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ABSTRACT

Ultra-hot Jupiters (UHJs) are gas giant planets orbiting close to their host star, with equilibrium temperatures exceeding 2000 K, and
among the most studied planets in terms of their atmospheric composition. Thanks to a new generation of ultra-stable high-resolution
spectrographs, it is possible to detect the signal from the individual lines of the species in the exoplanetary atmospheres. We employed
two techniques in this study. First, we used transmission spectroscopy, which involved examining the spectra around single lines of
Fe II. Then we carried out a set of cross-correlation studies for two UHJs: KELT-9b and KELT-20b. Both planets orbit fast-rotating
stars, which resulted in the detection of the strong Rossiter-McLaughlin (RM) effect and center-to-limb variations in the transmission
spectrum. These effects had to be corrected to ensure a precise analysis. Using the transmission spectroscopy method, we detected
21 single lines of Fe II in the atmosphere of KELT-9b. All of the detected lines are blue-shifted, suggesting strong day-to-night side
atmospheric winds. The cross-correlation method leads to the detection of the blue-shifted signal with a signal-to-noise ratio (S/N)
of 13.46. Our results are in agreement with models based on non-local thermodynamical equilibrium (NLTE) effects, with a mean
micro-turbulence of νmic = 2.73 ± 1.5 km s−1 and macro-turbulence of νmac = 8.22 ± 3.85 km s−1. In the atmosphere of KELT-20b,
we detected 17 single lines of Fe II. Considering different measurements of the systemic velocity of the system, we conclude that the
existence of winds in the atmosphere of KELT-20b cannot be determined conclusively. The detected signal with the cross-correlation
method presents a S/N of 11.51. The results are consistent with NLTE effects, including means of νmic = 3.04 ± 0.35 km s−1 and νmac =
6.76 ± 1.17 km s−1.

Key words. techniques: spectroscopic – planets and satellites: atmospheres – planets and satellites: individual: KELT-9b –
planets and satellites: individual: KELT-20b

1. Introduction
High-resolution spectroscopic observations allow us to differ-
entiate the signals coming from an exoplanet’s atmosphere, its
host star, and the Earth’s atmosphere. Hot Jupiters and ultra-hot
Jupiters (UHJs) are among the best targets for studying the chem-
ical composition of their atmospheres through the application of
both transmission and emission spectroscopy.

Thanks to their short orbital periods and hot extended atmosph-
eres, where the equilibrium temperature (Teq) exceeds 2000 K
⋆ Corresponding author; monika.beata.stangret@gmail.com

(Parmentier et al. 2018), UHJs are ideal laboratories for atmo-
spheric studies. Due to their tidally locked nature, which leads
to extreme temperature differences between the day and night
sides, a different chemical composition on both sides is expected
and, in addition, strong day-night side winds are observed, as
reported for several UHJs. In theoretical simulations, Helling
et al. (2019) demonstrated that clouds cannot form due to the
extremely high temperatures observed on the day side of the
atmospheres. Furthermore, atoms are found in their ionized
state, while molecules, due to their total or partial dissociation,
typically have a low abundance (Arcangeli et al. 2018).
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In recent years, studies of UHJ atmospheres have been per-
formed using high-resolution transmission and emission spec-
troscopy, revealing the presence of a diverse range of species,
including neutral and ionized atoms, such as Ba II, Ca I, Ca II,
Cr I, Cr II, Fe I, Fe II, H I, Mg I, Mg II, Na I, Ni I, Ni II, Rb I,
Si I Sm I, Ti I, Ti II, V I, and Y II; for example: MASCARA-
2b/KELT-20b (Casasayas-Barris et al. 2018, 2019; Langeveld
et al. 2022; Yan et al. 2019; Cauley et al. 2019 Wyttenbach et al.
2020; Borsa et al. 2021b; Pai Asnodkar et al. 2022; Langeveld
et al. 2022; Sánchez-López et al. 2022; Fossati et al. 2023),
WASP-12b (Jensen et al. 2018), WASP-33b (Nugroho et al. 2017,
2020a; Yan et al. 2021), WASP-121b (Cabot et al. 2020; Borsa
et al. 2021a; Young et al. 2024; Maguire et al. 2023), WASP-
189b (Yan et al. 2020, 2022a; Stangret et al. 2022; Prinoth et al.
2022, 2023), and WASP-76b (Seidel et al. 2019; Ehrenreich et al.
2020).

Furthermore, studies of UHJs suggest the presence of a ther-
mal inversion in the middle atmosphere. This phenomenon has
been observed in several planets including WASP-33b (Nugroho
et al. 2020a; Cont et al. 2022), WASP-103b (Kreidberg et al.
2018), KELT-9b (Pino et al. 2022), and WASP-189b (Yan et al.
2020). These observational results are also supported by for-
ward atmospheric models (e.g., Lothringer et al. 2018; Fossati
et al. 2021, 2023), which suggest that the thermal inversion
is due to metal line heating, particularly for planets orbiting
stars hotter than ≈8300 K that do not present the high-energy
(X-ray and extreme ultraviolet) emission responsible for hydro-
gen photoionization. With respect to the particular cases of
KELT-9b and KELT-20b, which are the focus of this work,
Fossati et al. (2021, 2023) showed that non-local thermodynam-
ical equilibrium (NLTE) effects magnify the inversion through
metal-line absorption of stellar UV radiation. Specifically, NLTE
leads to significant FeII overpopulation and MgII underpopula-
tion, which respectively drive atmospheric heating and cooling,
increasing the magnitude of the thermal inversion. These results
are supported by the fact that transmission spectra computed
accounting for NLTE effects have been so far the only forward
models capable of fitting the observed hydrogen Balmer line
profiles of these two UHJs (Fossati et al. 2021, 2023).

In this study, we present an analysis of the chemical compo-
sition of two the UHJs KELT-9b and KELT-20b, focusing on the
transmission spectroscopic studies of Fe II with high-resolution
spectroscopic data. The paper is organized as follows. In Sect. 2
we present a detailed literature review of the studied planets,
while in Sect. 3 we describe the observations used in this work.
In Sect. 4, the transmission spectroscopy analysis is presented,
with the results obtained for KELT-9b and KELT-20b shown in
Sects. 5 and 6, respectively. In Sect. 7 we focus on the com-
parison of the results with atmospheric models. The analysis of
the transmission spectrum using the cross-correlation method is
described in Sect. 8.

2. Studied planets

KELT-9b is a UHJ (Mp = 2.88 MJ , Rp = 1.936 RJ) with Teq =
3921 K. The planet orbits a bright (V = 7.56 mag) A0-type star
in 1.48 days (Gaudi et al. 2017; Borsa et al. 2019). The consid-
ered stellar and planetary parameters can be found in the Table 1.
The orbital and physical parameters make KELT-9b an ideal can-
didate for atmospheric studies using transmission and emission
spectroscopy. The first detection of the atmospheric signature of
KELT-9b was presented by Yan & Henning (2018), revealing an
extended atmosphere through the Hα line. Transmission spec-
troscopic studies focusing on single lines additionally showed

Table 1. Physical and orbital parameters of the KELT-9 and KELT-20
systems.

Parameter KELT-9 KELT-20

Stellar parameters
Teff (K) 9600 ± 400 8980+90

−130
log g (cgs) 4.1 ± 0.3 4.31 ± 0.02
[Fe/H] 0.14 ± 0.30 –0.02 ± 0.07
M⋆ (M⊙) 2.32 ± 0.16 1.89+0.06

−0.05
R⋆ (R⊙) 2.418 ± 0.058 1.60 ± 0.06
v sin i⋆ (km s−1) 111.4 ± 1.3 (a) 114 ± 3
K⋆ (m s−1) 293 ± 32 <311.3

Planet parameters
Mp (MJ) 2.88 ± 0.35 <3.510
Rp (RJ) 1.936 ± 0.047 1.83 ± 0.07
Teq (K) 3921+182

−174 2260 ± 50
Kp (km s−1) 236.4 ± 9.0 (e) 157.4 ± 17.1( f )

Transit parameters
T0 (BJDTDB) 2 459 006.3289 (b) 2 457 503.120120 (g)

±0.0001 ±0.00018
P (d) 1.4811188 (b) 3.47410196 (g)

±0.0000003 ±0.00000106
T14 (h) 0.15949 ± 0.00011(c) 0.14882+0.00092

−0.00090
System parameters

a (au) 0.03368 ± 0.00078 0.0542+0.0014
−0.0021

ip (deg) 86.79 ± 0.25 (d) 86.15+0.28
−0.27

λ (deg) –85.78 ± 0.23 (b) 3.9 ± 1.1 (h)

e (deg) 0 (fixed) 0 (fixed)

Notes. The physical and orbital parameters for KELT-9 were adopted
from Borsa et al. (2019), except for (a)adopted from Gaudi et al.
(2017), (b)Pino et al. (2022), (c)Pai Asnodkar et al. (2022), (d)Wyttenbach
et al. (2020), and (e)retrieved in this work from single line analysis.
The physical and orbital parameters for KELT-20 were adopted from
Talens et al. (2018), except for ( f )retrieved in this work, (g)adopted from
Casasayas-Barris et al. (2019), and (h)adopted from Singh et al. (2024).

the presence of Ca II, Fe II (λ4923.9 Å, λ5018.4, Å, λ5169 Å,
λ5197.5 Å, λ5234.6, Å λ5276 Å, λ5316.6 Å, λ5363.9 Å, and
λ6456.3 Å), Hβ, Na I (D1 and D2), O I (λ7774. 0 Å triplet),
and Pashen β (Yan et al. 2019; Cauley et al. 2019; Turner et al.
2020; Wyttenbach et al. 2020; Borsa et al. 2021b; Pai Asnodkar
et al. 2022; Langeveld et al. 2022; Sánchez-López et al. 2022).
Emission and transmission spectroscopy studies using the cross-
correlation method have reported the detection of Ca I, Ca II,
Cr II, Fe I, Fe II, Mg I, Mg II, Na I, Ni I, Sc II, Si I, Sr II, Tb II,
Ti II, and Y II (Hoeijmakers et al. 2018, 2019; Kasper et al. 2021;
Pino et al. 2022; Lowson et al. 2023; Ridden-Harper et al. 2023;
Borsato et al. 2024, 2023). In addition, using space-based obser-
vations, Changeat et al. (2022) and Jacobs et al. (2022) presented
the detection of TiO, VO, FeH, and H−.

The first work focusing on the analysis of single Fe II lines,
presented by Cauley et al. (2019), described the detection of nine
lines with velocity shifts ranging from −1.02 to 3.0 km s−1. The
most recent studies presented by Pai Asnodkar et al. (2022) focus
on wind measurements in the atmosphere of KELT-9b, concen-
trating on single lines of Fe II, showing significant day-to-night
winds from −4 to −10 km s−1. The substantial differences in the
detected wind velocities come from the different choices for the
mid-transit time.
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Fig. 1. Illustrative example displaying the dependence of time from the
mid-transit and the radial velocity of the planet change on the T0 and
orbital period (for only one exposure), as calculated by Gaudi et al.
2017, Pai Asnodkar et al. 2022, Pino et al. 2022, and Ivshina & Winn
2022. The values radial velocities of the planet change between 1.8 to
4.4 km s−1 and the time difference from the mid-transit changes from
3.95 to 6.01 min depending on the exposure used in this work, in com-
parison with the values assuming T0 and period from Gaudi et al. 2017.

In Fig. 1, we present an example for one exposure (close to
the mid-transit) of the measurement of the time from the mid-
transit and the radial velocity of one of the exposures assuming
four different literature parameters of T0 and orbital period from
Gaudi et al. 2017; Pai Asnodkar et al. 2022; Pino et al. 2022,
and Ivshina & Winn 2022. The difference between the expo-
sures used in this work varies from 1.8 to 4.4 km s−1 and 3.95 to
6.01 min from the first published measurements by Gaudi et al.
2017.

KELT-20b (Lund et al. 2017), also known as MASCARA-
2b (Talens et al. 2018), is an UHJ (Mp < 3.51 MJ , Rp =
1.83 RJ) with Teq = 2260 K, orbiting a fast-rotating A-type
star in 3.47 days. The stellar and planetary parameters can
be found in Table 1. The chemical composition of the atmo-
sphere of KELT-20b has been studied by several groups with
low- and high-resolution spectrographs using both transmission
and emission spectroscopy. Casasayas-Barris et al. (2018, 2019);
Langeveld et al. (2022), and Fossati et al. (2023) presented single
line detection of Ca II (λ8498 Å, λ8542 Å, and λ8662 Å), Fe II
(λ5018 Å, λ5169 Å, and λ5316 Å), Mg I (λ5173 Å), Na I (D1 and
D2), Hα, Hβ, and Hγ. In addition, using the cross-correlation
method the existence of Ca II, Cr II, Fe I, Fe II, Na I, Ni I, Ni II,
Mg I, and Si I have been reported (Stangret et al. 2020; Nugroho
et al. 2020b; Hoeijmakers et al. 2020a; Cont et al. 2022; Yan
et al. 2022b; Bello-Arufe et al. 2022; Borsa et al. 2022; John-
son et al. 2023; Kasper et al. 2023; Petz et al. 2024). Evidence
of H2O and CO in the emission spectrum was presented by Fu
et al. (2022), using observations from TESS, HST WFC3/G141,
and the Spitzer 4.5 µm channel.

The first single-line analysis of Fe II lines was presented
by Casasayas-Barris et al. (2019), revealing the discovery of
three Fe II lines (λ5018 Å, λ5169 Å, and λ5316 Å) using
high-resolution observations from the HARPS-N spectrograph,
reporting day-side winds of ∼−2.8 km s−1. Pai Asnodkar et al.
(2022) presented the detection of three additional Fe II lines
(λ4923.9 Å, λ5276 Å, and λ5363.9 Å). Consistent with the
previous works, day-to-night side winds with a blue shift of
∼−2.55 km s−1 were detected.
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Fig. 2. Equilibrium temperature as the function of the transmission
spectroscopy metrics for all known ultra-hot Jupiters (Teq > 2000 K).
Planets with the Fe II detected in their atmospheres are marked with the
star symbol (the list of planets was taken from the ExoAtmospheres
database).

KELT-9b and KELT-20b are two of the eight UHJs (nine
exoplanets in total), where Fe II has been detected in their atmo-
spheres. In Fig. 2, we plot the transmission spectroscopy metrics
for all known UHJs (Teq > 2000 K) as a function of their Teq
values and the brightness of the host star.

In this work, we focus on the detection of Fe II in the atmo-
sphere of two UHJs KELT-9b and KELT-20b using both single-
line analysis and cross-correlation method with high-resolution
observations in the visible part of the spectrum.

3. Observations

Our work focuses on high-resolution observations of the transits
of two exoplanets, KELT-9b and KELT-20b, with the HARPS-
N spectrograph (Cosentino et al. 2012, 2014) mounted on the
3.6 m Telescopio Nazionale Galileo (TNG) at the Observato-
rio del Roque de los Muchachos (ORM) in La Palma, Spain.
HARPS-N is a high-dispersion spectrograph with a resolving
power ofℜ ∼ 115 000 and continuous wavelength coverage from
3800 to 6900 Å.

We have analyzed six nights of primary transit observations
of KELT-9b, two of which were public, and the remaining four
were taken as part of the GAPS (Global Architecture of Plan-
etary System, Covino et al. 2013) program. The observing log
can be found in Table 2; in brief, all observations cover the
orbital phase before, during, and after the transit. The expo-
sure time varies between 300 and 600 s, and the signal-to-noise
ratio (S/N), on the spectral order of 53, around the Na I doublet
varies between 57.2 and 209. During data analysis, we decided
to remove one spectrum from the night of 2018-07-20 and one
from the night of 2018-09-01, because of a significantly lower
S/N compared to the other spectra taken during the same night.
The S/N and airmass changes during the observations are pre-
sented in Fig. 3 (top panel), where black crosses indicate the low
S/N spectra that were excluded from the analysis.

In the case of KELT-20b, we analyzed six transit observa-
tions of HARPS-N, three of which were taken as part of the
GAPS collaboration and three were public. The observing log
can be found in Table 2. The exposure time varies from 200
to 600 s and the S/N around the Na I doublet varies from 46.6
to 199.9. During the analysis, we removed the spectra from the
nights 2018-07-12 and 2022-07-31 with S/N around Na I lower
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Table 2. Observing log of the KELT-9b and KELT-20b transit observations. The table does not include spectra that were excluded from the analysis.

Night Date of Start End (a) Texp Nobs S/N (b)

observation (UT) (UT) (s)

KELT-9

1 2017-07-31 Public 20:59 05:19 600 49 102.6–209.0
2 2018-06-10 GAPS 23:08 05:17 600 36 128.5–188.6
3 2018-07-20 Public 21:20 05:09 600 45 122.5–174.1
4 2018-07-23 GAPS 21:34 03:38 300 68 60.9–119.1
5 2018-09-01 GAPS 22:17 03:27 300 57 98.9–143.6
6 2018-09-04 GAPS 20:36 02:19 300 64 57.2–146.7

KELT-20

1 2017-08-16 Public 22:21 03:56 200 90 46.6–67.6
2 2018-07-12 Public 21:27 05:15 200 107 61.1–111.8
3 2018-07-19 Public 21:25 04:23 300 78 63.8–119.5
4 2019-08-26 GAPS 22:05 03:09 600 30 122.5–170.9
5 2019-09-02 GAPS 20:52 01:45 600 29 120.3–199.9
6 2022-07-31 GAPS 22:34 03:36 600 26 63.3–159.9

Notes. (a)Time of the beginning of the last exposure. (b)Minimum and maximum S/N for each night, calculated in the order containing the Na I D
lines (order 53).
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Fig. 3. Changes in S/N and airmass during the observations of KELT-9b
(upper panel) and KELT-20b (lower panel). The black vertical dotted
lines indicate T1 and T4, and the gray vertical dotted lines indicate
T2 and T3. The black crosses indicate the low S/N spectra that were
excluded from the analysis.

than 60. This removal was not applied to the night of 2022-07-31
due to the lower signal for all data. The S/N and airmass changes
during the observations are presented in Fig. 3 (bottom panel).

4. Transmission spectroscopy

In the first step of data analysis, we employed the Spectral Lines
Of Planets with python (SLOPpy1, Sicilia et al. 2022) pipeline
to correct for sky emission, differential refraction, and telluric
lines. The telluric correction was performed with Molecfit
(Smette et al. 2015; Kausch et al. 2015), an ESO software tool
that fits synthetic transmission spectra to the data in order to cor-
rect for atmospheric absorption features. As this step is part of
the SLOPpy analysis flow, we refer to Sicilia et al. (2022) for
more details. Furthermore, we tested our analysis using spectra
non-corrected by tellurics for the following lines: Fe II λ4489 Å,
λ4555 Å, λ5018 Å, and λ5316 Å (see an example of transmission
spectrum with and without correction for KELT-9b in Fig. A.12).
In general, due to the fact that the lines in our work lie far away
from strong telluric lines, the differences between corrected and
uncorrected spectra are negligible.

In the next step, we shifted the spectra to the stellar rest frame
using the barycentric correction, as well as the stellar motions
around the center of mass using the literature measurements of
the semi-amplitude of the radial velocities, K∗. The data were not
corrected for the systemic velocity (vsys), due to the different val-
ues reported in the literature for both KELT-9b and KELT-20b.
A detailed discussion can be found in Sects. 5 and 6. The vsys
value needs to be calculated with good precision to correct for
the center-to-limb variation (CLV) and the Rossiter-McLaughlin
(RM) effect and, thus, to accurately calculate the wind in the
atmosphere of the exoplanet, which is one of the goals of this
work. The calculation of vsys is presented and explained in the
next sections of this work. The systemic velocity is constant

1 https://github.com/LucaMalavolta/SLOPpy
2 See Data availability section after the acknowledgments.
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during the observations, which consequently allows us to apply
this correction at every step in the analysis.

In the next step, due to computational limitations, the s1d
spectrum was divided into 46 segments and in the following
analysis, each of the steps was applied to each segment sep-
arately. We normalized the spectrum for each of the segments
by the average spectrum over time, following the approach pre-
sented by Hoeijmakers et al. (2020b). To this end, for each of
the segments, we calculate the mean value of the averaged spec-
trum, next the averaged spectrum is divided by this value. Then,
each of the spectra was divided by the corresponding value from
the previous calculations so that all spectra remained at a simi-
lar flux level. Next, by looking at the changes of each pixel over
time, the outliers that varied more than 3σ from the mean value
were linearly interpolated to the nearest pixels. The stellar signal
was corrected by dividing all spectra by the master-out spectrum,
which was calculated as the average spectrum of all out-of-transit
spectra. The remaining residuals were used for the analysis of the
single lines of Fe II, as well as for the cross-correlation method
presented in Sect. 8.

Here, we examine the Fe II single lines in the transmission
spectrum. For each line, we created a residual map which con-
sists of the residuals for each of the orbital phases and the
wavelength from±5 Å from the laboratory wavelength of the line
(obtained from the National Institute of Standards and Technol-
ogy via petitRADTRANS, Mollière et al. 2019). The analysis was
conducted separately for each night and subsequently combined,
assuming equal weight for each night. In the case of KELT-20b,
due to the low S/N of the first and fifth nights, an additional
analysis was performed using only the second, third, and fourth
nights. However, the results were found to be consistent with
those obtained using all nights; thus we present the results using
all the nights.

By applying a Markov chain Monte Carlo (MCMC,
Foreman-Mackey et al. 2013) algorithm we fitted the planetary
signal and the CLV and RM effect simultaneously. In the case of
the planetary signal, we assume a Gaussian shape of the signal,
which moves with the radial velocity of the planet in its orbit.
The velocity of the planet on its orbit vpl assuming circular orbit
was calculated as:

vpl = Kp sin 2πϕ(t) + vsys+wind, (1)

where Kp is the semi-amplitude of the exoplanet radial veloc-
ity, ϕ is the orbital phase, and vsys+wind is the velocity of the
signal, which consists of the systemic velocity and the veloc-
ity of the wind in the atmosphere (vwind), remembering that vsys
has not yet been corrected. In addition, using the LDTk tool
(Parviainen & Aigrain 2015; Husser et al. 2013), we calcu-
lated the limb-darkening coefficient for each star. Then, using
PyTransit (Parviainen 2015) assuming the parameters from
Table 1, we calculated the transit models. The fitted signal of
the planet was then scaled using the transit model.

Both KELT-9b and KELT-20b orbit fast-rotating stars; there-
fore, a strong RM effect is expected, especially influencing the
shape of the Fe II lines, which are also present in the stellar spec-
tra. To correct for this effect together with the CLV, we created
models of the CLV and RM effect following Yan et al. (2017)
and Yan & Henning (2018), and later used in several works of
atmospheric studies such as Casasayas-Barris et al. (2019), Chen
et al. (2020), Borsa et al. (2021a), and Stangret et al. (2022).
The synthetic spectrum for our planets was computed with
Spectroscopy Made Easy (SME, Piskunov & Valenti 2017)
using the VALD3 line list (Ryabchikova et al. 2015) and Kurucz

ATLAS9 stellar model atmospheres (Castelli & Kurucz 2003).
Assuming local thermodynamical equilibrium (LTE) and solar
abundance, we calculated models for 21 different limb-darkening
angles. Next, we calculated the stellar spectra at the different
orbital phases of the planet, keeping in mind that the planet cov-
ers different parts of the stellar spectra. In addition, the models
were created for several radii of the planet, from 0.7 to 1.5, with
a step of 0.1, taking into consideration that the observed radius
of the planet depends on the wavelength at which the observa-
tions were performed. Finally, all of the spectra were divided
by the out-of-transit spectra where we did not expect the influ-
ence of the planet on the spectrum, leaving us with the CLV and
RM effect at each of the orbital phases and different radii of the
planet. The models were then linearly interpolated to the differ-
ent orbital phases depending on the considered night and planet,
and also broadened to the resolution of the HARPS-N spec-
trograph using instrBroadGaussFast3 from PyAstronomy
(Czesla et al. 2019). Finally, the models were interpolated with
the third-degree polynomial to the different radii of the planet.

In the MCMC analysis, the CLV and RM effect models were
used to fit the radius of the planet depending on the wavelength
(Rλ), as well as vsys, where the models were calculated assuming
vsys = 0 km s−1. In the final MCMC, we used 20 walkers and
5000 steps to fit the amplitude, h, Kp, σ, and vsys+wind for the
planetary signal and Rλ and vsys using the CLV and RM models.
Each of these parameters had a uniform prior. All of the corner
plots of the analysis are presented in the appendix.

At the high temperatures found in the atmospheres of UHJs,
Fe II presents strong absorption features. In this work, to identify
the possible signals in the transmission spectrum, we created a
synthetic model of Fe II for a uniform atmospheric temperature
of 4000 K with PetitRadTrans. Next, we created a “fast” trans-
mission spectrum (TS) assuming theoretical Kp, literature vsys,
and Rλ = Rp. Then, we shortened the list of possible detections
by visual inspection. For each of the lines, nights, and combina-
tions of nights for each planet, we performed the MCMC analysis
described in Sect. 4.

Tables 3 and 4 present a brief overview of the detected and
non-detected lines for each night, as well as for the nights com-
bined for KELT-9b and KELT-20b, respectively. The lines for
which all the parameters converged in the MCMC analysis are
represented in green. Those for which only one parameter did
not converge in the MCMC analysis are marked in yellow, while
non-detections (i.e., more than two parameters were not con-
verged in the MCMC analysis) are marked in red. In the case of
single-night analysis, the results are presented for visualization
purposes only.

5. Detected lines – KELT-9b

Our analysis led to the detection of 21 Fe II single lines in the
atmosphere of the UHJ KELT-9b. The list of detected lines and
the fitted parameters are presented in Table 5, and all transmis-
sion spectra of the considered lines are plotted in Fig. 4. All
detected lines are simultaneously presented by D’Arpa et al.
(2024) using the same data set, but using significantly differ-
ent methodology. In our work, we focus on the analysis using
the MCMC method, with several parameters fitted simultane-
ously. A detection is reported only when all the parameters have
been converged in the MCMC analysis. In our analysis, we are
focusing exclusively on the unblended lines of Fe II. Four lines

3 https://pyastronomy.readthedocs.io/en/latest/
pyaslDoc/aslDoc/broad.html
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Table 3. Detected and non-detected Fe II lines for KELT-9b for each
of the nights. Detected lines are colored green, non-detected lines are
colored red, and possible detections are colored yellow.

Line All N1 N2 N3 N4 N5 N6
λ4173
λ4233
λ4351
λ4385
λ4489
λ4508
λ4515
λ4520
λ4522
λ4555
λ4583
λ4620
λ4629
λ4923
λ5018
λ5169
λ5197
λ5234
λ5276
λ5316
λ5362

Table 4. Same as Table 3, but for KELT-20b.

Line All N1 N2 N3 N4 N5 N6
λ4173
λ4233
λ4351
λ4385
λ4489
λ4508
λ4515
λ4520
λ4522
λ4555
λ4583
λ4629
λ4923
λ5018
λ5169
λ5197
λ5234
λ5276
λ5316
λ5362

detected by D’Arpa et al. (2024) were excluded from our analysis
because, for the Fe II λ4296 Å line, the MCMC did not converge
for both Kp and amplitude, the Fe II λ4549 Å line is blended with
a strong Ti II line, the Fe II λ4303 Å line blends with a Fe I line,

and the Fe II λ6456 Å line may potentially blend with two addi-
tional lines to the extent that their RM effect ends up covering
the Fe II line.

In Fig. 5, we present an example of the MCMC and TS anal-
ysis carried out for the Fe II λ5018.4 Å line. The figure consists
of a residual map in the stellar rest frame, with a visible sig-
nal coming from the planetary atmosphere (light-tilted signal)
and the RM effect (dark vertical signal). In the second panel,
we show the best-fitted model of the planetary signal and RM
and CLV effect using the MCMC analysis described in Sect. 4.
The residual map after correcting for the RM and CLV effect
is presented in the third panel. The transmission spectrum com-
pared to the best-fitting Gaussian model, synthetic atmospheric
spectrum computed assuming local-thermodynamic equilibrium
(LTE) and accounting for non-local thermodynamic equilibrium
(NLTE) effects (see Sect. 7) is shown in the fourth panel. The
corner plots of the MCMC analysis and the transmission spec-
trum for all the studied lines can be found in the appendix
(Figs. A.2–A.7 for TS, and Figs. A.8–A.18 for corner plots,
available on Zenodo).

In Fig. 6 we present the amplitude as the function of the
FWHM (upper panel) and Kp as the function of wavelength
(lower panel) for all of the detected Fe II lines. The mean val-
ues of FWHM and Kp are 16.87 ± 4.75 km s−1 and 236.4 ±
9.0 km s−1, respectively, where the latter is consistent with the
Kp obtained from the orbital parameters, that is Kp = 246.99 ±
5.72 km s−1.

In Fig. 7, we present the values of vsys+wind and vsys as a func-
tion of the wavelength of the detected line, and vwind as a function
of the amplitude of the detected signal. The mean measured
vsys = −21.61 ± 0.77 km s−1 is slightly larger than those reported
in the literature by Hoeijmakers et al. (2019, −17.74 ± 0.11
km s−1), Borsa et al. (2019, −19.819 ± 0.024 km s−1), and Gaia
(−20.22 ± 0.49 km s−1). By calculating the velocity of the atmo-
spheric winds and considering the vsys value from our MCMC
analysis, we were able to detect atmospheric winds in the atmo-
sphere of KELT-9b of vwind = −3.41 ± 1.56 km s−1. Given that the
vsys calculated in our work is the lowest among those presented
in the literature, it can be stated with confidence that the KELT-
9b has strong atmospheric blue-shifted day-to-night side winds
with a minimum velocity of −3.41 km s−1.

As previously stated, the final velocity of the wind is depen-
dent on the different literature values of T0 and the period. We
repeated the calculation around Fe II 5018.4 Å, using the values
presented in Gaudi et al. (2017), Pai Asnodkar et al. (2022), Pino
et al. (2022), and Ivshina & Winn (2022). The transmission spec-
trum can is shown in Fig. 8. The only discrepancy is observed in
the values derived from Gaudi et al. (2017), where the position of
the line is approximately 6 km s−1 away. However, this discrep-
ancy is not reflected in the line position for values derived from
the remaining literature. As the values obtained using TESS data
are in alignment with each other, we have determined that these
are the most precise.

6. Detected lines: KELT-20b

The analysis of six transits of KELT-20b led to the detection of
17 single lines of Fe II. The list of detected lines and the fitted
parameters are presented in Table 6 and the transmission spectra
of the studied lines are presented in Fig. 9. The lines λ5018 Å,
λ5169 Å, and λ5316 Å were previously detected by Casasayas-
Barris et al. (2019), while the detection of the remaining lines is
presented here for the first time.
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Table 5. Detected Fe II lines in the atmosphere of KELT-9b.

Line h FWHM Kp vsys + vwind vsys Rλ νmic νmac Re f f

[%] [km s−1] [km s−1] [km s−1] [km s−1] [Rp] [km s−1] [km s−1] [Rp]

λ4173.45 –0.22 ± 0.3 15.31+1.61
−1.47 234.21+5.99

−6.48 –23.83+0.98
−1.02 –23.09+0.55

−0.49 0.91 ± 0.3 1.73 +1.01
−0.99 2.64+2.36

1.71 1.15 ± 0.02

λ4233.16 –0.30 ± 0.03 14.43+1.59
−1.44 226.53+4.35

−3.86 –25.32+0.63
−0.71 –21.43+0.45

−0.46 0.88 ± 0.03 1.32+0.65
−0.62 6.18+2.76

−3.24 1.20 ± 0.02

λ4351.76 –0.21 ± 0.03 32.57+7.82
−6.26 242.31+12.71

−11.68 –26.02+1.68
−1.96 –20.55+0.68

−0.72 1.08+0.05
−0.04 5.98 +2.67

−2.20 14.96+5.12
−6.64 1.14 ± 0.02

λ4385.37 –0.14+0.03
−0.04 14.32+5.98

−4.47 229.74+9.83
−10.68 –25.37+1.48

−1.45 –20.91+0.45
−0.45 0.86+0.04

−0.03 1.18+1.70
−1.08 *9.08+8.66

−6.45 1.10 ± 0.03

λ4489.17 –0.08+0.04
−0.06 11.11+8.90

−7.09 218.17+30.38
−19.13 –23.93+5.15

−3.31 –21.99+0.64
−0.55 0.96+0.04

−0.05 0.93+0.77
−0.58 5.40+4.08

−3.61 1.06 ± 0.04

λ4508.28 –0.13 ± 0.03 14.50+3.37
−2.87 231.38+10.23

−7.68 –24.01+1.72
−1.76 –22.94+0.70

−0.66 0.31 ± 0.04 *0.65+0.64
−0.45 7.09+3.99

−4.03 1.09 ± 0.02

λ4515.76 –0.15 ± 0.03 16.06+4.20
−3.76 227.73+8.93

−8.63 –26.40+1.64
−1.57 –22.02+0.50

−0.50 0.92 ± 0.04 1.50+1.00
−0.88 9.78+5.84

−6.09 1.11 ± 0.02

λ4520.21 0.16+0.07
−0.07 6.05+7.56

−2.24 256.84+9.70
−4.55 –29.88+1.32

−0.81 –22.19+0.41
−0.40 1.11 ± 0.03 *0.46+0.66

−0.34 8.85+5.63
−5.21 1.11 ± 0.04

λ4522.63 –0.18 ± 0.03 19.73+4.61
−3.81 226.73+10.87

−9.09 –26.66+1.49
−1.29 –22.20+0.38

−0.42 1.08 ± 0.03 1.97+0.83
−0.81 9.36+3.76

−3.62 1.13 ± 0.02

λ4555.89 –0.19 ± 0.03 15.74+3.56
−3.22 247.15+7.56

−6.89 –24.89+1.10
−1.33 –21.36 +0.47

−0.46 0.97 ± 0.03 2.27+1.33
−1.00 13.20+4.36

−3.62 1.13 ± 0.02

λ4583.83 –0.30 ± 0.02 18.88+1.69
−1.55 240.01+4.73

−4.29 –24.81+0.71
−0.80 –21.32+0.44

−0.43 0.92 ± 0.03 3.88+0.89
−0.88 8.49+2.10

−2.56 1.20 ± 0.01

λ4620.51 –0.08 ± 0.03 17.23+8.31
−5.82 240.17+18.69

−20.80 –24.84+2.89
−2.50 –22.72+0.62

−0.70 0.93 ± 0.05 6.42+4.19
−3.48 13.94+6.25

−7.39 1.05 ± 0.02

λ4629.33 –0.17 ± 0.03 16.23+3.42
−3.50 251.08+7.90

−6.95 –23.49+1.16
−1.33 –22.32+0.44

−0.45 1.02+0.03
−0.04 2.09+0.94

−0.87 6.75+3.45
−3.73 1.12 ± 0.02

λ4923.93 –0.41+0.02
−0.03 15.53+1.15

−1.15 238.10+2.90
−2.79 –26.11+0.45

−0.46 –20.09+0.39
−0.36 1.12± 0.03 3.95+0.42

−0.47 3.53+2.42
−2.28 1.27 ± 0.01

λ5018.43 –0.38 ± 0.02 20.52+1.29
−1.21 240.65+2.98

−3.07 –24.11+0.57
−0.56 –21.25+0.35

−0.36 1.14 ±0.03 4.23+0.54
−0.52 9.84+1.51

−1.68 1.25 ± 0.01

λ5169.03 –0.48 ± 0.02 18.23+0.95
−0.86 236.25 +2.38

−2.24 –24.32+0.41
−0.37 –20.60+0.24

−0.23 1.25±0.02 3.70+0.43
−0.29 3.07+2.12

−1.99 1.31 ± 0.01

λ5197.57 –0.16 ± 0.02 18.79+2.91
−2.29 230.02+7.03

−6.65 –23.31+1.28
−1.14 –21.55+0.59

−0.59 1.06+0.04
−0.05 1.88+0.96

−1.03 11.52+3.29
−3.21 1.11 ± 0.01

λ5234.62 –0.16 ± 0.02 17.50+2.80
−2.46 236.48+6.23

−6.16 –23.47+1.17
−1.06 –21.16+0.48

−0.44 1.23±0.04 1.51+0.48
−0.49 8.86+2.97

−2.94 1.11 ±0.01

λ5275.99 –0.23 ± 0.02 13.44+1.92
−1.58 226.77+3.53

−3.36 –25.95+0.71
−0.65 –21.64+0.48

−0.44 1.12±0.04 3.28+0.76
−0.75 *3.30−2.90

2.26 1.16 ± 0.02

λ5316.6 –0.29 ± 0.02 19.59+1.43
−1.34 242.16+4.05

−4.04 –22.67+0.64
−0.65 –21.39+0.38

−0.41 1.26±0.03 3.79+0.77
−0.69 *2.61+2.57

−1.78 1.19 ± 0.01

λ5362.86 –0.12 ± 0.02 18.51+3.90
−3.25 242.76+12.99

−12.79 –26.23+1.65
−1.48 –21.19+0.60

−0.57 1.31 ± 0.05 3.26+1.47
−1.12 12.73+3.87

−3.65 1.08 ± 0.01

Notes. The list includes the parameters fitted in the MCMC analysis to detect the planetary signal, as well as the MCMC analysis to fit the micro-
and macroturbulence velocity to the observed transmission spectrum based on the NLTE synthetic transmission spectra. The values marked with
an asterisk “*” are consistent with 0 km s−1.

Table 6. Detected Fe II lines in the transmission spectrum of KELT-20b.

Line h FWHM Kp vsys + vwind vsys Rλ Angle νmic νmac Re f f
[%] [km s−1] [km s−1] [km s−1] [km s−1] [Rp] [deg] [km s−1] [km s−1] [Rp]

λ4233.16 –0.29 ± 0.07 5.39+1.38
−1.27 160.76+13.01

−16.78 –23.62+0.63
−0.61 -24.90 +0.45

−0.50 1.00 ± 0.02 29.00+7.63
−8.09 0.46+0.40

−0.33 *1.98+2.66
−1.38 1.1 ± 0.02

λ4351.7 –0.17 ± 0.04 19.93+6.07
−4.96 117.07+47.69

−47.48 –25.63+2.28
−2.25 –25.30+0.74

−0.70 0.92 ± 0.03 21.82+10.91
−10.88 *0.80+1.18

−0.60 6.34+6.74
−3.73 1.06+0.01

−0.02

λ4385.3 –0.14 ± 0.07 6.89 +5.64
−2.95 133.42+48.04

−33.82 –22.24+2.26
−2.73 -24.12+0.39

−0.41 1.11 ± 0.02 27.36+6.18
−6.71 0.13+0.09

−0.09 *4.49+4.28
−3.21 1.05+0.02

−0.03

λ4489.1 –0.15+0.07
−0.09 6.51+5.52

−3.02 101.71+32.82
−50.26 –23.20+3.26

−1.36 –24.07+0.58
−0.56 0.91 ± 0.03 45.27+10.02

−9.95 *0.44+0.52
−0.32 **14.73+7.38

−8.06 1.05+0.02
−0.03

λ4508.2 –0.12 ± 0.10 4.92+6.20
−2.38 178.47+34.87

−30.94 –23.84+2.87
−2.05 –23.90+0.60

−0.66 0.94 ± 0.03 34.12+9.78
−9.72 *0.70+1.18

−0.52 **11.40+8.51
−6.47 1.04 ± 0.03

λ4515.33 –0.12+0.05
−0.07 10.9110.00

−5.79 165.06+37.92
−41.46 –25.33+2.01

−2.32 –24.82+0.57
−0.67 0.99 ± 0.03 29.17+9.93

−9.29 *1.39+1.69
−0.96 11.02+8.52

−6.37 1.04 ± 0.02

λ4522.63 –0.24+0.06
−0.07 5.23+1.72

−1.47 174.00+12.01
−12.19 –24.13+0.85

−0.70 –25.02+0.39
−0.37 1.07 ± 0.02 49.33+6.61

−7.02 0.24+0.47
−0.17 3.24+2.76

−2.05 1.08 ± 0.02

λ4555.89 –0.27+0.13
−0.11 2.90+1.71

−0.99 180.59+7.60
−6.57 –22.56+0.51

−0.43 –24.16+0.35
−0.34 1.14 ± 0.02 37.37+5.41

−6.44 *0.15+0.10
−0.10 *1.65+3.07

−1.14 1.09 ± 0.04

λ4583.83 –0.26 ± 0.05 6.47+1.51
−1.30 157.03+10.37

−9.81 –24.65+0.65
−0.64 –24.04 +0.42

−0.39 1.09 ± 0.02 44.18+7.05
−6.50 0.16+0.13

−0.16 2.50+1.88
−1.60 1.09 ± 0.02

λ4923.93 –0.41 ± 0.04 9.37+0.91
−1.00 163.88+6.74

−6.69 –24.21+0.40
−0.44 –24.24+0.32

−0.33 1.23 ± 0.02 48.32+6.07
−5.42 3.03+0.52

−0.53 3.45+2.10
−2.22 1.14 ± 0.01

λ5018.43 –0.39 ± 0.04 10.53 +1.09
−0.96 159.68+7.86

−7.86 –23.59+0.45
−0.47 –24.51+0.32

−0.32 1.22 ± 0.02 38.03+5.13
−5.69 1.80+0.61

−0.66 5.33+1.57
−1.88 1.13 ± 0.11

λ5169.03 –0.56 ± 0.03 11.19+0.88
−0.83 167.66+4.87

−5.39 –23.88+0.32
−0.33 –24.46+0.22

−0.20 1.20 ± 0.01 48.47+3.85
−4.09 2.27+0.44

−0.36 1.97+1.65
−1.32 1.19 ± 0.01

λ5197.57 –0.19+0.05
−0.06 5.37+2.30

−1.50 160.58+12.06
−9.15 –22.80+0.62

−0.64 –24.49+0.52
−0.47 1.17 ± 0.07 38.53+7.44

−7.36 *0.14+0.11
−0.10 *4.51+5.40

−3.42 1.07 ± 0.02

λ5234.62 –0.13 ± 0.03 10.54+2.77
−2.09 174.96+22.51

−17.88 –24.07+1.34
−1.37 –24.95+0.40

−0.43 1.24 ± 0.02 39.50+6.42
−6.45 3.03+2.43

−1.58 6.07+6.85
−4.11 1.05 ± 0.01

λ5275.99 –0.20 +0.04
−0.05 9.25+2.37

−2.71 166.43+16.27
−12.49 –23.54+1.26

−1.33 –24.22+0.43
−0.43 1.22 ± 0.03 48.08+7.17

−7.33 4.31+2.00
−1.67 *3.513.00

−2.40 1.07 ± 0.02

λ5316.16 –0.28 +0.03
−0.04 9.31+1.60

−1.40 152.15+9.40
−10.53 –23.16 ± 0.55 –24.99+0.36

−0.38 1.24 ± 0.02 47.20+5.64
−6.07 2.52+1.20

−0.92 3.25+2.78
−2.12 1.10 ± 0.01

λ5362.86 –0.14 ± 0.04 6.75+2.54
−1.82 134.80+13.65

−15.07 –23.92 ± 0.93 –24.51 +0.55
−0.54 1.19 ± 0.03 43.13+9.18

−7.46 *3.42+4.30
−2.35 *5.37+7.17

−3.74 1.05 ± 0.01

Notes. The values marked with an asterisk “*” are consistent with 0 km s−1, while a double asterisk “**” indicates values that could not be
determined through the MCMC analysis.
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Fig. 4. Transmission spectra for all lines detected in KELT-9b (gray dots). Black dots indicate the binned transmission spectrum with a step of
0.1 Å. The red dashed lines represent the best Gaussian fit of the planetary signal from the MCMC analysis.

Similarly to Fig. 5, in Fig. 10 we present the MCMC and TS
analysis around the Fe II λ5018.4 Å line. The RM effect is visible
as a dark tilted signal, while the atmospheric detection is a light
slightly tilted signal. The corner plots of the MCMC analysis and
the transmission spectrum for all the studied lines can be found
in the appendix (Figs. B.1–B.6 for TS, and Figs. B.7–B.17 for
corner plots, available on Zenodo.)

In Fig. 11 we present the amplitude of the absorption signal
as a function of FWHM and Kp as a function of the wave-
length of the detected lines. We find an average FWHM value
of 8.27 ± 3.74 km s−1 and Kp of 155.8 ± 21.2 km s−1, where the
latter is consistent with the Kp obtained considering the orbital
parameters, namely, Kp = 169.34 ± 6.56 km s−1.

In Fig. 12 we present the obtained vsys+wind and vsys val-
ues as a function of the wavelength of the detected lines, and
vwind as a function of the amplitude of the detected signal. We
obtain an average vsys value of −24.52 ± 0.40 km s−1. Due
to the discrepancy among vsys values present in the literature,
namely −23.3 ± 0.3 km s−1 (Lund et al. 2017), −21.3 ± 0.4 and
−21.07 ± 0.03 km s−1 (Talens et al. 2018), −22.06 ± 0.35 and
−22.02 ± 0.47 km s−1 (Nugroho et al. 2020b), −24.48 ± 0.04
km s−1 (Rainer et al. 2021), and −26.78 ± 0.71 km s−1 (Gaia),
it is difficult to determine the optimal value and correct for
vsys. Therefore, the existence or non-existence of winds in the
atmosphere of this planet cannot be reliably determined. The
mean value of vsys+winds obtained from the MCMC analysis is

A76, page 8 of 16



Stangret, M., et al.: A&A, 692, A76 (2024)

Fig. 5. The results of the analysis of the Fe II line at λ5018.4 Å for
KELT-9b. Top panel: residual map in the stellar rest frame. The light-
tilted signal is the atmospheric signal of Fe II, while the dark almost
vertical signal is the RM effect. The white horizontal lines indicate
the start and end of the transit, while the tilted white line indicates the
expected trace of the Fe II line considering velocities coming from the
planet’s atmosphere, assuming vsys = −21.61 km s−1 as the average vsys
from our analysis. Second panel: best-fit model of the planetary signal
and of the RM and CLV effects. Third panel: same as the top panel,
but with the RM and CLV effects corrected. Fourth panel: transmission
spectrum of the detected line (gray dots). The black dots indicate the
binned transmission spectrum with a step of 0.1 Å. The red line is the
best Gaussian fit of the planetary signal derived from the MCMC analy-
sis, the blue line shows the LTE model, and the green line indicates the
NLTE model. Bottom panel: residuals after removing Gaussian fit from
the TS.

−23.73 ± 0.84 km s−1. Assuming the value of vsys calculated in
this work, we obtain vwind = 0.8 ± 0.8 km s−1, which is consistent
with the non-detection of atmospheric winds.

7. NLTE transmission spectroscopic models

Fossati et al. (2021, 2023) showed that NLTE effects impact sig-
nificantly the temperature-pressure (TP) profile and transmission
spectrum of both KELT-9b and KELT-20b. In particular, NLTE
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Fig. 6. Amplitude, Kp, and FWHM of the Fe II lines detected in atmo-
sphere of KELT-9b. Top panel: amplitude of the transmission signal
detected from the MCMC analysis for each of the detected lines as
the function of their FWHM. The red vertical dashed line indicates the
mean value of FWHM. Bottom panel: Kp as a function of wavelength
of the detected lines. The red horizontal dashed line indicates the mean
Kp value, while the gray horizontal dashed line indicates the theoretical
value.

Fig. 7. vsys+wind and vsys of the Fe II lines detected in atmosphere of
KELT-9b. Top panel: fitted vsys+wind for each of the detected lines. The
red dots represent the results of D’Arpa et al. (2024). Middle panel: fit-
ted vsys for each of the detected lines. The red dashed horizontal lines
indicate the mean value of the vsys = −21.61 ± 0.77 km s−1, while the
grey horizontal dashed lines indicate literature vsys values: −17.74 ±
0.11 km s−1 (Hoeijmakers et al. 2019), −19.819 ± 0.024 km s−1 (Borsa
et al. 2019), and −20.22 ± 0.49 km s−1 (Gaia). Bottom panel: vwind ver-
sus amplitude plot, where green points represent the values calculated
by correcting the fitted vsys+wind by the mean vsys and the black points
represent the values corrected by vsys fitted for each of the lines sepa-
rately.

effects increase by more than 3000 K the temperature in the mid-
dle and upper atmosphere, compared to TP profiles computed
assuming LTE. Generally NLTE effects lead to stronger absorp-
tion in transmission spectra, except for some typically weak lines
mostly of neutral iron and calcium.
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Fig. 8. Transmission spectrum around the Fe II 5018.4 Å line in the
atmosphere of KELT-9b for T0 and period from Gaudi et al. (2017)
(black dots), Pai Asnodkar et al. (2022) (green dots), Pino et al. (2022)
(blue points), and Ivshina & Winn (2022) (red points). The black verti-
cal line represents the theoretical position of the studied line. Blue and
green points are indistinguishable from the red and black points.

We compared the results of our observations with the syn-
thetic NLTE transmission spectra of Fossati et al. (2021, 2023).
The considered TP profiles are the same as those presented by
Fossati et al. (2021) for KELT-9b and by Fossati et al. (2023)
for KELT-20b. Each of the two TP profiles has been computed
employing the HELIOS code (Malik et al. 2017, 2019, see also
Fossati et al. 2021 for the additionally considered opacities) in
the lower atmosphere (pressures higher than about 0.1 mbar)
and the CLOUDY NLTE radiative transfer code (version 17.03;
Ferland et al. 2013, 2017), through the CLOUDY for Exoplan-
ets (CfE) interface (Fossati et al. 2021; Young et al. 2024), at
lower pressures, and assuming solar abundances. This separation
was applied because HELIOS does not account for NLTE effects
that are relevant in the middle and upper atmosphere; whereas
CLOUDY, which considers NLTE effects, is unreliable at den-
sities greater than 1015 cm−3 (see Ferland et al. 2017, for more
details). Fossati et al. (2021, 2023) presented also LTE TP pro-
files that have been computed in the same way, but assuming
LTE for the CLOUDY calculations. Transmission spectra have
been computed on the basis of the TP and abundance profiles
obtained from the LTE and NLTE calculations following the pro-
cedure described by Young et al. (2020) and Fossati et al. (2020).
We remark that the NLTE transmission spectra were computed
by employing the NLTE TP profiles and enabling NLTE in the
CLOUDY calculations. The LTE transmission spectra have been
computed using the LTE TP profiles and imposing the LTE
assumption for the CLOUDY transmission spectra calculation.
Furthermore, these are forward self-consistent models that do
not employ free parameters that are tweaked to fit the observa-
tions (i.e., the computation of the TP profiles and of the synthetic
spectra is agnostic of the observations and employs exclusively
the system parameters and the stellar spectral energy distribu-
tion as input). All details of the atmospheric structure (i.e., TP
and abundance profiles) and transmission spectra calculations
for KELT-9b and KELT-20b can be found in Fossati et al. (2021,
2023), respectively.

As in previous works (Borsa et al. 2021b), we broadened the
NLTE synthetic spectra accounting for microturbulence velocity
(νmic; added in quadrature to the thermal velocity), macroturbu-
lence velocity (νmac), and planetary rotation. This was done with
the assumption a tidally locked planet (i.e., vrot = 6.64 km s−1

for KELT-9b and vrot = 2.73 km s−1 for KELT-20b), using
fastRotBroad from PyAstronomy. In particular, the synthetic
spectra were computed for νmic values of 1, 2, 3, 4, 6, 8, 10, 12,
14, and 18 km s−1, with the transmission spectra for in-between

νmic values obtained through interpolation using a fifth-degree
polynomial.

We compared the observed and NLTE synthetic line pro-
files employing an MCMC algorithm to finally extract for each
detected line the best fitting νmic–νmac pair. We ran the MCMC
employing 10 000 steps and 20 walkers, assuming uniform priors
on νmic and νmac in the 0–14 and 0–25 km s−1 ranges, respec-
tively, and leaving the line center as a free parameter (see D’Arpa
et al. 2024, for more details). The best fitting νmic and νmac val-
ues are listed in Tables 5 and 6, while the relative corner plots
obtained from the MCMC fitting are displayed in the appendix
(Figs. A.19 and A.20 for KELT-9b, and Figs. B.18 and B.19 for
MASCARA-2b).

In the case of KELT-9b, we find average νmic and νmac val-
ues of 2.7 ± 1.6 km s−1 and 8.2 ± 3.7 km s−1, respectively, which
agree within 1σ with what independently obtained in previous
studies by Borsa et al. (2021b, νmic = 3.0 ± 0.7 km s−1, νmac =
13 ± 5 km s−1), and D’Arpa et al. (2024) ( νmic = 3.0 ± 0.3 km s−1,
νmac = 6.8 ± 1.2 km s−1) employing the same models, but con-
sidering different spectral lines and/or different data analysis
methods. In Fig. 13, we present the fitted values of νmic and νmac
for each of the detected lines.

Also, in the case of KELT-20b, we find that the best fitting
NLTE models are for non-zero microturbulence and/or macro-
turbulence values and on average we find νmic =1.4 ± 1.3 km s−1

and νmac = 5.1 ± 3.1 km s−1. Figure 14 shows the fitted values of
νmic and νmac for each of the detected lines.

In Fig. 15, we show as an example the observed transmis-
sion spectra compared to the LTE and NLTE synthetic profiles
for KELT-9b and KELT-20b. In the case of KELT-9b, the NLTE
profiles reproduce significantly better the observed features com-
pared to the LTE profiles. In the case of KELT-20b, NLTE effects
seem to have less of an impact on the line profiles, particularly
for weak lines; whereas the difference between the LTE and
NLTE features is larger for stronger lines, for which the NLTE
synthetic spectra allow for a better ft to the observations.

These results support those of Fossati et al. (2021, 2023),
who found that transmission spectra computed accounting for
NLTE effects fit significantly better the hydrogen Balmer line
profiles compared to those obtained assuming LTE. Altogether,
these results indicate that the higher middle and upper atmo-
spheric temperature obtained when accounting for NLTE effects
is a better representation of the planetary atmosphere. The good
fit obtained by the NLTE transmission spectra of the metal lines
presented here is a further indication that the NLTE model is
capable to adequately reproduce not only the TP profile, but also
the Fe II ionisation fraction and level population across the atmo-
sphere. In turn, this supports the conclusion that in KELT-9b
and KELT-20b, the temperature inversion is driven by metal-line
heating; thus, NLTE effects play the role of over-populating the
lower energy levels of Fe II and under-populating Mg II, which
are responsible for driving most of the heating and cooling,
respectively.

8. Cross-correlation analysis of the Fe II lines

In addition to transmission spectroscopy around single lines,
for both planets, we applied the cross-correlation (CC) method
to the available data sets. Following the data reduction steps
described in Sect. 4, we cross-correlated the residuals with
synthetic models of Fe II. The CC was performed with
crosscorrRV from PyAstronomy for each order and each
orbital phase separately from −200 to 200 km s−1 with a step
size of 0.8 km s−1.
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Fig. 9. Transmission spectra for all the lines detected in KELT-20b (gray dots) and the transmission spectra around the non-detected lines are
marked with blue dots. Dark dots indicate the binned transmission spectrum with a step of 0.1 Å. The red dashed lines represent the best fit of the
planetary signal from the MCMC analysis.

Synthetic LTE models of Fe II were created with
PetitRadTrans (Mollière et al. 2019) assuming an isothermal
pressure-temperature profile at T = Teq (see Table 1), solar
abundances (Asplund et al. 2009), and a cloud layer at P0 =
1 mbar to simulate the continuum opacity produced by H−. (e.g.,
Hoeijmakers et al. 2019, Stangret et al. 2022, Borsa et al. 2021a).
The CC was performed for three different synthetic models, one
consisting of all the lines from PetitRadTrans, the second
consisting only of lines detected by single-line analysis, and a
third one consisting only the lines not detected by single-line
analysis. The models computed for KELT-9b and KELT-20b are
shown in Fig. 16 (right panel).

Due to the strong influence of the RM effect on each of
the Fe II lines, it was necessary to correct the CC maps from
this effect. In the first step, we cross-correlated the models of
RM and CLV effects with the synthetic models of Fe II. This
method turned out to be insufficient in our case, and thus we
decided to correct the RM and CLV effects by fitting a Gaussian
to the visible structures coming from these effects. Given that
the RM effect produces different structures in the CC maps for
the two planets, in the case of KELT-9b, we removed the RM
signal around −100, −40, 20, and 90 km s−1. Then, in the case
of KELT-20b, we removed the RM signal only from −150 to
100 km s−1.
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Fig. 10. Same as Fig. 5, but for KELT-20b. In the top panel, the RM
effect is a tilted dark signal and the planetary signal from Fe II is a bright
vertical signal.

Fig. 11. Same as Fig. 6, but for KELT-20b.

In the next step, we moved the residuals to the planetary
rest frame assuming vsys = 0 km s−1 and Kp in the range of 0–
300 km s−1, where the planetary signal is expected to have its
maximum near the theoretical Kp and vsys. Then, after co-adding

Fig. 12. Same as Fig. 7, but for KELT-20b. In the upper panel, the green
points represent the measurement obtained by Casasayas-Barris et al.
(2019). In the middle panel, we plot several literature systemic veloci-
ties with gray horizontal lines: −23.3 ± 0.3 km s−1 (Lund et al. 2017),
−21.3 ± 0.4 (Talens et al. 2018), −22.06 ± 0.35 km s−1 (Nugroho et al.
2020b), −24.48 ± 0.04 km s−1 (Rainer et al. 2021), and −26.78 ± 0.71
km s−1 (Gaia). The red horizontal line indicates the mean vsys value of
−24.52 km s−1 derived in this work.

Fig. 13. Best-fitting νmic and νmac values obtained for each of the Fe II
lines detected in the atmosphere of KELT-9b.

the in-transit residuals (T1 – T4), we find the best Kp and calcu-
late the S/N plot by dividing the results by the standard deviation
calculated away from the expected planetary signal (−200 to
−100 km s−1 and 100 to 200 km s−1).

In the top panels of Fig. 17, we present the CC analysis for
KELT-9b. The left panel shows the CC residual maps, where
the vertical bright signals around −50 km s−1 and 90 km s−1,
and the darker signal around −120 km s−1 are the CLV and RM
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Fig. 14. Same as Fig. 13, but for KELT-20b. The values for which both
νmic and νmac are consistent with 0 km s−1 or could not be determined
are plotted with grey color.

effects. The planetary signal is visible as a tilted dark signal
following a red tilted dashed line, which indicates the theoret-
ical radial velocity of the planetary signal. The two horizontal
red dashed lines indicate T1 and T4. In the second panel, we
present the residual maps after correcting for the CLV and RM
effects. In the third panel, we present the Kp map calculated for
Kp ranging from 0 to 300 km s−1. The Fe II signal was detected
with S/N = 27.02 ± 0.92 and vsys+wind = −25.06 ± 0.10 km s−1

for the CC computed considering all lines, with S/N = 21.97 ±
0.74 and vsys+wind = −24.88 ± 0.11 km s−1 considering the lines
detected in the single-line analysis, and with S/N = 8.06 ±
0.27 and vsys+wind = −25.72 ± 0.44 km s−1 considering the lines
not detected in the single-line analysis. We successfully iden-
tified the signal from the lines not detected in the single-line
analysis using the cross-correlation method, although the signal
was much weaker than the one coming from the detected lines.
This indicates that the main contributors to the cross-correlation
analysis were the lines that were detected also through single-line
analysis.

In the bottom row of Fig. 17, we present the cross-correlation
results for KELT-20b. The signal was detected with S/N =
11.51 ± 0.46 and vsys+wind = −24.27 ± 0.13 km s−1 for the
CC computed considering all lines, with S/N = 11.00 ± 0.44
and vsys+wind = −24.32 ± 0.12 km s−1, considering the lines
detected in the single-line analysis, and with S/N = 6.98 ± 0.55
and vsys+wind = −25.19 ± 1.04 km s−1 considering the lines not
detected in the single-line analysis. Similarly to KELT-9b, the
main contributors to the CC signal are the lines detected with
the single-line analysis.

9. Planetary radius

We employ two distinct methodologies for determining the
radius of the planet from the detected lines. In the first method-
ology, we concentrate on the detected signal from the planet,
following the approach of Chen et al. (2020) to calculate the
effective radius of the planet (hereafter, Reff). Using the ampli-
tude of the detected signal, we considered Reff/Rp = (δ + h)/δ,
where h is the line contrast and δ is (Rp/R∗)2 from Table 1. The
measured average values are Reff = 1.15 ± 0.07 Rp for KELT-9b
and Reff = 1.08 ± 0.04 Rp for KELT-20b. In the bottom panels

of Figs. 18 and 19, we present the obtained Reff values as a func-
tion of wavelength for all lines detected through the single-line
analysis.

In the second methodology, we focused on the detected
RM and CLV effect, disregarding the signal coming from the
planet. Here, the radius of the planet was calculated by fitting
the modeled RM and CLV effect, which were calculated assum-
ing different radii of the planet (hereafter Rλ). The top plots of
Figs. 18 and 19 present the Rλ as a function of wavelength for all
detected lines.

This method allowed us to find the optimal strength of the
RM and CLV effect to clear the map from the effects and, thus,
detect weaker lines. For both planets, we find that the radius of
the planet (Rλ), as measured using the RM effect, exhibits a lin-
ear trend with wavelength. Furthermore, some of the calculated
radii were found to be smaller than 1 Rp. The same analysis was
repeated using stellar models computed with TurboSpectrum
(Plez 2012), presenting a similar behavior (see Fig. A.21 for
KELT-9b). As discussed by Casasayas-Barris et al. (2019), where
the radius was fitted using a similar methodology focusing on
the RM and CLV models, the discrepancy can be attributed to a
number of factors. Firstly, the models depend on several param-
eters, such as Te f f , log g, and [Fe/H], where their uncertainties
could lead to significant differences among the stellar models.
We expect that NLTE effects in both KELT-9 and KELT-20 do
not play a significant role in shaping the stellar spectra (e.g.,
Fossati et al. 2009). However, the models used in the analy-
sis, which assumed an LTE atmosphere of those stars, could
potentially introduce a minor additional uncertainty to the overall
strength of the effect. Consequently, the collective impact of all
uncertainties could result discrepancies in the planetary radius.
Furthermore, as seen for example in Fig. A.21, the observed trend
appears to be linear.

Here, it is crucial to stress that the obtained Rλ values should
not be interpreted as the physical parameter of the planet, but
as a scaling factor for the RM and CLV effect. Furthermore,
we want to show that because the scaling factor is different for
different lines, the RM and CLV effects cannot be corrected
for the CC maps without considering an additional scaling fac-
tor and/or scaling the strength depending on wavelength, which
would require further investigation. Also, we strongly encourage
future analyses of the planetary signal to fit the RM and CLV
models in the 2D maps. This will ensure that the effects are not
under- or overcorrected.

10. Conclusions

In this work, we focused on the two ultra-hot Jupiters KELT-9b
and KELT-20b, presenting single-line detections and cross-
correlation analysis of Fe II. We combined six transit obser-
vations for each of the planets obtained with the HARPS-N
high-resolution spectrograph.

In the case of KELT-9b, using single-line analysis, we
detected 21 separated lines of Fe II, with a mean vwind of −3.41 ±
1.56 km s−1. The blue-shifted lines can indicate the existence of
day-to-night winds. In addition, we measured a vsys of −21.61 ±
0.77 km s−1. With the cross-correlation method, we detected the
Fe II signal at the level of S/N = 27.02. Additionally, we show that
atmospheric models accounting for NLTE effects fit the obser-
vations significantly better, as compared to models computed
assuming LTE. On the basis of the NLTE models, we obtained
νmic = 2.7 ± 1.6 km s−1 and νmac = 8.2 ± 3.7 km s−1, in agreement
with previous works.
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Fig. 15. Transmission spectra of the Fe II lines at λ4522 Å, λ4583 Å, λ5018 Å, and λ5169 Å for KELT-9b (left column) and KELT-20b (right
column) in comparison to the LTE (blue) and NLTE (green) synthetic profiles computed for the best fitting νmic and νmac values. The red line is the
best Gaussian fit of the planetary signal.
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Fig. 16. Synthetic transmission spectra computed considering only Fe II
for KELT-9b (top panel) and KELT-20b (bottom panel). The black
lines are for models created with PetitRadTrans considering all lines,
while the purple lines are for models computed considering only the
lines detected through the single-line analysis.

In the transmission spectrum of KELT-20b, we identified 17
single lines of Fe II. With the measurements of vsys using MCMC
fitting (vsys = −24.52 ± 0.40 km s−1) and comparing our results
with the literature, it is not clear if the atmospheric signal can
conclusively lead to the detection of atmospheric winds. Further
studies are required to achieve more precise measurements of
vsys. The cross-correlation analysis has revealed a strong detec-
tion of Fe II in the atmosphere of KELT-20b with an S/N of
11.51. Similarly to KELT-9b, the observations support models
computed considering NLTE effects, from which we obtained
νmic = 1.4 ± 1.3 km s−1 and νmac = 5.1 ± 3.1 km s−1.

The analysis of the systemic velocity focused on the analysis
of the RM effect. As mentioned in Sect. 4, we modeled the
RM and CLV effects assuming vsys = 0.0 km s−1, and during
the MCMC analysis we found the best vsys for each of the
lines. In the case of KELT-9b, we find an average vsys value of
−21.61 ± 0.77 km s−1. The literature values presented by
Hoeijmakers et al. (2019), Borsa et al. (2019), and Gaia are
−17.74 ± 0.11 km s−1, −19.819 ± 0.024 km s−1, and −20.22 ±
0.49 km s−1, respectively. Depending on which vsys is considered
for the correction of the wind velocity, we obtain average wind
velocities ranging between −7.2 km s−1 and −4.2 km s−1.

For KELT-20b the obtained mean value of vsys is
−24.63 km s−1. The literature measurements presented in the
past were −23.3 km s−1 (Lund et al. 2017), −21.3 (Talens et al.
2018), −22.06 km s−1 (Nugroho et al. 2020b), −24.48 km s−1

(Rainer et al. 2021), and −26.78 km s−1 (Gaia). These values
are inconsistent among each other. Our measurements are com-
parable to the values obtained by Rainer et al. (2021) using the
same dataset from HARPS-N, which leads to the detection of
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Fig. 17. Cross-correlation results for KELT-9b (top panels) and KELT-20b (bottom panels) using all Fe II lines. Left column: cross-correlation
residual maps, where the lbright tilted signal is the RM effect, the dark signal is the Fe II atmospheric signal, the red horizontal dashed lines
indicate the T1 and T4, and the dashed tilted line represents the expected velocity of the planet where for visualization reasons we assumed vsys
equal to the average vsys from the single line analysis. Center-left column: same as the maps in the first column, but after correcting for the RM
effect. Center-right column: Kp maps in the range of Kp from 0 to 300 km s−1, where the two horizontal gray dashed lines indicate the theoretical Kp
and the best Kp values, respectively, and the vertical gray dashed line indicates the mean vsys value from the single line analysis. Right column: S/N
for the best Kp value (black line), fitted Gaussian function (red dashed line), S/N obtained using only the lines detected in the single-line analysis
(green line), and S/N obtained using only the lines not detected in the single-line analysis (blue line). The black dashed vertical line indicates the
mean vsys value and the red vertical line indicates the velocity of the signal from the Gaussian fit.

Fig. 18. Rλ and Reff of the Fe II lines detected in atmosphere of KELT-
9b. Top panel: fitted Rλ for each of the lines. The dashed horizontal
line indicates Rλ = Rp. Bottom panel: calculated Reff values using the
amplitude of the detected signal for each of the lines (black dots) and
the values obtained by D’Arpa et al. (2024) (green dots).

red-shifted winds of 1.12 km s−1. When considering all the lit-
erature vsys values, vwinds varies from −2.21 km s−1 to 3.27 km
s−1. In the case of KELT-20b, precise measurements of vsys are
necessary to confirm the existence of atmospheric winds.

Data availability

An extended version of the manuscript, with an appendix includ-
ing Figs. A.1–A.21 and Figs. B.1–B19, can be found on Zenodo
https://zenodo.org/records/13881142.

Fig. 19. Same as Fig. 18, but for KELT-20b. The green dots in the top
panel represent the measurements obtained by Casasayas-Barris et al.
(2019) through fitting the strength of the RM effect.
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