of clouds. This suggests that our data is
very sensitive to a particular pressure level, but not sensitive to
the potentially more complex shape of the T-p profile at higher
pressures. This means that the data does not contain the neces-
sary information to constrain the parameters of kg, ¥, and Tiy.
Instead, we are mostly sensitive to the specific temperature value
of the T-p profile in the pressure region from which the bulk
of the contribution to the transmission spectrum originates. An
isothermal profile adopting the temperature of that pressure level
thus appears to be an adequate simplification for the 7-p profiles
in our retrieval.

To further assess whether the choice of an isothermal T-
p profile is an appropriate assumption, we tested our retrieval
with three different parametrisation approaches: I) with isother-
mal T-p profiles; II) with Guillot T-p profiles, where Teq is a
free parameter and kR, y, and Tj,, are fixed to the values given
by |Spake et al.| (2021) (an approach analogous to that used by
Boucher et al.||2023)); and IIT) Guillot 7-p profiles with all four
parameters set as free parameters. We obtain identical results for
all parameters using approaches I and II. The results of approach
IIT confirm that our data are not sensitive to kg, v, and T, as
these values are poorly constrained by the retrieval, which does
not appear well converged even after 10 000 steps. Nonetheless,
the results obtained for all remaining atmospheric and dynamic
parameters are still compatible with the results from I and II.
As the assumptions of kg, v, and Tj, in I appear to have no
impact on the results, we opted to proceed with the isothermal
T-p profile parametrisation. In this case, the retrieved value can
be interpreted as the temperature that the likely more complex
real T-p profile adopts in the pressure regime that contributes
most significantly to the spectral transmission signal.
While the simplified illustration in Fig. ] g does not explicitly
depict any change in planet radius between the three different
regions, this effect is incorporated in the modelling by the pos-
sibility that the three regions are characterised by different tem-
peratures. For example, by increasing the temperature for the 1D
model representing the evening terminator with respect to that
of the morning terminator, the scale height of the former model
would increase, and the 100 atmospheric pressure layers com-
puted by petitRADTRANS would be spread over a wider altitude
range. This would then result in the typical asymmetric planet
radius often depicted in other works discussing terminator dif-
ferences (e.g. MacDonald et al.|2020; |Grant & Wakeford|2023)).

5.1.3. Other parameters

The remaining free parameters were the velocity semi-amplitude
of the planet orbit K, as well as a velocity shift with respect
to the literature systemic velocity vg. The two parameters were
required to compute the shift of the model from planet rest frame
into the rest frame of the data. Finally, we allowed for a noise
scaling factor 8 to address possible under- or overestimation of
the data errors in the calculation of the likelihood (see Eq. [2).

5.2. Set-up of the MCMC

All the parameters were constrained by uniform priors. In each
case but one we used a very large interval that did not con-
strain the posterior distribution. The exception was the case of v,
which, as mentioned before, was constrained between the tidally
locked case and the equatorial maximum velocity. This was done
because the data did not contain any information on this param-
eter, and it was only allowed to vary within the reasonable possi-
ble parameters to yield more conservative uncertainties for other
possibly correlated parameters, for example the temperature and
cloud top pressure of the polar region. The MCMC was set up
with 32 walkers and was run for 11 000 steps. We determined the
burn-in as the point at which adding more steps to the chain did
not alter the results. We identified this point by two means. First,
we visually inspected the chains to determine the moment all
chains had converged, and second, as a more objective approach,
we calculated the mean and 1o uncertainty intervals of all val-
ues and determined the burn-in step as the step from which on
these values did not significantly change any more, regardless of
how many following steps we included in the calculation. Both
methods led us to the conclusion that the chains were only fully
converged after 5000 steps. We thus disregarded the first 5000
steps of the chain and used steps 5001 to 11 000 to calculate the
results.

5.3. Calculation of the velocity profiles based on super
rotation and equatorial jet

We propose that the probed region of the atmosphere, the ter-
minator, can be described by a ring around the planet (as illus-
trated in Fig. @ a, b). For the computation of the velocity kernel,
we chose a numerical approach. We divided the ring into 36 000
cells of equal weight. The velocity of the material represented
by each cell depends on the cell’s distance from the planet’s ro-
tation axis. Each cell can be identified by its unique angle 9,
where ¢ spans the range from 0° to 360° in 36 000 steps of 0.01°.
The velocity of the cell corresponding to ¢ is then calculated as
Vkernel () = Vmax sin(P). In this equation, vy, is the maximum
velocity the material would have at the point farthest away from
the rotation axis (i.e. at the equator). For a planet with material
rotating homogeneously at all latitudes, this corresponds to the
velocity of the material at the equator veq. However, for a planet
where the equatorial regions rotate faster than the poles, the pole
velocity kernel may be described with a different v, that is
smaller than the actual velocity at the equator, for example with
the one corresponding to tidally locked rotation (Vidally locked=
1.6 km s™! in the case of WASP-127b).

We then computed the kernel numerically by calculating the ve-
locity for each angle and building a histogram of the sampled
velocities. We note that this approach only considers one atmo-
spheric layer (i.e. one cell per angle element) that spans the entire
height of the atmosphere, for which the mean velocity of the cell
is adopted (representative for the centre of the cell). We experi-
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mented with making this model more complex by adding several
layers, resulting in multiple rings around the atmosphere, but
found that the added complexity only resulted in an additional
broadening of the resulting velocity profile, which becomes neg-
ligible when also applying instrument broadening to the data.
The introduction of several layers would, however, require us to
make assumptions about the planet radius and the width of the at-
mospheric annulus, whereas the one-layer model is independent
of such assumptions. Furthermore, applying altitude dependent
velocity shifts in a multi-layer atmosphere correctly would re-
quire different parts of the 1D model to be shifted by different
velocities (e.g. shifting the line cores forming high in the atmo-
sphere, and thus farther away from the rotation axis by larger
velocities than the line wings that form in deeper layers, and
thus closer to the rotation axis). Therefore, we refrain from using
multiple atmospheric layers and proceed here with the simplified
one-layer assumption. We find that the velocity kernels calcu-
lated with this approach yield equivalent results to those calcu-
lated with the analytical approach of (Gandhi et al.[ (2022} 2023)),
and those of |[Boucher et al.| (2023)) and [Maguire et al.| (2024) if
for the latter the width & of the atmospheric ring is assumed to
be small compared to the planet radius (h << Rp).|Boucher et al.
(2023)) and Maguire et al.| (2024) use the assumption of a fixed
annulus width of 27 = 5H in their work. At our instrument res-
olution of R = 140000 we find that our kernels are compatible
to theirs for annulus widths up to 2 = 0.25R, = 10H (with the
atmospheric scale height of WASP-127b being H ~ 2 000 km).

Since we do not consider the height of the atmosphere in
the calculation of the velocity kernel in general, we also do not
consider possible differences in the height of individual cells.
However, as stated in Sect. 0.1.2] the freedom of different at-
mospheric (scale) heights is still given to the model within the
retrieval, where different clusters of cells can be assigned differ-
ent model atmospheres (with different T -p profiles and cloud top
pressures, effectively leading to more extended or less extended
atmosphere heights). Lastly, we allow different parts of the ring
to rotate around the common rotation axis at different velocities
by setting individual values for vy, for these parts of the ring.
Specifically, we separate a region around the planet equator from
the higher latitudes.

The point at which one region ends and another begins is
parametrised by the angle ¢, where the regions of the ring de-
scribed by the conditions (90° — ¢) < 9 < (90° + ¢) and
(90°+180° —¢) < ¥ < (90°+180°+¢) are considered the equato-
rial regions. The first term describes the equator at the redshifted
terminator rotating away from the observer and the second de-
scribes the equator of the blueshifted terminator rotating towards
the observer. Consequently, the super-rotating equatorial regions
have an opening angle of 2¢, centred around the exact equatorial
regions at ¥ = 90° and ¢ = 270°.

5.4. Injection-recovery test

In order to verify that our retrieval is able to correctly constrain
the atmospheric parameters of different regions on the planet
and our retrieved values are not strongly biased by the data pre-
processing, we performed an injection recovery test. In this test
we injected a synthetic model into the data shifted by -60 km
s~! with respect to the real signal. We injected the model at the
very beginning of our analysis, before normalisation. The in-
jected model contains H,O and CO as well as an opacity deck.
We find that the retrieved values correspond to those of the in-
jected model within the 20" uncertainties for all parameters and
within 1o for 9 out of the 14 free parameters. Among the val-
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Fig. 5. Atmospheric properties of the three different modelled regions
of the planet. Panel a: Sketch of the three different regions retrieved for
the planet atmosphere. Panel b: Probability distributions of the temper-
ature and cloud top pressure retrieved for the three regions. The isolines
indicate the 1o~ and 20 levels of a 2D distribution, i.e. encompassing
39.3% and 86.0% of all posterior samples, respectively. The blueshifted
terminator region is indicated in blue, the redshifted terminator region
is indicated in red, and the polar region is indicated in grey. Panel c:
Histograms of the temperature distributions. Panel d: Histograms of the
cloud top pressure distributions. The mean values of the distributions
are indicated with a dashed line. The respective values are quoted in the
plot, together with the 10~ uncertainties of a 1D distribution, i.e. deter-
mined as the values that encompass 68.0% of the distribution.
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Fig. 6. Histogram of the differential temperature distributions. In red we
show the distribution of the temperature difference of the redshifted re-
gion to the blueshifted region ATyeq = T; —T}. In grey we show the tem-
perature difference of the polar regions with respect to the blueshifted
region AT, = T, — T. The red and grey solid lines indicate the me-
dian of the respective distributions. The blue solid line indicates the
zero point as the position of the relative temperature of the blueshifted
region. The regions between the 16th and 84th percentiles, indicative
of the 1o~ uncertainties of each of the two distributions, are indicated
in deeper colours and additionally by dashed grey and dotted red lines
for the pole and redshifted distributions, respectively. The correspond-
ing values are ATyq = —175*}33 K and AT = —624733 K. While
both distributions overlap, their peaks are distinct from each other and
distinct from zero by approximately 1o~ and 1.90, respectively.
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ues retrieved correctly within the 1o~ uncertainties are the C/O
ratio and metallicity as well as the temperatures of the morning
terminator and the poles. While the absolute temperature of the
evening terminator is only retrieved within 20 of the injected
value, it is still retrieved accurately within 100 K. Moreover, the
temperature differences between each of the three regions are
also correctly retrieved within 1o.

We note that all temperatures are systematically slightly
overestimated, while the corresponding cloud deck pressures are
retrieved as slightly too low, with the posteriors of the two pa-
rameters showing correlation. The MCMC thus appears to con-
verge at a slightly different than the injected combination of the
two parameters, which is also able to explain the signal. This
highlights how high-resolution studies can benefit from low-
resolution complementary information, which can help break
this degeneracy through measurements of the true continuum
level.

5.5. Results of the retrieval and discussion

The resulting posterior distributions of the free parameters are
shown in Fig.[B.T] Also quoted are the mean values and the 16%
and 84% quantiles as 1o uncertainty intervals. For some values,
we find that the mean does not correspond to the most sampled
values, for example the distributions are very asymmetric. We
also calculate the mode of the distributions (i.e. the most fre-
quently sampled value). To obtain the mode, we round all values
of a specific parameter to a lower precision (i.e. 10 K for the tem-
peratures) and then calculate the most frequently sampled values
from these rounded values. We quote the prior limits of the free
parameters, the mean, the 1o~ uncertainties, and the mode of their
posterior distributions, as well as the precision to which the val-
ues were rounded prior to the mode calculation in Table

The retrieval confirms that the data can be explained by
super-rotation of the atmospheric material. We retrieve a max-
imum velocity at the equator of veq = 9.3 + 0.2 km s~!. This
is approximately six times faster than velocities resulting from
tidally locked rotation. It is well below the escape velocity
(Vescape = 21.3 km s71), but above the speed of sound. The lat-
ter is positively correlated with temperature and can be esti-
mated for the hot conditions of a heated exoplanet atmosphere
using Eq. 1 from |Pai Asnodkar et al.| (2022), who observed su-
personic day-to-nightside wind speeds for the ultra-hot Jupiter
KELT-9b. Using their formula we obtain sound speeds of the
order of 3 km s~! for WASP-127b. Under the assumption of a
tidally locked rotating planet, the retrieved equatorial velocity
corresponds to an excess wind speed of 7.7 km s~!, and thus to
the material being transported from one terminator to the other in
10.4 hours and revolving around the entire equator in 0.87 days.
For comparison, the maximum equatorial wind speeds for Saturn
and Jupiter are 0.43 km s™! and 0.14 km s™!, respectively (Ima-
mura et al.|2020). The latitudinal angle at which the equatorial
zone with super-rotating material transitions into the polar zone
is retrieved at 65 + 4°. This value aligns with general circula-
tion models (GCMs), which depict that the jets occupy similarly
large areas of the planet (Lee et al.|2021).

The retrieval shows that the velocities at the polar region
cannot be constrained from the data, likely due to lack of
features detected. This manifests as the posterior distribution
homogeneously covering the entire parameter space permitted
by the prior. The lack of signal is translated into constraints
on the temperature and cloud top pressure compatible with
this result. Figure [5] shows the posterior distributions for the
temperature and cloud top pressure for the three modelled
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solar C/O = 0.55,
[Fe/H] = 0.0

[Fe/H]
= -0.01733
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Fig. 7. Posterior distributions for the C/O ratio and metallicity of the
planet atmosphere. Bottom left: Posterior distributions from the re-
trievals for the C/O ratio and metallicity [Fe/H] of the planet (in blue).
The isolines encompass 1o, 207, and 30" Solar values are indicated by a
red dotted line and the values obtained for the host star (Boucher et al.
(2023) are depicted by an orange dashed line. The median values of the
planet value distributions are indicated with a dashed blue line in the
histograms for the C/O ratio (top left) and the metallicity [Fe/H] (bot-
tom right) and quoted above the panels with the respective histograms
together with the 1o uncertainties. The dashed blue line for the median
values falls nearly on top of the red dotted lines indicating the solar val-
ues.

regions: the morning and evening terminators, and the polar
regions. We find that the retrieved values for the polar region
occupy a distinct region in this 2D parameter space separated
from the distribution of the terminators by more than lo. We
find that both terminators have compatible cloud top pressures
(log;o(Pcple/bar) = =2.2 and log,((Pcred/bar) = —2.3), but
peak at different temperatures. The distributions of the temper-
atures of the redshifted morning and the blueshifted evening
terminator overlap within their 10~ uncertainties. However, these
uncertainties reflect the degeneracy of the absolute tempera-
tures with other parameters of the retrieval, which are shared
between the three regions and affect all temperature values
systematically. Instead, the temperature differences between
the individual regions in each sampled MCMC step allow us
to eliminate this effect and gives us a more robust measure of
how distinct these regions are from each other. The resulting
distributions of the temperature differences between the pole
and blueshifted evening terminator (ATpoe = —624*328 K) and
the redshifted morning terminator to the blueshifted evening
terminator (ATeqa = —175%}3% K) are shown in Fig. |6 and
show tentative evidence for physically relevant differences in
temperature of these three regions. The higher temperature of
the evening terminator compared to the morning terminator as
well as the cooler temperatures obtained for the poles agree in
general with predictions by the GCMs of planets with super-
rotating equatorial jets, where the hotter dayside material enters
the nightside on the evening terminator and then cools down

Article number, page 11 of 20



A&A proofs: manuscript no. output

Table 4. Results of the atmospheric retrieval.

Parameter  Prior range Median value Mode Mode precision  Unit

Ty [100, 3000] 1174.97’:‘1‘?99;5 1210 10 K
log,o(Pcn) [-5.9,2] -2.16*032 -23 0.1 log,,(bar)
T, [100,3000]  977.67*1373% 950 10 K
log,o(Per)  [-5.9,2] -2.31*33 -24 0.1 log,,(bar)
T, [100,3000]  465.01*1331 410 10 K
log,(Pep)  [-5.9,2] —0.41+).76 1.9 0.1 log,,(bar)
C/O [0,1.5] —0.56f8:8§ 056  0.01

[Fe/H] [-5, 5] 0.01*93¢ 0.07  0.01

Veq [1, 15] 9.26f8g 9.4 0.1 kms™!

Vp [1.6, veg] 5.123:4 4 1 kms™!

@ [1, 89] 64.613:;2 65 1 °

K, [70, 230] 1334292 133.6 0.1 kms™!

Vo [-6, 6] —0.40*514 -04 0.1 kms™!

B [0.0001,1000]  0.60894*0000+  0.609  0.001

Notes. For the temperatures 7" and cloud top pressures log,,(P.) the index b stands for blueshifted signal, r for redshifted signal, and p for polar
regions. The uncertainties quoted with the median value correspond to the 16th and 84th percentiles. We also list the mode of each distribution

(with the distribution values rounded to the precision quoted).

before exiting it on the morning terminator, while the higher
latitudes do not mix significantly with the heated equatorial ma-
terial and exhibit overall lower temperatures (Lee et al.|[2021).
We caution that our results are based on a retrieval in which
the atmosphere in these regions is only permitted to vary in
isothermal T-p profiles and opacity deck pressures, while other
parameters such as those regulating the chemical composition
were kept fixed. It is possible that the significance of the tem-
perature differences could be reduced if the model were given
the freedom to explain the terminator differences through a
combination of temperature and further independent parameters.

In addition to the constraints on the dynamics of the
planet atmosphere, we achieve tight constraints on the global
C/O ratio and metallicity (C/O = 0.56f8:8§, [Fe/H] = 0.0lfggg).
These values are compatible with the solar values and, within
20, with the stellar values (Boucher et al.|[2023) (see Fig. .
In the retrieval, the abundances for H,O and CO are calculated
under equilibrium chemistry assumptions based on the C/O
ratio and metallicity. For the retrieved values this corresponds
to mass fraction abundances of log,,(H,0) = —2.82+0-33 and

~0.39
log;o(CO) = —2.26*035 (volume mixing ratio abundances of
log,o(VMR0) = —3.71*33 and log,((VMRco) = —3.34*035)

at the pressures above the cloud deck (see Fig. [§). In addition,
the retrieved C/O ratio and metallicity are consistent with a
non-detection of CH4 and CO, in the two terminators, as the
features of these species would be hidden below the continuum
in the presence of strong water absorption and high clouds (see
Fig.[9).

Our retrieved temperatures agree within their uncertainties
with the results of low-resolution retrievals (Spake et al.|2021).
Similarly, our detection of water aligns with studies at both low
and high resolution (Spake et al.||2021; Boucher et al.|2023). In
the latter case, the results obtained with the SPIRou instrument
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Fig. 8. Mass fraction abundances for chemical equilibrium assumptions
for the retrieved morning terminator model. For the calculation we used
the retrieved C/O ratio, metallicity, isothermal temperature, and cloud
top pressure of the redshifted (morning terminator) signal. We only
show the uncertainties of the abundances of H,O and CO as they were
the only species detected in the data. We indicate the height of the cloud
top pressure as a horizontal dotted light blue line. Our data are only sen-
sitive to signals and the corresponding abundances above the cloud top
pressure (i.e. above that line).

yielded the detection of a single water absorption signal at high
blueshift, compatible with the blueshifted peak of the water de-
tection in this work. However, neither a significant redshifted
peak nor either of the CO signals were picked up by SPIRou,
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Fig. 9. Example transmission spectra for all probed species. Panel a
shows water, panel b carbon monoxide, panel ¢ methane, and panel d
carbon dioxide. The lighter shaded regions indicate the features that
would be visible without the cloud deck, the darker shaded regions
represent the features visible despite the cloud deck. Here we use
the isothermal temperature and cloud top pressure retrieved for the
blueshifted signal. Panel e shows a model containing all four species
plotted in light shaded blue over a model containing only H,O+CO
solid in orange. As both spectra are identical the resulting plot emerges
as purple. Any deviation between the two models would show up as ei-
ther only orange or only blue. This illustrates that methane and carbon
dioxide, if present at abundances consistent with equilibrium chemistry,
will not alter the spectrum with respect to a H,O+CO only model. This
is due to their features being hidden below the continuum, which in turn
is given by the water absorption and the cloud deck.

even though the instrument covers a large wavelength region in-
cluding the K band. With low-resolution studies unable to un-
ambiguously identify CO in WASP-127b’s atmosphere (Spake
let al|[2021), this had led to the assumption of a very low C/O
ratio (0.10f8:(1)(6)) for this planet (]Boucher et al.||2023|), which was
incompatible with our findings. It is plausible that our success-
ful detection of CO and the double-peaked velocity distribution
is owed to the higher spectral resolution of the CRIRES* data
and larger instrument throughput at the reddest end of the K
band where the CO absorption lines are located. Given that each
of the two peaks represents only a part of the planet spectrum,
their amplitudes are smaller than the signal of a homogeneous
atmosphere at 0 km s~! velocity would be. This effect may have
misled the interpretation of weak signals of other species in this
planet in the past (Allart et al|2020; [Seidel et al.|2020). Reval-
uation of these high-resolution data in the light of our results
may affect their interpretation and consequent conclusions about
the strength of absorption signals in the visible spectral range.
Similarly, the consideration of a complex velocity distribution
may prove rewarding in the interpretation of data from other
planets that could exhibit circulation patterns similar to that of
WASP-127b.

Finally, we find that the error scaling factor converges to
B = 0.6089 + 0.0004, which is of the same order of magnitude
as the error scaling factors found in previous studies based on
CRIRES" data (Lesjak et al.[2023} [Yan et al.[2023). This sug-
gests that the uncertainties provided by the employed version of
the CRIRES* pipeline (version 1.1.4) appear to be systemati-
cally overestimated by approximately the inverse of this factor.

6. Conclusions

We studied the transmission spectrum of the hot Jupiter
WASP-127b by using high-resolution spectrophotometric ob-
servations obtained with CRIRES™ in the K band. Using the
cross-correlation technique and a Bayesian retrieval framework
employing a 2D modelling approach we obtained the following
insights on the planet:

— We detected the presence of H,O and CO; the latter repre-
sents the first conclusive detection of CO in this planet.

— We retrieved the C/O ratio and the metallicity of the planet
atmosphere, which we found consistent with solar values and
with the corresponding values for the star. These results dif-
fer significantly from previous studies, which did not detect
the CO signal. Our results imply that an exotic formation
history for this planet is no longer required to explain this
planet’s chemistry.

— We detected a double-peaked velocity profile of the atmo-
spheric material with peaks at approximately +8 km s~!,
without any signal located at zero velocity, which can be ex-
plained by the presence of an equatorial jet and muted sig-
nals at the poles. We retrieved the velocity of the atmospheric
material at the equator to be supersonic (9 km s~'), and thus
six times faster than the motion expected from tidally locked
rotation, and constrained the latitudinal extent of the super-
rotating jet.

— Finally, we retrieved the temperatures and cloud top pres-
sures of the evening and morning terminators and of the po-
lar regions independently. We found tentative evidence that
the morning terminator is colder than the evening terminator,
and that the poles are significantly colder than the evening
terminator.
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Three-dimensional models of hot Jupiter exoplanets have pre-
dicted the presence of equatorial jets as well as latitudinal and
longitudinal heterogeneity in temperatures, chemical composi-
tions, and cloud conditions. Here we retrieved the atmospheric
properties from the two planetary terminators whose signals
close to the equator are fully resolved in velocity space, and de-
rived constraints for the atmospheric properties of the regions at
higher latitudes. Observational constraints are needed to guide
theoretical work. However, latitudinal variations have been es-
pecially difficult to constrain from observations in the past.

We showed that in the case of fast-rotating planet atmo-
spheres, utilizing the shape of the velocity kernel of the trans-
mission spectrum during retrieval, different regions of the planet
atmosphere can be mapped. This observational input can be used
to independently validate theoretical GCMs and help advance
our understanding of exoplanet atmosphere circulation.
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Appendix A: Details on data pre-processing steps

Appendix A.1: Extraction of the 1D spectra and auxiliary
information

During the observation the light of the star was dispersed over
the three CRIRES* detectors. This caused each of the six echelle
orders (23-28), covered by the K2148 setting, to be split into
three wavelength segments, yielding a total of 18 segments.
Echelle order 29 is only covered for a part of the full slit (only
for nodding position A) and was consequently excluded from
the analysis. To extract the spectra from the raw FITS frames
we used the CRIRES* DRS pipeline CR2RES (version 1.1.4). In
this process we arranged the time series into pairs of consec-
utive A and B spectra, resulting in 49 pairs. We then ran the
pipeline on each pair. A and B exposures were subtracted from
each other to remove the sky background and detector artifacts.
The pipeline subsequently located the spectral orders and ex-
tracted the spectra using optimal extraction, accounting for the
variable tilt and curvature of the slit. The wavelength solution
was determined from the wavelength calibration frames taken
with a Uranium-Neon lamp and a Fabry-Perot etalon. The wave-
length solution provided by the pipeline is expressed in vacuum
and in telluric rest frame. We extracted the timestamp for the
starting time of each exposure from the header of the original
spectrum source FITS file where it is saved as the modified
Julian date (MJD) under the header-keyword ‘MJD-OBS’. We
added half the exposure time and 240000.5 days to determine
the mid-exposure timestamp in Julian date referenced to the co-
ordinated universal timescale (JDyrc). Using these JDyrc times-
tamps and the right ascension (RA) and declination (DEC) coor-
dinates of the star, we calculated the time stamps in BJDypg us-
ing the UTC2BJD code by (Eastman et al.|2010) and the barycen-
tric velocity correction Vyay using barycorr.pro (Wright &
Eastman|2014). The barycentric velocity correction vpary Was re-
quired when shifting all the spectra from telluric rest frame into
the stellar and planetary rest frames.

Appendix A.2: Determination of spectral resolution and
correction of the wavelength solution

We found that during the night the FWHM of the spatial stellar
point spread function (PSF) was ~2 pixel wide. The FWHM is
calculated and written in the fits headers by the pipeline for each
nodding pattern. Under the premise that the width of the PSF
in spatial and dispersion direction is comparable, it follows that
the stellar PSF was smaller than the slit width of 0.2”. This lead
to a higher resolution than would have been achieved through
slit-limited spectroscopy (also referred to as super-resolution).
For comparison a PSF FWHM of 3.5 pixel would correspond to
a homogeneous slit illumination and resolution of R ~100 000
(Dorn et al.|2023)). We used the measured values for the spatial
PSF for each wavelength segment and every nodding pair to cal-
culate the respective mean spectral resolution for each nodding
pair. The results are given in Fig. [A.T]| bottom panel, and show
that the resolution for this night was relatively stable and scat-
tered around a median value of R = 140 000.

This increased wavelength resolution comes with two poten-
tial side effects: The first issue is that if the seeing and/or the per-
formance of the adaptive optics changes over the night, the reso-
lution in each spectrum might vary. However, based on the pro-
gression of the resolution over the duration of the night shown
in Fig.[A.T] bottom panel), this was not the case for our observa-
tions. The second potential problem is that since the wavelength
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Fig. A.1. Effects of super-resolution on the resolution and wavelength
solution of the observations. Top panel: results from cross-correlation
of each spectrum to a reference spectrum (third spectrum of the night,
nodding position B) when using the pipeline provided wavelength so-
lution. Position A spectra are plotted in blue, position B spectra in red.
Middle panel: same as the top panel but with the wavelength solution
derived with molecfit from fitting of telluric lines, for one reference A
and one reference B spectrum (third and fourth spectrum of the night).
The previous offset is indicated by the black straight line, which is the
same as the one shown in panel A. The 0.4 km s~! offset between A and
B has been alleviated, but for both positions a drift over time remains.
Bottom panel: mean resolution for each nodding pair from the spatial
PSF measurements in each wavelength segment.

solution provided by the pipeline is obtained from observations
of a calibration lamp, which homogeneously illuminates the slit,
the wavelength solution is only accurate if the stellar PSF is per-
fectly centred within the slit. If the stellar PSF is smaller than the
slit width, this is no longer guaranteed. The offset resulting from
a non-centred position of the star will manifest as a wavelength
shift and can be different for the A and B positions, as well as
for every single spectrum, given that the position of the star may
drift over the night. We cross-correlated every A and B spec-
trum with a reference spectrum (the third spectrum of the night,
obtained in position B) in wavelength space to check for such
an effect. In this calculation, the individual wavelength solutions
provided by the pipeline for A and B spectra were taken into con-
sideration. The input spectra had been continuum-normalised as
described in Sect. [A.5] before this cross-correlation. Owing to
the significantly larger number of telluric lines than stellar lines
present in the spectra, the cross-correlation result was dominated
by the telluric lines, finding the solution that aligns the spectra
in the telluric rest frame. The results of the cross-correlation re-
vealed that the spectra obtained in A and B positions are system-
atically offset from each other by approximately 0.4 km s™' (see
Fig. top panel). Moreover, we detected a small drift in the
positions from the first to the last spectra of the night.

As we cannot say with certainty that the pipeline-provided
wavelength solution in either the A or B position is correct (i.e.
that the star was centred for these exposures), we instead ob-
tained an empirical wavelength solution for two reference spec-
tra, one in each position, by employing the ESO tool molecfit
(Smette et al.||2015; [Kausch et al.|2015). Molecfit can fit tel-
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luric lines and allows for a correction of the input wavelength
solution, providing the improved solution as output information.

We repeated the cross-correlation of the spectra, using the re-
spective improved A and B wavelength solution for all A and B
spectra, and found that the systematic offset between the spec-
tra in these two positions had disappeared, but the drift over
time remained (see Fig.[A.I] middle panel). We finally used the
molecfit-derived wavelength solutions for A and B, along with
the velocity drift measured in the second cross-correlation as an
additional time dependent correction term and interpolated all
spectra to the same wavelength grid.

Appendix A.3: Molecfit correction of the A and B reference
spectra

We performed a telluric correction of the third and fourth spectra
of the night using the ESO tool molecfit (Smette et al.[|2015}
Kausch et al.|2015). Molecfit allows a synthetic model of the
telluric transmission to be fit to the spectra observed by ground-
based observatories, and is frequently used to correct for the tel-
luric absorption. The code is versatile and offers many settings.
In our case, the fit specifically included free parameters for a
polynomial model for the spectral continuum and the column
depths of the molecular species water, methane, carbon diox-
ide, and nitrous oxide. Furthermore, we fitted for a second-order
polynomial correction of the wavelength scale, which is the pri-
mary objective of our modeling.

Our CRIRES™ spectra are separated into six spectral orders,
each spread across three detectors. While we treated the orders
separately in our modeling, we merged the spectra of the three
detectors prior to the fit. As we were primarily interested in a
universal adaption of the wavelength scale, we focused on the
third and fourth spectra of the night (i.e. the second BA nodding
pair). We found this to be more suitable than using the first pair,
which exhibits lower than average signal to noise and, consis-
tently, also the widest observed spatial PSF profile. In this way,
we determined an improved wavelength scale, taking advantage
of the accurately known telluric transmission spectrum, for the
spectra obtained in nodding positions A and B.

Appendix A.4: Alignment of the spectra prior to SYSREM

To extract the planetary signal from the observations, the stellar
and telluric signals need to be removed. In this work, we em-
ployed the detrending algorithm SYSREM (Tamuz et al.|2005)) to
facilitate the removal. SYSREM takes into account the uncertain-
ties of the data but otherwise functions analogous to a principal
component analysis, recognizing and removing signals that are
present in all spectra. The algorithm benefits from prior contin-
uum normalisation of the spectra and requires all spectra to be
well aligned regarding the lines that we intend to remove. Unfor-
tunately, the stellar lines and telluric lines can never both be per-
fectly aligned for all spectra, as the barycentric velocity changes
over the duration of the observations, and the stellar lines shift
due to the star’s orbit around the exo-system barycentre. In this
observation these effects cause a small (<1 km s~!) shift of the
telluric lines with respect to the stellar lines over the duration of
the 6.6h observation. Such a misalignment is usually ignored, as
both strategies (i.e. either moving into stellar or into telluric rest
frame) result in a reasonable correction of both stellar and tel-
luric signals. Here, we repeated the alignment and normalisation
for the two different cases. In the first case we moved the spec-
tra into the telluric rest frame, so that the telluric lines, which in
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our case are mostly water (H,O) lines, remain static in wave-
length space over the observation. This should yield the best
conditions for removing contamination of spurious H,O signals
with SYSREM and facilitate the detection of exoplanetary H,O.
In the second case, we brought all spectra into the stellar rest
frame. This should yield optimal conditions for removing con-
taminating signals present in the star but not strongly present in
the Earth’s atmosphere, such as carbon monoxide (CO), facili-
tating reliable detections of this molecule.

In this work, the cross-correlation analysis was performed
for both versions of the data: aligned to stellar rest frame be-
fore SYSREM (results shown in Fig.[2) and aligned to telluric rest
frame before SYSREM (results shown in Fig.[A.2)). These results
show that for the ’telluric rest frame’ analysis significant stellar
residuals remain in the data. In comparison, detrending in stellar
rest frame improved the removal of these stellar signals with-
out compromising the removal of telluric residuals. To align the
spectra, we applied the molecfit-derived wavelength solutions
and the cross-correlation derived velocity drift of the solution
over the night. We then interpolated every spectrum to the grid
of the reference spectrum in nodding position B (third spectrum
of the night). In the case of aligning to stellar rest frame, we ad-
ditionally shifted by the velocity drift of the stellar lines over the
night, assuming a circular orbit. The stellar velocity was calcu-
lated using
Vstar(t) = —K; sin (27€ (1)) — Vbary(t) + Vsystem» (A.D)
where £ is the phase of the orbit, K is the stellar orbital velocity
semi-amplitude, Vpary is the barycentric velocity shift, and vgygem
is the constant velocity of the observed system with respect to the
Solar System barycentre. We calculated the phase of the orbit
based on the ephemeris information from (Seidel et al.|[2020,
listed in Table|[T).

Appendix A.5: Normalisation of the spectra

We normalised the spectra as follows: The spectra are read into a
data array of the dimensions [98 x 2048 x 18], corresponding to
number of spectra in the time series, number of wavelength chan-
nels per segment, and number of wavelength segments, respec-
tively. The same process is done for the uncertainties of the data.
We then performed a continuum normalisation for each of the
18 wavelength segments independently using the following pro-
tocol: We computed a master spectrum as the mean of all spec-
tra. We identified the positions of wavelength regions affected
by telluric lines from a theoretical telluric spectrum, calculated
withmolecfit using the same wavelength sampling as our data.
In this molecfit spectrum, we identified all points lower than
96% of the continuum as telluric lines and flagged their posi-
tion in the data analysis of the science spectra. Additionally, we
flagged any ‘not a number’ (NaN) values in the data. We iter-
atively fitted a second-order polynomial function to the master
stellar spectrum in which both telluric lines and NaNs had been
masked. We identified and iteratively masked stellar lines by re-
jecting points that had values significantly below the polynomial
fit continuum and then repeating the fit. This is performed over
five iterations, with the rejection criterium going from less than
80% of the continuum in the first iteration, to less than 90% in
the second, and then to less than 95% in subsequent iterations.
We then divided all spectra by the master spectrum and fitted the
residuals (while masking telluric lines, NaNs, and the identified
stellar lines) with another second-order polynomial function. We
iterated this fitting step for three iterations, and in each step, we
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Fig. A.2. Results of the cross-correlation analysis for the data corrected by using SYSREM in telluric rest frame. Results are shown for cross-
correlation with a pure H,O model (left column), a pure CO model (middle column) and for a model containing both atmospheric species (right
column) in the same manner as in as Fig. [2] but with the analysis done in telluric rest frame instead of stellar rest frame. Top panel: cross-correlation
function for each orbital phase. For the CO case, the residual noise from stellar lines can be seen in the form of vertical structures. The radial
velocity of the planetary orbital motion is indicated with a white dashed line. Middle panel: K,-v map, i.e. the CCF co-added using different values
for K. The white dotted line indicates the value for K}, found in the literature. Bottom panel: cut through the K,-v map at the literature K, value
(black solid lines). The curves resulting from the analysis performed in stellar rest frame, which are shown in Fig. [2] are overplotted (orange solid
lines) to facilitate comparison between the CCFs resulting from the two different approaches.

rejected any points deviating by more than 20% of the fit as bad
pixels. The final continuum correction of each individual spec-
trum was, thus, the multiplication of the polynomial fit to the
continuum of the master stellar spectrum and the polynomial fit
to the residuals of the individual spectrum divided by the mas-
ter spectrum. We divided all spectra by their continuum fits. We
subsequently checked column by column how many pixels we
had identified as either NaNs or bad pixels. If more than 3 pixels
in one column (i.e. more than three exposures) were affected, we
masked the entire column. If 3 or fewer pixels were affected, we
replaced these bad points by linearly interpolated values.

Appendix A.6: Objective determination of the optimal
number of SYSREM iterations

We determine the ‘best’ iteration by injecting a synthetic model
into the data. The model, which contained both H,O and CO and
a cloud layer at log,,(P./(bar)) = =3, was injected into the data
at planet orbital velocity before the normalisation step. We repeat

the entire analysis for the dataset with the injected signal in the
same manner as for the original data. We then normalise the K,-v
map with the injected signal using the noise value calculated for
the Kp-v map without the injected signal, and then subtract the
results from the analysis without injected signal from the anal-
ysis with injected signal. This effectively isolates the injected
signal from any small background signals present in the original
data. This procedure is in essence the same as was described by
Cheverall et al.|(2023)), with the execution only slightly differing
as they subtract the original data from the injected data before
calculating the Kj-v map. In Fig. @ we plot the progression of
the injected signal strength with SYSREN iterations, and for com-
parison, also plot the progression of the two real (not-injected)
signals. The development of the S/N with increasing SYSREM it-
eration shows that after the fourth iteration, the S/N does not
improve drastically anymore. Finally, we choose the iteration at
which the injected signal is recovered at the strongest S/N for
the H,O+CO case (iteration 9) as the input for the atmospheric
retrieval.
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Fig. A.3. Determination of the best SYSREM iteration. Shown is the progression of the S/N of the recovered signal with the number of SYSREM
iterations for the injected signal (blue solid line), the blueshifted signal (orange dashed line), and the redshifted signal (green dotted line). Panels a,
b and ¢ show the values for SYSREM performed in (quasi-)stellar rest frame, leading to the results shown in Fig.[2] Panels d, e and f show the values
for SYSREM performed in telluric rest frame leading to the results shown in Fig.[A2] In all cases the diamonds indicate the peak signal position.
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Appendix B: Posterior distributions
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Fig. B.1. Results of the retrieval. The first six distributions represent the isothermal temperatures 7' and cloud top pressures log,,(P.) of the three
independently modelled atmospheric regions (index b stands for the blueshifted signal, r for the redshifted signal and p for the polar regions). These
values are followed by the distributions for the maximal velocity at the equatorial regions (v.q) and the one for the polar regions (v,). The last six
distributions are showing the shared atmospheric parameters C/O ratio and metallicity [Fe/H], the latitudinal angle that separates the equatorial jet
from the poles ¢, the system parameters K, and v, as well as a noise scaling factor (3.
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Fig. B.2. Results of the injection recovery test. The parameters are shown in the same order as in Fig. In red we plot the location of the injected
parameters. No value was injected for 3, as the noise scaling factor is determined from the data.
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