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A B S T R A C T 

Absorption lines from exoplanet atmospheres observed in transmission allow us to study atmospheric characteristics such as 
winds. We present a new high-resolution transit time-series of HD 189733b, acquired with the PEPSI instrument at the LBT and 

analyse the transmission spectrum around the Na D lines. We model the spectral signature of the RM-CL V -effect using synthetic 
PHOENIX spectra based on spherical LTE atmospheric models. We find an Na D absorption signature between the second and 

third contact but not during the ingress and egress phases, which casts doubt on the planetary origin of the signal. Presupposing a 
planetary origin of the signal, the results suggest a weak day-to-nightside streaming wind in the order of 0.7 km s −1 and a moderate 
super-rotational streaming wind in the order of 3–4 km s −1 , challenging claims of pre v ailing strong winds on HD 189733b. 

Key words: planets and satellites: gaseous planets – planets and satellites: atmospheres – techniques: spectroscopic – line: 
profiles – stars: activity. 
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 I N T RO D U C T I O N  

igh-resolution exoplanet transmission spectroscopy allows the
eduction of atmospheric properties from absorption line shape
roperties such as the line contrast (LC), the line shift (v shift ), and
he full width at half-maximum (FWHM). The LC can be used for
nstance to probe exospheric properties (Huang et al. 2017 ; Gebek &
za 2020 ) and escape (Yan & Henning 2018 ). The line shifts and

ine widths are used often to study atmospheric winds like day-
o-nightside (dn) winds (Snellen et al. 2008 ) and super-rotational
sr) winds (Louden & Wheatley 2015 ) as well as vertical upward
 E-mail: ekeles@aip.de 

R
 

i  
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inds (Seidel et al. 2020 ). The dn winds introduce a blueshift to the
bsorption lines caused by the pressure-and-temperature gradient
etween the planetary day-and-nightside showing wind speeds of
1–10 km s −1 in the mbar regime (Knutson et al. 2008 ; Miller-Ricci
empton & Rauscher 2012 ). The sr winds or vertical upward winds

mpose excess broadening on the absorption lines on top of the natural
ine broadening mechanisms as well as the planetary rotation (Seidel
t al. 2020 ; Keles 2021 ). The former can show wind velocities of a few
m s −1 at the 1bar regime (Showman et al. 2012 ), whereas the wind
roperties depend strongly on the atmospheric properties, energy
udget, and drag within the atmosphere (Miller-Ricci Kempton &
auscher 2012 ; Wardenier et al. 2021 ). 
Species with strong atmospheric fingerprints like sodium, which

s the first detected species from a ground-based facility (Redfield
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Weak winds on HD 189733b 4827 

Figure 1. The HD 189733b transit observation. Top: Continuum signal-to- 
noise ratio per combined pixel (95 per cent quantile). Bottom: The RM effect. 
Dashed vertical lines show the contact points 1st–4th (cyan) and 2nd–3rd 
(purple). 
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Figure 2. Example for the telluric correction of a PEPSI spectrum (black) 
using a template spectrum (red). The top panel shows the wavelength region 
used to determine the best-fitting telluric template spectrum. The central 
panel shows the telluric template and the observed spectrum. The bottom 

panel shows the corrected spectrum. 
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t al. 2008 ) on an exoplanet, namely HD 189733b, are crucial to
tudy winds. The atmospheric Na D - absorption observed during the 
ransit of HD 189733b has been revisited by several studies (e.g. 
ouden & Wheatley 2015 ; Wyttenbach et al. 2015 ; Casasayas-Barris
t al. 2017 ; Yan et al. 2017 ; Borsa & Zannoni 2018 ; Pino et al. 2018 ;
eidel et al. 2020 ; Langeveld et al. 2021 ; Langeveld, Madhusudhan & 

abot 2022 ; Sicilia et al. 2022 ) from the same HARPS data sets (for
urther information on the HARPS data, see Wyttenbach et al. 2015 ).
omparing the inferred Na D -absorption line shape properties, the 
eri ved FWHM de viates by about 0.2 Å, and the LC deviates by about
.15 per cent in the different studies. Such a deviation in FWHM
esults in very different wind strength estimations, and in particular 
D 189733b is thought to show one of the strongest sr winds (Keles

t al. 2020 ) or vertical upward wind (Seidel et al. 2020 ) or both for any
xoplanet, deduced using the Na D -absorption lines. In the case of dn
inds, although blueshifts of the Na D -absorption lines in the order
f 2 km s −1 have been presented from the combined HARPS data
Louden & Wheatley 2015 ; Casasayas-Barris et al. 2017 ; Langeveld 
t al. 2022 ; Sicilia et al. 2022 ), the individual HARPS transit data sets
how phase-dependent unexpected large blue- and redshifts of the 
a D -absorption lines (Louden & Wheatley 2015 ; Borsa & Zannoni
018 ; Sicilia et al. 2022 ). 
The uncertainties regarding the origin and amplitude of the 

ifferent kinds of winds inferred from the Na D lines on HD 189733b
re calling for a study with a higher signal-to-noise ratio (S/N) data
et. 

 OBSERVA  T I O N ,  DA  TA  R E D U C T I O N ,  A N D  

ELLURIC  C O R R E C T I O N  

ne transit of HD 189733b was observed at the LBT with the
EPSI spectrograph at a spectral resolution of 130 000 within the 
ourse of the PETS surv e y (Keles et al. 2022 ; Johnson et al.
023 ; Scandariato et al. 2023 ; Petz et al. 2024 ). The observation
as carried out on 2021-11-11 from 02:39 UT to 06:40 UT using

n exposure time of 200 s, gathering 59 spectra, with 32 spectra
bserved out-of-transit and 27 spectra observed during the transit. 
he observation co v ered the wavelength ranges from around 4220–
770 Å and 5360–6314 Å in two different cross-dispersers. The 
ormer wavelength range is not used for the analysis. Fig. 1 shows
top) the continuum S/N ratio which is around 450 per binned pixel
95 per cent quantile) for the latter wavelength range that co v ers the
a D lines. Further information regarding the PEPSI spectrograph is 
rovided in Strassmeier et al. ( 2015 ). The data reduction is applied
s described in Keles et al. ( 2022 ). All spectra are resampled into an
qual step size 0.01 Å in wavelength scale and aligned at the stellar
est frame (with the stellar Na D line cores centred at 5889.950 Å
nd 5895.924 Å). The barycentric, as well as the stellar Keplerian
otion, are corrected, leaving only the RM-effect induced (pseudo-) 

adial velocity shift, as shown in Fig. 1 (bottom). 
We correct the spectra for telluric water lines using THOR (Keles

t al. 2019 ), which uses HAPI (Kochanov et al. 2016 ) to calculate
bsorption spectra using absorption coefficients provided by the 
ITRAN data base (Gordon et al. 2017 ). THOR iterates HAPI

or different optical path lengths and determines the best matching 
rtificial water absorption spectrum (i.e. the telluric water template 
pectrum) by minimizing the χ2 -value between each stellar spectrum 

nd the telluric water template spectrum at the wavelength region 
943.00 to 5947.20 Å which is mostly free of stellar lines, as
emonstrated for one PEPSI spectrum in Fig. 2 (top panel). The
arameters pressure, temperature and resolution are set to constant 
alues that match best the observed telluric lines. After determining 
he best-fitting optical path length, we calculate the telluric water 
emplate spectrum for the wav elength re gions around the Na D lines
central panel, red line) and divide the observed spectrum by the
elluric water template spectrum (bottom panel). 

 T H E  R M  A N D  C LV  M O D E L S  

he RM and CLV ef fects introduce residuals into the observ ations
nd need to be considered. For this, specific intensities are derived
sing PHOENIX models (Hauschildt & Baron 1999 ) based on LTE
tellar atmospheres. PHOENIX provides synthetic stellar specific 
ntensity spectra for limb angles with μ = cos θ between μ = 

 (limb) and μ = 1 (centre) from a grid of 127 angles. The
pectra are broadened according to the instrumental response and 
pectral resolution. The PHOENIX model and spectra are from the 
ewEra model grid (Hauschildt et al. in preparation) that includes 
assive updates compared to the Husser et al. ( 2013 ) model grid, in
MNRAS 530, 4826–4838 (2024) 
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Figure 3. Comparison of the observed (black) and synthetic (red) Na D -lines 
in the mean out-of-transit spectrum. 
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Figure 4. The modelled transmission spectra show the RM-CLV feature at 
the Na D2 line for the different in-transit spectra in the stellar rest frame. Cyan 
dashed lines mark the 1st–4th contact and the purple dashed lines mark the 
2nd–3rd contact. The black dashed line illustrates the trajectory of planetary 
Na D2 absorption. 
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articular for the line data bases. The model and the radiation fields
re calculated with spherical geometry. 

We use planetary and stellar parameters from Bonomo et al.
 2017 ) for the modelling, i.e. stellar radius R � = 0.756 ± 0.018
 �, planetary radius R pl = 1.138 ± 0.027 R Jup , inclination inc
 85.58 ± 0.06 ◦, orbital period P = 2.218577 ± 0.000010 d,

emimajor axis a = 0.0310 ± 0.0006 au and transit mid-point
 BJD-TDB = 2453955.525551 ± 0.000009 d. We derive a planet
elocity semiamplitude ( K p ) value of K p = 152 km s −1 assuming a
ircular orbit. Recently, Cristo et al. ( 2023 ) investigated the transit
f HD 189733b with ESPRESSO data acquired at the VLT, inferring
ifferential stellar rotation with vsin i = 3.38 ± 0.06 km s −1 at the
quator and vsin i = 2.58 ± 0.38 at the poles. Ho we ver, we adapt the
rovided stellar rotation velocity vsin i = 3.5 ± 1.0 km s −1 within its
ncertainty range to vsin i = 2.8 km s −1 that results in a better match
f the modelled and observed RM-CL V -signatures in the combined
ransmission spectrum (see Section 3.1 ). We set the obliquity λ = 0 ◦

s the planet has a nearly perpendicular orbit to the stellar rotation
xis (Cameron et al. 2010 ). 

The stellar disc is modelled with 100 x 100 pixels containing
bsolute specific intensities shifted in each pixel according to the
tellar vsin i assuming rigid surface rotation. The T eff of HD 189 733
s derived by different works ranging from e.g. T eff = 4875K ±
5K (Boyajian et al. 2015 ) to T eff = 5109K ± 146K (Mortier et al.
013 ), with presumably solar abundance. In order to reproduce the
bserved Na D lines, we chose T eff = 5000 K and abundance value
f A(Na) = 6.5 dex. Fig. 3 shows the comparison of the observed
nd modelled stellar spectrum around the Na D lines. 

We compute the stellar spectrum at different orbital phase positions
f the planet by summing o v er the stellar pixels during the planetary
ransit. We calculate the transmission spectra for the model by
ividing all spectra by the combined out-of-transit transit spectrum.
ig. 4 illustrates the modelled RM-CL V -feature in a 2D map around

he Na D2 line. As the modelled transmission spectrum does not
nclude atmospheric absorption from the planet, only the RM-CLV
eature becomes visible in the model. The dashed black line shows
here we would expect the planetary absorption. The major part of

he absorption o v erlaps with the RM-CLV feature between the 2nd
nd 3rd contact points. Between the ingress and egress, i.e. the 1st–
nd contact points as well as the 3rd–4th contact points, the impact
f the RM-CLV effect at the expected position of the planet is small.
NRAS 530, 4826–4838 (2024) 
We aim to verify the match of the RM-CLV model with the
ata. For instance, Casasayas-Barris et al. ( 2022 ) and Dethier &
ourrier ( 2023 ) showed for Mascara-1b that the stellar and planetary
roperties can be derived by comparing the observed and modeled
M-CL V -profile at the Na D lines. As HD 189733b is expected to

how significant Na D absorption, we use a different approach to
erify the RM-CLV model. We first create the combined transmission
pectrum by shifting the spectra to the planetary rest frame and
ombining them. From this, we derive the mean line profile (Semel
t al. 2009 ) by combining several lines, aiming to boost the S/N,
n the velocity space. To that end, the wavelengths are put into the
ame velocity grid ( ±50 km s −1 in steps of 0.1 km s −1 ). We use 262
tellar absorption lines with a line depth of at least 0.4, excluding the
a D lines as those might include the planetary absorption. Although

he mean line profile cannot account for the modelling uncertainty
ntroduced by the significantly different CLV for lines such as the
a D lines, it enables to proof the average match of the RM-CLV
odel with the observations. 

.1 The comparison of the modelled and obser v ed transmission
pectra 

e compare the modelled and observed transmission spectra that
ontain the RM-CLV signatures to verify the suitability of the applied
M-CLV model. Fig. 5 compares the mean line profile for each

ransmission spectrum within a 2D colour map for the observed
pectra (left), the modelled spectra using the LTE models (centre),
nd their ratio (right). The observed and modeled mean line profiles
how a good spectral and temporal match of the RM-CLV signatures
n the transmission spectra, not demonstrating significant scatter in
he right panel. We derive in Fig. 6 in addition the mean line profiles
or transmission spectra (top) combined between the 1st and 4th
ontact (left), between the 2nd and 3rd contact (centre) and 1st–
nd + 3rd–4th contact (right). For the modelling, we used a vsin i
 2.8 km s −1 that showed a better match between the models and the

bserv ations deri ved by comparing the modeled and observed mean
ine profiles via a χ2 analysis for different vsin i values. The bottom
anels show the ratio between observation and model. The modelled
nd observed mean line profiles in the combined transmission spectra
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Figure 5. The mean line profile of 262 stellar lines for single transmission spectra derived from the observations (left) and the model (centre) in the stellar rest 
frame. The right panel shows the observation divided by the model. 

Figure 6. The mean line profile of 262 stellar lines for the combined transmission spectra i.e. between the 1st and 4th contact (left), between the 2nd and 3rd 
contact (centre) and 1st–2nd + 3rd–4th contact (right). Top panel: Mean line profiles for the observations (black) as well as the model (red). Bottom: The 
residual spectra dividing the observed mean line profile by the modelled mean line profile. 
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emonstrate also a good match for the observed and modelled RM-
LV feature, with a slight scatter. 

 ANA LY SIS  A N D  RESULTS:  T H E  

A  D -ABSOR P TION  

.1 The transmission light cur v es around the Na D lines 

e derive the transmission light curve around the Na D lines by
ntegrating the normalized flux in each spectrum at the stellar Na D
ores within a bandwidth of ±0.4 Å, thus approximately ± 20 km s −1 

the region around the expected planetary Na D absorption) and 
ivide this by the mean flux value of the out-of-transit spectra. The
rror bars are calculated via uncertainty propagation and scaled with 
espect to the standard deviation of the out-of-transit data to a v oid
nderestimation. 
Fig. 7 shows the transmission light curves around the stellar Na D2 -

ine (top) and Na D1 -line (bottom). The dashed lines show the contact
oints 1st–4th (cyan) and 2nd–3rd (purple). Some Na D absorption 
s visible for both lines around mid-transit phases between the 2nd–
rd contact. The absorption is absent during the ingress and egress
hases, similar to what is presented in Borsa & Zannoni ( 2018 , see
heir fig. 8). At these positions, the RM-CLV model matches mainly
ith the observation. We investigate in the upcoming sections fur- 

her the Na D absorption properties by deriving the transmission 
pectra. 
MNRAS 530, 4826–4838 (2024) 
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Figure 7. Transmission light curve showing integrated flux at a bandwidth 
of ± 0.4 Å around the Na D lines. The solid red line shows RM-CLV model. 
Cyan dashed lines mark the 1st–4th contact and the purple dashed lines mark 
the 2nd–3rd contact. Top: Light curve at the Na D2 line. Bottom: Light curve 
at the Na D1 line. 
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.2 The transmission spectra at different orbital phases 

e create the transmission spectra dividing the in-transit spectra
y the mean out-of-transit spectrum to infer the Na D -absorption.
ue to the planetary orbital motion, a Doppler shift is introduced

o any atmospheric feature with respect to the orbital phase. We
earch within the transmission spectra for the Doppler-shifted Na D
bsorption at different orbital phase positions within a 2D colour
ap (see e.g. Yan et al. 2019 ). 
Fig. 8 shows the 2D colour map of the transmission spectra-1

ivided by the out-of-transit column standard deviation at each pixel
or the Na D2 line (top) and Na D1 line (bottom), similarly to the
pproach presented in Birkby et al. ( 2013 ) and Casasayas-Barris et al.
 2021 ). The column out-of-transit standard deviation is a measure of
he scatter in the spectrum, obtained as the standard deviation of
ixels at each wavelength bin. Due to the significant difference in
he S/N values at the Na D -line cores and wings, this step enables
he illustration of the 2D maps with better scaling for the statistical
catter, i.e. noise normalized. The left panel shows the observed
ransmission spectra not corrected from the RM-CLV model and the
ight panel shows the observed transmission spectra divided by the
odeled RM-CLV transmission spectra. Inspecting the colour maps

efore correcting by the RM-CLV model (left panels), unambiguous
etection of absorption of planetary origin is not possible. Following
he expected trajectory of planetary absorption (black dashed line),
 slightly stronger decrease in flux hinting on absorption becomes
isible at the line core region at 0 km s −1 after correcting with the
M-CLV model for both Na D lines. Due to the low planetary Doppler
elocity of around ∓ 7 km s −1 at phases between the 2nd and 3rd
ontact, it is challenging to distinguish if the absorption is of stellar
r planetary origin. Especially the absence of significant absorption
t the ingress and egress phases raises doubts on the planetary
rigin, where the RM-CL V -effect plays a less significant role as
emonstrated in Fig. 4 . The absence might be due to the weaker
bsorption imprint of the partially occulted planetary atmosphere
uring the ingress and egress phases in the transmission spectra. We
erive therefore combined transmission spectra to investigate further
n the Na D absorption. 
NRAS 530, 4826–4838 (2024) 
.3 The combined transmission spectrum 

o resolve the planetary Na D absorption, each in-transit transmission
pectrum is shifted according to the expected planetary radial velocity
ack to the same rest frame and combined. The ingress and egress
hase of the HD 189733b transit last for around 50 per cent of the full
ransit duration. To show the absorption feature at different orbital
hase positions, we derive the combined transmission spectrum for
bservations between the 1st and 4th contact (which we denote as
 1st–4th ) combining 27 spectra, the combined transmission spectrum
or observations between the 2nd and 3rd contact (i.e. the spectra
ithout the ingress and egress phases that we denote as T 2nd–3rd )

ombining 13 spectra as well as the combined transmission spectrum
or observations between the 1st–2nd and 3rd–4th contact (i.e.
ccounting for the spectra acquired only during the ingress and egress
hich we denote as T 1st–2nd + 3rd–4th ) combining 14 spectra. 
Fig. 9 shows (top) T 1st–4th (left), T 2nd–3rd (centre), and T 1st–2nd + 3rd–4th 

right) not corrected from the RM-CLV model and (bottom) divided
y the RM-CLV model. The top panels show a decrease in the flux
evel at the Na D -line positions for T 1st–4th and T 2nd–3rd not following
he RM-CLV model. This is stronger for T 2nd–3rd compared to T 1st–4th ,
hereas the flux level in T 1st–2nd + 3rd–4th matches the RM-CLV model
uite well, indicating again the absence of absorption at the ingress
nd egress phase positions in our data. The RM-CLV profiles show
uch larger amplitude for T 2nd–3rd compared to T 1st–4th . The bottom

anels shows the observation corrected from the RM-CLV effect.
he absorption lines differ strongly from each other, being absent
t T 1st–2nd + 3rd–4th , and shallower in T 1st–4th compared to T 2nd–3rd most
robably due to the absence of absorption at the ingress and egress
ositions. Moreo v er, the amplitude of the modeled RM-CL V -profile
ainly determines the amplitude of the feature. The T 2nd–3rd shows a

eature around the expected Na D line positions, hinting at planetary
bsorption. The FWHM of the Na D1 – feature is significantly smaller
han the line width one would expect accounting for natural line
roadening and broadening by the planetary rotation, making the
bsorption dubious. Table 1 shows the derived line shape properties
or the Na D – features derived from the T 2nd–3rd with a more detailed
iscussion on the line shape properties provided in Section 5.1 . The
bsence of major absorption during ingress and egress is in agreement
ith the absence of absorption in the transmission light curve (Fig.
 ) as well as in the 2D colour map (Fig. 8 ). The explanation for
his remains an open question, hinting at strange dynamics in the
lanetary atmosphere of HD 189733b if the absorption is of planetary
rigin. 

.4 Investigating the origin of the Na D absorption 

e investigate the origin of the Na D absorption feature by inves-
igating the variability of first the stellar Na D lines and second the
lanetary Na D absorption feature. 
We investigate if variability is arising at the low S/N ratio region

round the chromospheric stellar Na D line cores which might affect
he planetary Na D feature. For instance, stellar activity can introduce
ariability to chromospherically sensitive lines and thus can affect
he transmission spectra (Cauley et al. 2018 ). Such variability hints at
tellar spurious effects as we do not expect variability in absorption
rising in the planetary atmosphere within a short timescale of a
ransit. To study such spurious features, we mask the line core
egion in the transmission spectra around the stellar Na D lines in the
tellar rest frame in steps of ±2 km s −1 and recalculate the combined
ransmission spectra and the RM-CLV models in the planetary rest
rame. Fig. 10 shows T 1st–4th (first column), T 2nd–3rd (second column)
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Figure 8. 2D colour map showing the transmission spectra – 1 divided by the out-of-transit column standard deviation at each pixel at different orbital phases 
for the Na D2 line (top) and Na D1 line (bottom) in the stellar rest frame. Cyan dashed lines mark the 1st–4th contact and the purple dashed lines mark the 
2nd–3rd contact. The black dashed lines illustrate the planetary absorption trajectory. Left: Transmission spectra before correcting with RM-CLV model. Right: 
Transmission spectra corrected with the RM-CLV model. 

Figure 9. Combined transmission spectrum in the planetary rest frame around the Na D lines for T 1st–4th (left), T 2nd–3rd (centre), and T 1st–2nd + 3rd–4th (right). 
Top: Combined transmission spectra (black) before correcting from the RM-CL V -model (red). Bottom: Combined transmission spectra after correcting for the 
RM-CL V -model. 

a
m
b  

T
w
(  

p  

a  

p
a  

c  

l  

T
a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/4/4826/7658471 by IN
AF C

atania (O
sservatorio Astronom

ico di C
atania) user on 20 Septem

ber 2024
nd T 1st–2nd + 3rd–4th (third column). The fourth column illustrates the 
asked region around the stellar line cores. To show the difference 

etween the profiles arising at T 2nd–3rd compared to T 1st-4th as well as
 1st–2nd + 3rd–4th , we additionally show the RM-CL V -profile combined 
ith the planetary Na D absorption (dashed lines) derived for T 2nd–3rd 

applying a Gaussian fit to the Na D features from the central
anel in Fig. 9 , see Section 5.1 for further details). The planetary
bsorption is introduced in the RM-CL V -model to account for the
artial occultation by the atmospheric annulus at ingress/egress to 
 v oid o v erestimation of the expected absorption signature. For all
ases, one can see that the impact of the RM-CLV effect (solid
ines) becomes smaller for masking the stellar line core re gions. F or
 1st–4th and T 1st–2nd + 3rd–4th , our data do not follow the RM-CLV ×
bsorption profile, showing that the planetary Na D absorption must 
MNRAS 530, 4826–4838 (2024) 
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Table 1. Na D line properties from the HARPS data sets from different works and PEPSI data investigated in 
this work. 

Work Wyttenbach Casasayas-Barris Langeveld Sicilia This work 
et al. (2015) et al. (2017) et al. (2021) et al. (2022) 

Na-D2 line 
FWHM [ Å] 0.52 ± 0.08 0.64 ± 0.04 0.46 ± 0.04 0.49 ± 0.08 0.28 ± 0.02 
LC [%] 0.64 ± 0.07 0.72 ± 0.05 0.64 ± 0.07 0.49 ± 0.09 0.96 ± 0.05 
v shift (km s −1 ) −4.13 ± 1.53 −0.72 ± 0.41 

Na-D1 line 
FWHM ( Å) 0.52 ± 0.08 0.60 ± 0.06 0.41 ± 0.05 0.54 ± 0.09 0.13 ± 0.02 
LC (per cent) 0.40 ± 0.07 0.51 ± 0.05 0.53 ± 0.07 0.43 ± 0.08 0.88 ± 0.12 
v shift (km s −1 ) 0.31 ± 2.05 −0.76 ± 0.47 

v mean (km s −1 ) −8 ± 2 −2 −1.8 ± 1.2 −1.9 −0.74 ± 0.45 

Note. The values from this work are shown for T 2nd-3rd . The comparison with Langeveld et al. ( 2021 ) is done 
with their values for the telluric correction applied with Molecfit (see their Table 2), which led to deeper 
absorption lines. The velocity shift values have been calculated according to their reported shift values and the 
central wavelengths at 5889.951 and 5895.924 Å. The mean velocity shift is taken from their work. The values 
from Sicilia et al. ( 2022 ) are taken from their table 2 and consider CLV and RM corrections and are converted 
from km s −1 into Å with mean error values. Casasayas-Barris et al. ( 2017 ) did not provide an uncertainty on 
the line shift value. 
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e different compared to T 2nd–3rd . As the RM-CLV model without
lanetary absorption matches the observation for T 1st–2nd + 3rd–4th for
he different core masking scenarios, variability at the Na D line
ore regions at these orbital phase positions is unlikely. Moreo v er,
f absorption had been present during the ingress and egress, this
hould have manifested itself in the spectra (dashed lines), which
e do not see in our analysis. For T 2nd–3rd , the observed spectra
o not follow any of the models. This hints at the variability of
he stellar Na D lines. Ho we ver, if the v ariability had arisen from
hromospheric activity manifesting itself in the line core region, the
ata would probably follow the RM-CLV profile without planetary
bsorption for the different core masking scenarios. The origin of the
ariability thus is unlikely to arise from this, hinting at a different
nknown source. 
We further investigate the origin of the Na D feature by inves-

igating the variability of the planetary absorption feature. Fig. 11
hows T 2nd–3rd for different planet velocity semi-amplitude K p values
ith the RM-CLV × absorption profile (dashed lines). Due to the

ow planetary Doppler velocities at the in-transit phase positions,
ontribution from the planetary Na D absorption even for these dif-
erent K p values is still e xpected. Howev er, the planetary absorption
hould be non-variable within the short timescale during the 2nd–
rd contact and therefore the observation and model should match in
he combined transmission spectra computed for dif ferent K p v alues,
ith the absorption profile smearing out and becoming shallower.
he first row shows T 2nd–3rd for the expected planetary K p value, the
econd row shows T 2nd–3rd for 0 × K p i.e. the stellar rest frame, the
hird row shows the same for −1 × K p and the fourth row shows the
ase for −2 × K p . The first column shows the result around the Na D2
ine, the second column shows the result around the Na D1 line and
he third column shows the observation divided by the RM-CLV ×
bsorption model. For the dif ferent K p v alues, although the model
nd data seem to match, a strong scatter is still visible in the residual
pectra, especially in the 2nd and 3rd rows at the Na D2 feature,
rohibiting an unambiguous verification of the planetary origin of
he sodium feature. The absorption seems to be even stronger in
ome cases compared to the expected K p value, but in the case of
onstant absorption, the scatter should be at the same level. This
ints again at variable absorption if it’s originating from the planetary
NRAS 530, 4826–4838 (2024) 
tmosphere. Ho we ver, due to the strong overlap between the stellar
urface radial velocities and the planetary Doppler velocities for
 2nd–3rd , note that any spurious absorption with stellar origin arising
t the stellar rest frame could mimic a similar absorption profile,
aking more observations required to make a clear statement on the

rigin of the Na D feature from our data set. 

 DI SCUSSI ON  

.1 The line shape parameters 

n the following, we go on the assumption that the observed
bsorption in the T 2nd–3rd is planetary in origin. We derive the
roperties of the Na D feature from T 2nd–3rd applying a Gaussian
t. The line shape properties derived in this work for the Na D2 line
fter applying RM-CL V -correction show a FWHM = 0.28 ± 0.02 Å,
C = 0.96 ± 0.05 per cent and v shift = −0.72 ± 0.41 km s −1 . The

ine shape properties for the Na D1 -line after applying RM-CL V -
orrection show a FWHM = 0.13 ± 0.02 Å, LC = 0.88 ± 0.12
er cent and v shift = −0.76 ± 0.47 km s −1 . Fig. 12 shows for
omparison the LC (top), the v shift (centre), and the line FWHM
bottom) for the Na D2 line (left) and the Na D1 line (right) derived in
his work (green shaded region) and previous HARPS investigations
blue shaded region). 

The bottom panels show in addition the wind speeds required
o broaden the planetary absorption lines (dashed lines) calculated
sing a 100 × 100 grid model, mapping each pixel on the planet’s
urface [see Keles et al. ( 2019 , 2020 ) for further information]. The
rid model contains in each pixel the unbroadened Gaussian Na D -
bsorption line profile with LC = 1.1 per cent and FWHM = 0.18 Å,
hich we derived using the Na D2 -line properties which correspond

o an atmosphere with no streaming global wind but the planetary
otation. The LC corresponds to an atmospheric extension of 1.00 ×
 pl to 1.22 × R pl . We put on top of the planetary rotation velocity

he global sr with different wind velocities. We Doppler-shift the
rofiles in each pixel with respect to the planetary rotation velocity
v rot ) and the global sr wind velocity (v sr ) streaming in the same
irection (see the caption of Fig. 12 for further information). We
erive the broadened line profile from the grid model and determine
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Figure 10. Investigating the origin of Na D absorption on HD 189733b. Combined transmission spectrum in the planetary rest frame around the Na D lines for 
T 1st–4th (first column), T 2nd–3rd (second column), and T 1st–2nd + 3rd–4th (third column). The solid red line shows the RM-CLV model. The dashed line shows the 
RM-CLV × absorption model including the Na D - absorption derived from T 2nd–3rd (see Table 1 ). The fourth column shows the stellar Na D lines and the masked 
region in the stellar rest frame. The different rows show the effect of masking the line core regions, i.e. ± 2 km s −1 (top), ± 4 km s −1 (center), and ± 6 km s −1 

(bottom). Cyan dashed lines mark the 1st–4th contact and the purple dashed lines mark the 2nd–3rd contact to demonstrate the correlation between the masked 
region and the region of planetary Na D absorption. 
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Figure 11. Combined transmission spectrum in the planetary rest frame for T 2nd–3rd around the Na D2 line (left) and Na D1 line (centre). The red dashed line 
shows the RM–CLV × absorption model. The right-hand panel shows the ratio of the observed and computed transmission spectra. Each row refers to different 
K p values. 
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Figure 12. Effect of the RM-CLV correction on the inferred Na D2 (left) and Na D1 (right) line shape properties, showing the LC (top), line shift (central), 
and line width (bottom). Dashed lines show no broadening (blue), only planetary rotation v rot (purple), v sr (3 km s −1 ) + v rot (yellow), v sr (6 km s −1 ) + v rot 

(green) and v sr (9 km s −1 ) + v rot (red). Shown are the line shape properties derived in this work for T 1st–4th and T 2nd–3rd , as well as for previous HARPS data 
investigations. See the legend for further information. 
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ts FWHM to identify the broadening effect for different wind 
trengths. Although the derived values are first-order approximations 
hat require 3D modelling for more accurate estimations (Kempton, 
erna & Heng 2014 ), note that a global streaming sr wind is an
ptimistic scenario requiring lower wind speeds to introduce similar 
roadening to the absorption lines compared to e.g. zonal restricted 
inds, winds flowing opposite to the planetary rotation, winds 

howing non-uniform velocity distribution or vertical upward winds. 
Investigating the Na D2 absorption for T 2nd–3rd (left panel), the 

erived line shift suggests a dn wind velocity of around 0.7 km s −1 

nd the derived FWHM suggests a sr wind velocity in the order of
–4 km s −1 on top of the planetary rotation on HD 189733b. 
Inspecting the Na D1 absorption for T 2nd–3rd (right panel), similar 

C and dn wind velocities are inferred. Significant difference arises 
ith respect to the inferred FWHM of the Na D1 line, which is
uch narrower than the FWHM derived for the Na D2 line, and

ven in comparison to what would be expected only accounting for
emperature and pressure broadening. This raises again doubts of the 
lanetary origin of the Na D absorption. 
Overall, the results inferred with respect to the planetary winds 

hould be considered cautiously, as they rely on the assumption that 
he presented Na D absorption is of purely planetary origin as well as
ot affected by stellar activity or other nuisance effects, which is of
uestion. 

.2 Comparison to other studies 

he Na D -line absorption on HD 189733b has been analysed using
he three HARPS transit observations by several studies in which 
ignificant Na D absorption around both resonant Na D lines have 
een inferred. Fig. 12 (blue shaded region) and Table 1 shows the
C, FWHM, and v shift of the Na D lines inferred by a Gaussian fit from
orks that have provided all values in their manuscripts, i.e. from
yttenbach et al. ( 2015 ), Casasayas-Barris et al. ( 2017 ), Langeveld

t al. ( 2021 ), and Sicilia et al. ( 2022 ). As the line properties inferred
n the HARPS data are derived from combined transmission spectra 
ncluding the ingress and egress phases, we show the line shape prop-
rties from the PEPSI spectra (see Fig. 9 ) derived for T 1st–4th in addi-
ion to the line shape properties derived for T 2nd–3rd . Including spectra
rom the ingress and egress phases, the PEPSI data and HARPS
nvestigations show similar values for the LC, agreeing mostly with 
heir uncertainties, whereas the LC inferred for T 2nd-3rd in the PEPSI
ata is significantly stronger. Overall, the HARPS data investigations 
how a tendency of higher wind velocities, for dn winds and winds
hich introduce line broadening, compared to the observations with 
EPSI, although the dn wind agrees within 1 σ with the mean value
erived by Sicilia et al. ( 2022 ) and Langeveld et al. ( 2021 ). 
The main difference between the PEPSI and HARPS data arises 

or the derived FWHM of the Na D lines. If the absorption is
f planetary origin, with respect to strong sr or vertical upward
inds, the new PEPSI data suggests a breezy planet with weaker
inds, whereas the older HARPS data suggest a stormy planet with

tronger winds. Fig. A1 shows for comparison the PEPSI and HARPS 

ights showing the S/N ratio per combined pixel (top) and the RM-
urve (bottom). Cyan dashed lines mark the 1st–4th contact and the
urple dashed lines mark the 2nd–3rd contact. The first HARPS 

ight contains only a few in-transit spectra due to longer exposure
ime, the second HARPS night suffers from the lack of pre-transit
bservations and the third HARPS night has significantly higher 
/N values in the spectra observed during the transit compared to
MNRAS 530, 4826–4838 (2024) 
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he out-of-transit observations. Although the difference in FWHM
erived for the PEPSI and previous HARPS investigations might
e due to atmospheric variability with respect to the difference in
bservation time which differ by more than a decade between the
ata sets, another possibility might be reasoned by the data quality.
lthough HARPS is a more stable instrument compared to PEPSI,

he observing conditions have not been perfect for the HARPS
ights. Another possibility for the differences might be the issue
f the origin of the Na D - features, which cannot be unambiguously
ttributed purely to the planetary atmosphere based on the data at
ur disposal. Furthermore, stellar activity related issues can affect
ransmission spectra (Cauley et al. 2018 ) and the inferred results
rom dif ferent observ ations. The comparison to pre vious works
nvestigating the Na D -absorption on HD 189733b shows that the
nferred wind properties of this planet deviate strongly for different
ata sets. 
Comparing the findings to studies deriving wind properties of other

lements, the stellar activity of HD 189 733 challenges the accurate
etection of wind properties. Although the possible evidence of dn
inds and sr winds have been inferred using the H α absorption

Cauley, Redfield & Jensen 2017b ) and the He absorption (Salz et al.
016 ), stellar activity related variability challenges the derived wind
roperties (Cauley et al. 2016 ; Salz et al. 2016 ; Cauley, Redfield &
ensen 2017a ). Other elements such as H 2 O and CO absorption
Brogi et al. 2016 , 2018 ) show no significant presence of a sr wind,
ut the possibility of a dn wind, which consistent with its absence
t a 1.5 σ level. Similar results are presented for the K I - absorption
Keles et al. 2020 ), showing no significant winds on HD 189733b.
f the presented Na D - absorption is purely of planetary origin, our
ndings agree with the latter works, demonstrating no strong winds
n HD 189733b. 

.3 Possible effects affecting line shape properties 

if ferent ef fects might af fect the deri ved line shape properties from
ransmission spectra, such as the stellar properties used to derive the
ynthetic stellar spectra. As demonstrated in Dethier & Bourrier
 2023 ), changing the Na D -abundance can change the RM-CLV
rofile. We tested the impact of this repeating the analysis using solar
bundance value of A(Na) = 6.24 dex in our models. Note, that a
trong mismatch between the observed and computed stellar Na D
ine wings arose due to the difference in abundance, not affecting
ignificantly the line core region. We repeated the analysis and
nferred results matching within 1 σ to the presented ones. This might
e due to the circumstance that the planetary absorption takes mainly
lace part at the line core region. By decreasing the abundance, the
tellar lines become shallower. This is also the case for increasing the
tellar ef fecti ve temperature. Thus, there is a temperature-abundance
e generac y, where higher temperature and lower abundance values
and vice versa) can yield very similar stellar line profiles. Therefore
o account for this de generac y, we adopted the stellar temperature to
 = 4800 K as well as T = 5200 K and varied the abundance ±0.4
round the solar value until we matched the observed Na D lines. We
epeated the analysis from this work and inferred similar Na D line
hape properties matching within 1 σ with the presented ones derived
n this work. 

Overall, it is recommended to compare the synthetic and observed
M-CL V -feature, e.g. via the mean line profile, to a v oid misleading

esults or even false-positive detection of planetary properties,
hereas the uncertainty on the reliability of the models accounting

or the centre-to-limb variation will still remain for lines such as the
a D lines. It has been shown recently that LTE stellar atmosphere
NRAS 530, 4826–4838 (2024) 
odels tend to o v erestimate the CLV effect for solar-like stars
Reiners et al. 2023 ) and significant differences can arise even
omparing 1D and 3D models accounting for LTE and NLTE effects
Canocchi et al. 2024 ; Lind & Amarsi 2024 ). The difference of
he RM-CL V -L TE and NL TE profiles has been demonstrated by
asasayas-Barris et al. ( 2021 ) for HD209458b around the Na D lines,

howing especially differences at the amplitudes of the RM-CLV
rofiles. The dependence of the RM-CLV profiles accounting for
 TE and NL TE effects probably introduces another uncertainty to

he absorption line properties derived after accounting for the RM-
LV effect. In addtion, stellar atmosphere models do not include

tellar chromospheres which might lead to effects that we are not
ware of becoming especially important for planetary absorption on
op of stellar line cores that originate in stellar chromospheres, such
s for the Na D lines. This might become especially important for
D 189733b for which the planetary absorption takes mainly place

t the stellar line core region of the Na D lines, as illustrated in Fig.
0 . 
Finally, the methodology of deriving the combined transmission

pectrum, for instance, accounting for broad-band limb-darkening
Mounzer et al. 2022 ; Dethier & Bourrier 2023 ) or the employment
f weights (Langeveld et al. 2022 ) can affect the derived line shape
roperties. If weights are used for the observations, the same must
e used for the computation of the RM-CLV profile as this will
ffect the properties of the RM-CLV profile, especially for spectral
ines with strong S/N ratio variations between the line core and line
ings as it is the case for the Na D lines. A more advanced approach
f computing the RM effect (Cegla et al. 2016 ) for instance using
D models with simultaneous consideration of stellar and planetary
Dethier & Bourrier 2023 ) might be also a more robust approach to
eriving the RM-CLV profile. 

 C O N C L U S I O N S  A N D  SUMMARY  

he hot Jupiter HD 189733b is the first exoplanet that was found
o have an atmosphere in a ground-based observation. The detected
a D absorption has been thereafter investigated by several works
ostly based on the same three HARPS datasets, showing the

resence of day-to-night side winds as well as strong rotational
inds. One important aspect becomes the RM-CLV effect for this

ystem, affecting significantly the transmission spectra. 
We re-investigated the Na D absorption with a new transit obser-

ation from the LBT & PEPSI with data quality being significantly
etter than the combined previous three HARPS data sets. The
nvestigation shows two main outcomes: 

First, our results suggests the absence of detectable in and egress
a D absorption following the planetary orbital trajectory, casting
oubt on the planetary origin of the absorption signal detected be-
ween the 2nd and 3rd contact. Consequently, the average absorption
ignal differs significantly depending on whether the 1st–4th contact
r the 2nd–3rd contact time period is considered. Also the inferred
a D1 absorption line width appears to be unphysically small, falling

ven short of the prediction accounting solely for temperature and
ressure broadening. 
Secondly, assuming that the Na D absorption is of planetary origin,

e infer weak winds on HD 189733b, showing day-to-nightside
ind velocities of around 0.7 km s −1 and rotational winds with
elocities in the order of 3–4 km s −1 , making HD 189733b a breezy
lanet at the probed atmospheric layers. The wind velocities would
e in agreement with theoretical expectations (Showman et al.
012 ), especially for the rotational winds, but in contradiction to
revious results inferred from the HARPS data sets predicting much
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tronger winds. As the latter was acquired more than a decade ago,
tmospheric variability might play a role. This all again is only valid,
f the Na D feature is indeed of planetary origin, which is doubtful. 

The modeling of the signature of the RM-CLV effect is crucial 
o interpret transmission spectrum (Casasayas-Barris et al. 2021 ; 
ethier & Bourrier 2023 ), and in the particular case of HD 189733b

t strongly o v erlaps in wav elength space with genuine atmospheric
ignals and has been found to be of comparable amplitude at least in
he case of the Na D lines. As the o v erlap of the expected atmospheric
bsorption and the RM-CLV effect is comparably weak, ho we ver, 
uring the in and egress, a detection of absorption in these phases,
ould strongly support the case for a planetary origin. Unfortunately, 

his is absent in our analysis of the PEPSI data. The interpretation of
he Na D signals in the transmission spectrum and the dynamical state
f the atmosphere of HD 189733b remains fraught with difficulties. 
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Figure A1. Transit observations of HD 189733b with different instruments. Top: The continuum S/N value per data point in the spectra for PEPSI and HARPS 
data. Bottom: RM curve. Cyan dashed lines mark the 1st–4th contact and the purple dashed lines mark the 2nd–3rd contact. 
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