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ABSTRACT

Context. Hot Jupiters are among the most suitable targets for atmospheric studies. Expanding the number of hot gaseous giant planets
with atmospheric characterisations can improve our understanding of the chemical-physical properties of their atmospheres, as well as
the formation and evolution of these extreme planets.
Aims. In this work, we use high-resolution spectroscopy in the near-infrared (NIR) to search for chemical signatures in the atmospheres
of the two hot Jupiters KELT-8 b (Teq = 1 675+61

−55 K) and KELT-23 Ab (Teq = 1561 ± 20 K) and present a first characterisation of their
atmospheric properties.
Methods. We measured the transmission spectrum of each target with the near-infrared (NIR) high-resolution spectrograph GIANO-B
at the TNG. We searched for atmospheric signals by cross-correlating the data with synthetic transmission spectra. To characterise the
chemical-physical properties of the atmospheres of both planets, we ran two different atmospheric retrievals for each dataset: a retrieval
assuming chemical equilibrium and a ‘free-chemistry’ retrieval, in which the abundance of each molecule could vary freely.
Results. We detect water vapour (H2O) in the atmospheres of both KELT-8 b and KELT-23 Ab with a signal-to-noise ratio of S/N =
6.6 and S/N = 4.2, respectively. The two retrievals indicate a water-rich atmosphere for both targets. In the case of KELT-8 b, we deter-
mine a water volume mixing ratio of log10(VMRH2O) = −2.07+0.53

−0.72, a metallicity of [M/H] = 0.77+0.61
−0.89 dex, and a sub-solar C/O ratio

(C/O ≤0.30, at 2σ). For KELT-23 Ab, we find log10(VMRH2O) = −2.26+0.75
−1.24, [M/H] = −0.42+1.56

−1.35 dex, and C/O ratio ≤0.78 (at 2σ).
The constraints on the metallicity and C/O ratio are based on the assumption of chemical equilibrium. Comparing these atmospheric
chemical properties with those of the host stars, we suggest that for both planets, the accretion of gaseous material occurred within the
H2O snowline in a pebble-rich disk enriched in oxygen due to sublimation of water ice from the inward-drifting pebbles.
Conclusions. We investigated the atmospheres of KELT-8 b and KELT-23 Ab for the first time, finding water vapour in both of
them and placing first constraints on their properties. These two planets are promising targets for future high- and low-resolution
observations.

Key words. techniques: spectroscopic – planets and satellites: atmospheres – planets and satellites: individual: KELT-8 b –
planets and satellites: individual: KELT-23 Ab

⋆ Based on observations made with the Italian Telescopio Nazionale Galileo (TNG) operated by the Fundación Galileo Galilei (FGG) of the
Istituto Nazionale di Astrofisica (INAF) at the Observatorio del Roque de los Muchachos (La Palma, Canary Islands, Spain).
⋆⋆ Corresponding author; mario.basilicata@inaf.it
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1. Introduction

The study of exoplanetary atmospheres plays a crucial role in
the exoplanet characterisation process. For example, the study of
relative abundances of atmospheric species can help to constrain
the formation and evolution paths experienced by an exoplanet
(e.g. Öberg et al. 2011; Madhusudhan et al. 2014; Madhusudhan
2019; Mordasini et al. 2016; Banzatti et al. 2020; Bitsch et al.
2022; Pacetti et al. 2022). Moreover, by studying the chemi-
cal properties of exo-atmospheres, we can place stronger con-
straints on the internal composition of planets, breaking possible
degeneracies from the measurement of the bulk density alone
(e.g. Madhusudhan et al. 2020). The exo-atmosphere investiga-
tion also offers the opportunity to study environments without
analogues in the Solar System. This is the case, for example,
for hot Jupiters, which are Jupiter-size planets with orbital peri-
ods of Porb < 10 days and equilibrium temperatures of Teq ≳
1000 K. Inflated hot Jupiters are ideal targets for atmospheric
studies, particularly in transmission, because of their large radii
and thus atmospheric scale heights, which produce relatively
high atmospheric transmission-signal amplitudes ∆ (Sing 2018),
namely,

∆ = 2 ·
Rp · Hs

R2
⋆

, (1)

where Rp is the planetary radius, Hs is atmospheric scale height,
and R⋆ is the stellar radius. As a reference, for HD 209458 b, a
typical hot-Jupiter, we have ∆ ∼ 160 ppm (assuming an atmo-
spheric mean molecular weight of µ = 2.3 g mol−1, represen-
tative of H/He-dominated atmospheres; Lecavelier Des Etangs
et al. 2008).

High-resolution spectroscopy (HRS) from ground-based
facilities (see, e.g. Birkby 2018 for a review), have proven to
be a valid technique to probe atmospheric features of warm-
and hot-giant planets, because the large spectral resolving power
(R ≳ 25 000) allows us to identify the characteristic spectral fea-
tures of the different chemical components of an exo-atmosphere
and to detect their Doppler shift due, for instance, to atmospheric
dynamical effects (e.g. Brogi et al. 2016).

Hot (and ultra-hot) Jupiters are the most studied targets with
high-resolution spectroscopy. In recent years, the sample of hot-
giant planets whose atmospheres have been investigated has
increased and we are entering an era of comparative exoplanet
atmospheric studies (e.g. Gandhi et al. 2023). In this framework,
increasing the statistical sample of hot Jupiters with atmospheric
characterisations is important for improving our understanding
of the main physical and chemical mechanisms driving their
atmospheres and their formation (e.g. Dawson & Johnson 2018;
Madhusudhan 2019).

In this work, we search for the atmospheric signature
of the two hot-Jupiter planets KELT-8 b (Fulton et al. 2015)
and KELT-23 Ab (Johns et al. 2019), which both orbit Sun-
like stars. Both targets were discovered using data from
the Kilodegree Extremely Little Telescope survey (KELT,
Pepper et al. 2007) and confirmed with photometric and
spectroscopic follow-up observations. As the name suggests,
KELT-23 Ab orbits around a star that is a member of a wide
binary system, composed of KELT-23 A (aka BD+66 911 A;
aka 2MASS J15283520+6621314) and KELT-23 B (aka
BD+66 911 B; aka 2MASS J15283577+6621288), with a mini-
mum mutual distance between the components of 570 au (Johns
et al. 2019). In Table 1, we report a summary of the physical and
orbital parameters of the two planetary systems.

Both the targets are inflated versions of Jupiter; indeed, their
low density (less than half Jupiter’s) reflects the fact that they
have a radius larger than Jupiter (∼1.6 RJ and ∼1.3 RJ, for KELT-
8 b and KELT-23 Ab, respectively) and a slightly smaller mass
(∼0.83 MJ and ∼0.94 MJ, for KELT-8 b and KELT-23 Ab, respec-
tively). The two hot atmospheres have a large atmospheric scale
height (Hs = 708 km for KELT-8 b and Hs = 406 km for KELT-
23 Ab, assuming µ = 2.3 g mol−1), which makes the two hot
Jupiters ideal targets for atmospheric investigation. Even though
KELT-23 Ab has an Hs that is smaller than that of KELT-8 b,
the host-star has a smaller radius too, resulting in a similar
atmospheric transmission signal amplitude (∆ = 167 ppm for
KELT-8 b and ∆ = 156 ppm for KELT-23 Ab). Although these
targets are promising candidates for atmospheric investigations,
there are no atmospheric studies in the literature for any of them.

The aim of this work is to search for the atmospheric sig-
nal of KELT-8 b and KELT-23 Ab in transmission and perform
a first investigation of the chemical-physical properties of their
atmospheres under simple assumptions. This paper is organised
as follows. In Sect. 2, we describe the observations, the data
reduction process, and the analyses we performed for the atmo-
spheric characterisation of the targets. In Sect. 3, we report the
results of our atmospheric studies, while in Sect. 4, we discuss
the results. Finally, in Sect. 5, we report our conclusions and
future perspectives.

2. Methods

2.1. Observations and data reduction

We simultaneously collected the data sample with both GIANO-
B (wavelength range: 950–2450 nm, R ≈ 50 000) and HARPS-N
(wavelength range: 383–693 nm, R ≈ 115 000) high-resolution
spectrographs, in the GIARPS configuration (Claudi et al. 2017),
at the Telescopio Nazionale Galileo (TNG), as part of the
Global Architecture of Planetary Systems (GAPS) Project1. We
used the HARPS-N spectra extracted with the DRSv3.7 online
pipeline (Pepe et al. 2002) to redetermine the stellar atmospheric
and physical parameters of KELT-8 (Sect. 2.3). For the charac-
terisation of the atmospheres of KELT-8 b and KELT-23 Ab, we
only used the near-infrared (NIR) GIANO-B data, as we were
primarily concerned with estimating the volatile content of the
atmospheres via molecular signatures.

The observations were taken with the nodding ABAB acqui-
sition mode, where the target and sky spectra were taken in pairs,
while alternating between two nodding positions along the slit
(A and B) separated by 5′′, allowing an optimal subtraction of
the detector noise and background.

For KELT-8 b, two transit observations were available (i.e.
23 June 2020 and 19 July 2020). However, during the second
transit, the weather conditions were not optimal due to the
presence of calima (i.e. a meteorological phenomenon that
occurs when fine sand and dust particles from the Sahara desert
are lifted into the atmosphere and transported by winds), which
lowered the signal-to-noise ratio (S/N). Moreover, GIANO-B
showed greater instability than during the first night. For these
reasons, we chose to include only the first data set in this
analysis. On 23 June 2020, 70 spectra were recorded (with an
exposure time texp = 200 s) and the target was observed at a
mean airmass of 1.03.

For KELT-23 Ab, only one complete transit observation was
available (i.e. 15 April 2023). A second transit was observed

1 https://theglobalarchitectureofplanetarysystems.
wordpress.com/
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Table 1. Main physical and orbital parameters of the KELT-8 and KELT-23 A systems.

Parameter (a) KELT-8 KELT-23 A References (b)

Stellar parameters
Spectral Class G2 V G2 V 1, 2
BT 11.713 ± 0.057 11.029 ± 0.049 3, 3
VT 10.925 ± 0.048 10.376 ± 0.039 3, 3
J 9.586 ± 0.026 9.208 ± 0.032 4, 4
H 9.269 ± 0.032 ≥8.951 4, 4
K 9.177 ± 0.021 ≥8.904 4, 4
W1 8.981 ± 0.021 8.754 ± 0.022 5, 5
W2 8.983 ± 0.019 8.789 ± 0.020 5, 5
W3 8.928 ± 0.028 8.766 ± 0.022 5, 5
W4 8.533 ± 0.339 8.564 ± 0.202 5, 5
M⋆ (M⊙) 1.131+0.084

−0.079 0.944+0.060
−0.054 6, 2

R⋆ (R⊙) 1.391 ± 0.025 0.996 ± 0.015 6, 2
Teff (K) 5 742 ± 44 5 899 ± 49 6, 2
[Fe/H] (dex) 0.26 ± 0.10 −0.105+0.078

−0.077 6, 2
log10(g) (log10, cgs) 4.19 ± 0.08 4.417+0.026

−0.025 6, 2
Vsys (km s−1) −34.51 ± 0.20 −14.99 ± 0.30 7, 7
Parallax (mas) 5.074 ± 0.011 7.871 ± 0.013 7, 7
Distance (pc) 197.10+0.42

−0.44 127.04 ± 0.21 7, 7
Age (Gyr) 6.4+2.9

−2.0 6.3+3.5
−3.2 6, 2

Planetary parameters
Mp (MJ) 0.83 ± 0.12 0.938+0.048

−0.044 6, 2
Rp (RJ) 1.586 ± 0.046 1.323 ± 0.025 6, 2
Mp (M⊕) 264 ± 38 298+15

−14 6, 2
Rp (R⊕) 17.40 ± 0.50 14.83 ± 0.28 6, 2
ρp (g cm−3) 0.276 ± 0.047 0.503+0.039

−0.036 6, 2
Teq (K) 1 675+61

−55 1 561 ± 20 1, 2
Porb (days) 3.24408156 ± 0.0000010 2.25528745 ± 0.00000018 8, 8
T0 (BJDTDB) 2 457 986.46737 ± 0.00026 2 458 918.461247 ± 0.000021 8, 8
i (deg) 82.65+0.81

−1.00 85.37+0.31
−0.30 1, 2

e ≤0.047 ≤0.05 9, 2
a (au) 0.0382 ± 0.0025 0.03302+0.00068

−0.00064 6, 2
Kp (km s−1) 149 ± 26 159 ± 14 6, 2

Notes. (a)The symbols of the parameters listed in the table have the following meanings: BT, VT – apparent magnitudes in the Tycho photometric
bands; J, H, K – apparent magnitudes in the 2MASS photometric bands; W1, W2, W3, W4 – apparent magnitudes in the WISE photometric
bands; M⋆ – stellar mass; R⋆ – stellar radius; Teff – stellar effective temperature; [Fe/H] – stellar iron abundance; log10(g) – logarithm of surface
stellar gravity; Vsys – systemic radial velocity; Mp – planetary mass; Rp – planetary radius; ρp – planetary mean density; Teq – planetary equilibrium
temperature; Porb – orbital period; T0 – transit epoch; i – orbital inclination; e - orbital eccentricity; a – orbital semi-major axis; Kp – planetary
radial-velocity semi-amplitude. (b)The left reference numbers are for the parameters of the KELT-8 system, and the right ones for those of the KELT-
23 A system. The references of the values in the table are: 1. Fulton et al. (2015); 2. Johns et al. (2019); 3. Høg et al. (2000); 4. Cutri et al. (2003);
5. Cutri et al. (2013); 6. This work and Baratella et al. (in prep.); 7. Gaia Collaboration (2023); 8. Kokori et al. (2023); 9. Bonomo et al. (2017).

Table 2. GIANO-B observations of KELT-8 b and KELT-23 Ab.

Target Night Airmass Nobs texp (s) (S/N)avg (S/N)min to (S/N)max

KELT-8 b 23 June 2020 1.12→ 1.00→ 1.06 70 200 30 4–51
KELT-23 Ab 15 April 2023 1.31→ 1.26→ 1.27 60 200 22 5–36

Notes. From left to right we report: the date at the start of the observing night; the airmass during the planetary transit; the number of observed
spectra Nobs; the exposure time per spectrum texp; the S/N averaged across the whole spectral range (S/N)avg; the range of S/N values (S/N)min to
(S/N)max in the individual spectral orders.

on 24 April 2023, but it was only partial due to an instrumen-
tal problem. Therefore, we did not include it in our analysis.
On 15 April 2023, 60 spectra (with texp = 200 s) were recorded
and the target was observed at a mean airmass of 1.27. We refer
to Table 2 for a schematic log of the observations used for our
analysis.

The raw spectra were extracted and calibrated in wavelength
using the GOFIO pipeline Python-3 version (Rainer et al. 2018).
The wavelength calibration performed by GOFIO is based on
observing the spectrum of a U-Ne lamp as a template. Since the
lamp is only observed at the end of the night to avoid persistence
on the camera, the GOFIO wavelength solution is not sufficiently
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accurate; thus, it is expected to shift and jitter during the obser-
vations due to the mechanical instability of the instrument. To
correct for the spectral drift of the instrument, we aligned all
the spectra of a single night to a common reference frame via a
cross-correlation with a time-averaged observed spectrum of the
target used as a template. Thanks to this correction, we achieved
a residual shift of the spectra well below 0.3 km s−1 (approxi-
mately one-tenth of a pixel) for most of the spectral orders. Even
though the spectrum of the calibrator was not taken simultane-
ously with the target spectra, we used the stationarity of telluric
lines to perform an accurate wavelength calibration. In partic-
ular, after the alignment of the spectra to a common reference
frame, we refined the wavelength calibration by matching a set
of telluric lines in the time-averaged observed spectrum with
a high-resolution atmospheric transmission model of the Earth
generated via the ESO Sky Model Calculator (Noll et al. 2012)
and solving for the pixel-wavelength relation with a fourth-order
polynomial fit.

The GIANO-B spectral range covers the Y, J,H,K bands in
50 spectral orders (where the order of 0 is the reddest and 49
is the bluest). For our analysis, we excluded a fixed set of spec-
tral orders dominated by tellurics (8–11, 23–26, 34–37) and the
Y band (orders 38–49) in which GIANO-B has a characteris-
tic drop of throughput. Finally, for each observing night, we
excluded a few orders with high residual drift, or for which the
refined wavelength calibration procedure failed (i.e. orders num-
ber 3, 4, and 30 for KELT-8 b spectra and 4, 13, 15, 18, and 30–32
for KELT-23 Ab spectra). In this way, we were able to use a spec-
tral range that is as more uniform as possible among the nights,
where the small differences are mainly due to the stability of the
pixel-wavelength solution (which, for a few orders, depends on
the S/N of the observations).

2.2. Telluric and stellar spectra removal procedure

To remove any telluric and stellar contamination, we employed
a principal component analysis (PCA), which is often used in
HRS analyses (e.g. de Kok et al. 2013) and successfully applied
to GIANO-B data in previous works (e.g. Giacobbe et al. 2021;
Carleo et al. 2022; Basilicata et al. 2024). The aim of PCA is to
identify common trends between different wavelength channels
in the spectra as a function of time (represented by the sta-
tionary telluric lines or quasi-stationary stellar lines) to correct
them. To do this, the eigenvectors of the data covariance matrix
(i.e. the principal components) were computed and ordered by
decreasing contribution to the global variance (identified by the
associated eigenvalue). The PCA was applied to each spectral
order, considered as an M × N data matrix (with M = 60–70
spectra and N = 2048 pixels). Before computing the princi-
pal components, we applied the following standardisation for
each spectral order. First, we normalised each spectrum to its
median value to correct the baseline flux variations. Then, we
masked the spectral channels with stronger or saturated telluric
lines. To do this, we subtracted the time-averaged spectrum
to all the spectra (i.e. we subtracted to each spectral channel
its mean value), we computed the standard deviation of data
in each spectral channel and its median value (σm), and then
we masked the spectral channels that had a standard deviation
σ > 1.5σm. After subtracting the time-averaged spectrum from
all the spectra and masking highly contaminated spectral chan-
nels, we reduced the data to a null-mean variable by subtracting
the mean value computed on the different spectral channels from
each spectrum. The principal components were computed using

the PYDL.PCOMP2 routine. Once the principal components
were calculated, we built the matrix that should mainly describe
the telluric and stellar contaminations via a linear combination
of the principal components and removed it from the original
data matrix, obtaining a residual matrix. Finally, we applied a
high-pass filter to each row of the residual matrix to remove any
possible residual correlation between different spectral channels.
The high-pass filtering was conducted with a boxcar average,
using the SMOOTH IDL function3, with smoothing width of
w = 40 pixels.

To choose the appropriate number of principal components
to remove, we followed the method suggested by Spring &
Birkby (in review). In particular, for each spectral order, we
computed the relative variation of the standard deviation (σ) of
the residuals by gradually increasing the number of components
removed from the data: ∆σ = σi−1−σi

σi−1
, with i = the i-th num-

ber of principal components removed. As seen from Fig. 1, the
∆σ value of the residuals gradually decreases when the number
of principal components removed increases, down to a plateau,
as expected. To find the minimum number of components at
which the standard deviation of the residuals does not change
in a significative way (i.e. the plateau is reached), we studied
the relative variation of ∆σ (indicated with the symbol δ) to see
where this variation approaches zero. We placed a threshold at
−0.1 and selected the minimum number of principal components
for which −0.1 < δ < 0 for all the spectral orders (see Fig. 1).
We chose this arbitrary threshold empirically since we visually
noticed that, at the plateau, the variations of δ were below the
0.1 level. A posteriori, since we do not measure any telluric
residuals in the rest of the analysis, while preserving the plan-
etary signal, this value seems to be a sufficiently good threshold
for identifying the telluric contamination, at least in our dataset.
Following this procedure, the number of principal components
we decided to remove for the two datasets is: 10 for the 23 June
2020 dataset and 9 for the 15 April 2023 dataset.

Once we applied the telluric correction, we visually
inspected the map of cross-correlation function (CCF) values as
a function of the orbital phase obtained with the model of water
that we used for the CCF analysis (see Sect. 2.4), as a further
check. As we can see from the maps in Fig. 2, there are no visi-
ble telluric residuals at a radial-velocity RV 0 km s−1. It is worth
noting that due to the combined effect of Earth’s velocity around
the barycenter of the Solar System (barycentric velocity) and the
velocity of the centre of mass of the star–planet systems with
respect to the Earth (systemic velocity), the planetary signal of
KELT-8 b never overlapped with the telluric signal in terms of
RV during the observation. Indeed, the signal of KELT-8 b had a
strictly negative RV (it increased from −60 km s−1 to −19 km s−1)
during the planetary transit. In the case of KELT-23 Ab, the RV
of the planetary signal increased from −32 km s−1 to 11 km s−1

during the transit, crossing the telluric signal at orbital phases
0.007 < ϕ < 0.013 (corresponding to 5 spectra), where the plan-
etary signal had an |RV| < 3 km s−1, measured in the telluric rest
frame (observer) . Since the planetary signals were shifted from
the telluric rest-frame in terms of RV (of ∼−40 km s−1 for KELT-
8 b and ∼−11 km s−1 for KELT-23 Ab, at the mid-transit point)
during most of the transit, they were less affected by the telluric
contamination.

2 https://pydl.readthedocs.io/en/latest/api/pydl.
pcomp.html
3 https://www.nv5geospatialsoftware.com/docs/SMOOTH.
html
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Fig. 1. Variation of the standard deviation (σ) of the residuals as a function of the number of principal components removed via PCA for the
KELT-8 b (left panels) and the KELT-23 Ab (right panels) dataset. Top panels: relative variation ∆σ of the standard deviation of the residuals
(expressed in percentage value and reported in logarithmic scale for better visualisation) in the different spectral orders (coloured solid and dashed
lines). Bottom panels: relative variation of ∆σ (δ) in the different spectral orders (coloured solid and dashed lines). The solid black horizontal line
represents the −0.1 threshold on δ used to identify the minimum number of principal components to select in order to remove the telluric and stellar
contamination.

Fig. 2. CCF values as a function of the orbital phase computed by cross-correlating the model containing only H2O with the data of 23 June
2020 (left panel) and 15 April 2023 (right panel). The horizontal dashed lines represent the transit ingress and egress while the dash-dotted line
represents the expected CCF peak trail due to the planetary motion, as measured in the observer rest frame. The expected CCF peak trail in transit
is not represented for clarity. As shown, no telluric residuals are visible by eye at RV = 0 km s−1 in both datasets. The white horizontal band in the
left panel corresponds to a lack of out-of-transit spectra.

2.3. Update of the KELT-8 system parameters

Since the search for and interpretation of atmospheric signals
(Sects. 2.4 and 2.5) depends on the system (stellar and plane-
tary) parameters, we first compared the parameters of both host
stars KELT-8 and KELT-23 A given in the discovery papers
(Fulton et al. 2015; Johns et al. 2019) with those reported by
Gaia DR3 (Gaia Collaboration 2023). Noticing the discrepancy
between the mass and radius of KELT-8 in Fulton et al. (2015,
M⋆ = 1.211+0.078

−0.066 M⊙ and R⋆ = 1.67+0.14
−0.12 R⊙) and those provided

by Gaia (M⋆ = 0.93 ± 0.04 M⊙ and R⋆ = 1.37 ± 0.03 R⊙), we
decided to recompute them.

We first redetermined the stellar atmospheric parameters
(effective temperature, Teff , surface gravity, log g, and iron abun-
dance, [Fe/H]) of KELT-8 through the same procedure as other
works of the GAPS Program (see Biazzo et al. 2022 and
references therein). Specifically, we considered the co-added
spectrum of the target built from the collected individual
HARPS-N spectra and used the qoyllur-quipu (q24) tool

4 https://github.com/astroChasqui/q2

developed by Ramírez et al. (2014). This code allows for the
iterative use of the 2019 MOOG version (Sneden et al. 2012)
to derive the stellar parameters and to measure the elemental
abundances through the standard equivalent width (EW) method
(i.e. Teff and log g obtained by imposing the excitation and ion-
isation equilibria of FeI and FeII lines). The EWs of the iron
transitions taken from the line list published in Biazzo et al.
(2022) were measured using the software ARES v2 (Sousa et al.
2015), which automatically fits a Gaussian profile to the observed
line profile. However, lines with EW > 120 mÅ were manually
checked with the task splot of IRAF5 since these are better
reproduced with a Voigt profile. We then excluded from the
analysis those lines with uncertainties larger than 10%. Regard-
ing the model atmospheres, we used the plane-parallel models

5 IRAF is distributed by the National Optical Astronomy Observato-
ries, which are operated by the Association of Universities for Research
in Astronomy, Inc., under the cooperative agreement with the National
Science Foundation. NOAO stopped supporting IRAF, see https://
iraf-community.github.io
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linearly interpolated from the ATLAS9 grids of Castelli &
Kurucz (2003), computed with a solar-scale chemical composi-
tion and new opacities (ODFNEW). The final stellar atmospheric
parameters (Teff , log g, and [Fe/H]6) are reported in Table 1.

We determined the mass, radius, and age of the host star
by modelling the stellar spectral energy distribution (SED; sam-
pled with the magnitudes given in Table 1) and using the MESA
Isochrones and Stellar Tracks (Paxton et al. 2015). Specifically,
we computed their best values and 1σ uncertainties from the
medians and 68.3% confidence intervals of the posterior dis-
tributions as obtained with the EXOFASTv2 tool in a Bayesian
differential evolution Markov chain Monte Carlo (DE-MCMC)
framework (Eastman 2017; Eastman et al. 2019). For this pur-
pose, we adopted Gaussian priors on the spectroscopically deter-
mined Teff and [Fe/H] as well as on the Gaia DR3 parallax (Gaia
Collaboration 2023). We find that the derived stellar radius is
compatible with that provided by Gaia within 1σ, while the stel-
lar mass is more in agreement with the results repored by Fulton
et al. (2015). We were then able to redetermine the parameters of
the hot Jupiter KELT-8 b by using the updated stellar parameters
and the transit and radial velocity parameters reported in Fulton
et al. (2015), as given in our Table 1.

2.4. Search for atmospheric signals through cross-correlation
analysis

The high-resolution transmission spectra of the exoplanetary
atmospheres are very dispersed and the S/N values for the single
lines is low (S/Nline ≲ 1). However, since thousands of spec-
tral lines are observed simultaneously (especially in the case of
the large spectral range of GIANO-B), their signals can be com-
bined resulting in a boost in terms of S/N. Indeed, if N lines
of equal depth were co-added, the S/N would rise by a fac-
tor of

√
N (Birkby 2018). The information contained in such a

large number of lines can be combined by cross-correlating the
residual data with template transmission spectra of the planet’s
atmosphere.

To probe the presence of an atmosphere around the two
hot Jupiters, we first searched for the presence of water vapour
(H2O), the most common primary molecular species in hot-
giant planets’ atmosphere across a broad range of atmospheric
temperatures (Madhusudhan 2012). We built a model for each
planet using the petitRADTRANS code (Mollière et al. 2019),
assuming an isothermal atmosphere at the equilibrium temper-
ature reported in Table 1, computed between 10 and 10−8 bar
in pressure. The model assumes constant-with-altitude abun-
dance (volume mixing ratio, VMR) profiles for molecular
hydrogen (VMRH2 = 0.855), helium (VMRHe = 0.145), and
water (VMRH2O = 10−3). Although single-species models do not
match any specific chemical scenarios, this was the simplest
framework we could adopt to probe the presence of H2O and,
thus, of trace species in addition to H2 and He. After detecting
the atmospheric H2O signal, we also tried to search for the signal
of other secondary chemical species, including CO, CH4, HCN,
C2H2, CO2, and NH3, building single-species models following
the method described earlier in this work. We note that while
H2O is expected to provide most of the opacity (and therefore
searching for water alone should still result in a single-species
model with meaningful continuum), a single-species model with

6 [Fe/H] = log(Fe)⋆ – log(Fe)⊙, where log(Fe)⊙ is the solar abundance
value taken from Table 2 in Biazzo et al. (2022).

minor species alone will not have the right continuum; thus,
these models are not informative when looking to infer the bulk
composition of the planet. Overall, they can only be used in this
context to search for the presence of a species.

To search for the atmospheric signature, for each planet, we
computed the CCF between the models and the data. The CCF
was evaluated by shifting the model in wavelength on a fixed
grid of RV lags:

∆RV = c ·
∆λ

λ
, (2)

where c is the speed of light and λ is the wavelength of any
spectral line. We explored a range of RV lags from −270 km s−1

to +270 km s−1, in steps of 0.1 km s−1. The numeric computa-
tion was performed using the C_CORRELATE PXY(L) IDL
function7, with null lag (L = 0), since the RV lags were applied
to the wavelength array associated with the model. For each
lag, the model was interpolated (via spline interpolation) on the
same wavelength array of data, before computing the CCF. The
CCFs calculated for each spectral order were co-added to obtain
a single CCF for each exposure of each night.

High-resolution measurements of exo-atmospheres are sen-
sitive to the Doppler motion of the atmospheric spectral lines. In
particular, if the atmospheric signal matches the cross-correlated
model, a peak in the CCF is visible, and it moves in RV according
to the motion-induced Doppler shift. In absence of atmospheric
dynamical effects, this time-dependent Doppler shift is made up
of three RV components, namely,

VRV(t) = Vp(t) + Vsys − Vbary(t), (3)

where Vp(t) is the planet’s time-dependent RV, Vsys is the sys-
temic velocity, and Vbary(t) is the time-dependent Earth barycen-
tric velocity. Since the orbital eccentricity of the two planets is
negligible (i.e. compatible with 0 at <3σ, Fulton et al. 2015;
Bonomo et al. 2017; Johns et al. 2019), we assumed a circular
orbit for both targets. Therefore, the Vp(t) term can be expressed
as

Vp(t) = Kp · sin (2πϕ(t)) , (4)

where ϕ(t) is the time-dependent planetary orbital phase and
Kp is the planetary radial-velocity semi-amplitude. The latter,
in case of a circular orbit, can be expressed as a function of the
orbital period, Porb, orbital inclination, i, planetary mass, Mp,
and stellar mass, M⋆ only, that is,

Kp =
M⋆ sin i

(Mp + M⋆)
2
3

·

(
2πG
Porb

) 1
3

, (5)

where G is the gravitational constant.
If we shift into the planetary rest frame, the measured RV

of the atmospheric spectrum (Vrest) is 0 km s−1 in the absence
of a Doppler shift induced by atmospheric dynamics. Therefore,
after having subtracted the barycentric, systemic, and planetary
RV from the CCF trails (i.e. after having moved to the exoplanet
rest-frame), all the CCF peaks should align at Vrest = 0 km s−1.

By subtracting different orbital solutions from the CCF trail
(in our analysis we explored different Kp), a different alignment

7 https://www.nv5geospatialsoftware.com/docs/C_
CORRELATE.html
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of the CCF peaks as a function of the orbital phase is obtained.
Summing in phase all the CCF values for each trial Kp, the
planetary signal as a function of the rest-frame velocity, Vrest,
is maximised and it is possible to build the so-called Kp − Vrest
maps. In these maps, in the case of the detection of an atmo-
spheric signature, a strong peak of the signal at Vrest = 0 km s−1

and the predicted Kp can be observed. From Table 1, we have that
the predicted values of Kp are Kp = 149 ± 26 km s−1 for KELT-
8 b and Kp = 159± 14 km s−1 for KELT-23 Ab. It is worth noting
that the uncertainty on the value of Kp is mainly driven by the
uncertainty on the planetary mass. Indeed, if the value of Mp for
KELT-8 b had a relative error of the order of that of KELT-23 Ab
(i.e. 5%), then the uncertainty on the Kp value would have been
similar to that of KELT-23 Ab (i.e. ±16 km s−1). In this work, we
explore a range of Kp that spans from 0 to 270 km s−1 in steps of
1.0 km s−1.

We took advantage of the high sampling of the CCF (larger
than the GIANO-B pixel scale of ∼3 km s−1) for a precise shift
of the CCF trails into the planetary rest frame. However, to avoid
the use of correlated data points in our analysis, we binned the
CCF values in RV using a bin width of 3.1 km s−1. We took
the median of the CCF values in each RV bin as the value of the
CCF associated with each bin, before co-adding the CCF values
in phase for each trial Kp.

2.5. Temperature and abundance retrieval analysis

The CCF analysis provides us with a catalogue of the molecular
species present in the atmosphere. However, it cannot determine
the abundance of the species found nor the physical charac-
teristics (e.g. temperature) of the atmospheric layers that most
contribute to the observed transmission spectrum. To investigate
the chemical and physical properties of the atmosphere of KELT-
8 b and KELT-23 Ab, we need an atmospheric retrieval within a
Bayesian framework.

As is fairly common in the literature (e.g. Line et al. 2021;
Kasper et al. 2021, 2023; Boucher et al. 2023), our frame-
work is based on the cross-correlation-to-log-likelihood remap-
ping (Brogi & Line 2019; Gibson et al. 2020). In particular,
we employed the likelihood equation described in Sect. 3.3 of
Gibson et al. (2020), but we decided not to fit the two param-
eters α (the scaling factor of the model) and β (a scaling term
for the white noise). We did not fit α because the scale height of
the atmosphere is included in our parametrisation of the atmo-
spheric model; therefore, there are no physical reasons to rescale
the model. We did not fit β because we directly estimated the
error of each spectral channel from the data by computing the
standard deviation of the time sequence of each spectral chan-
nel. In this way, the error already includes the possible presence
of uncorrelated (e.g. astrophysical) jitter. Both our approach and
the one by Gibson et al. (2020) rely on the same assumption,
namely the absence of correlated noise in the residual spectra.

To model the exoplanet atmospheres we assumed a one-
dimensional (1D) isothermal atmosphere (with temperature T0)
in hydrostatic equilibrium. The planetary radius corresponding
to the atmospheric pressure of 0.1 bar was set equal to the value
shown in Table 1 and not retrieved. This is a common approxi-
mation for high-resolution retrievals (e.g. Boucher et al. 2023), in
which any telluric removal procedure normalises spectra to their
continuum levels, that can be avoided when low-resolution mea-
surements are available. We also considered a grey cloud layer

Fig. 3. VMRs of different chemical species as a function of atmospheric
pressure. The VMRs are computed assuming an isothermal atmosphere
in chemical equilibrium with the best-fit parameters retrieved for KELT-
8 b and reported in Sect. 3.2.1.

by parameterising the pressure (Pc) above which the atmosphere
becomes completely opaque.

We modelled the chemical composition following two dis-
tinct approaches: an equilibrium chemistry approach and a
‘free-chemistry’ approach. In the first one, chemical equilib-
rium is assumed and the VMR of each element is derived by
the chemical network Chemcat8 (Cubillos et al. in prep.) and
varies accordingly with two parameters: the metallicity ([M/H])
referred to the solar value and the carbon-to-oxygen (C/O) ratio.
For each trial [M/H], the C/O ratio is varied by changing only
the carbon abundance, which is scaled relatively to the oxygen
abundance. In the ‘free-chemistry’ approach, the VMR of each
molecule corresponds to one parameter and can vary freely.

We stress that while in ‘free-chemistry’ the VMR profiles
are assumed constant-with-altitude, in chemical equilibrium they
depend on the temperature and pressure profile and even an
isothermal profile can lead to non-constant VMRs, as shown in
Fig. 3.

Although only H2O is detected in cross-correlation for both
planets, we considered for our retrievals H2O, CO, CH4, CO2,
C2H2, HCN and NH3. In ‘free chemistry’, the VMR of H2 and He
is derived assuming a constant H2/He equal to 5.897 (Asplund
et al. 2009). This means that an atmosphere of only hydrogen and
helium will contain 85% H2 and 15% He. The mean molecular
weight is computed accordingly.

For the radiative transfer computation, we employed the
petitRADTRANS code on a pressure grid of 50 layers equidis-
tant in log-space (−8 ≤ log10[P (bar)] ≤ 1). The cross-sections
employed in this work are summarised in Table 3. We also
included the collision-induced absorption (CIA) cross-sections
for the H2-H2 (Borysow et al. 2001; Borysow 2002) and H2-
He (Borysow et al. 1988, 1989; Borysow & Frommhold 1989)
pairs.

The transmission spectrum thus obtained had then to be con-
volved with the instrumental profile of GIANO-B (assumed as a
Gaussian with an FWHM of 3.1 km s−1) and shifted according to
Eq. (3).

When using the likelihood approach, it is essential to repli-
cate the effects of telluric removal analysis on each model
generated by the parameter sampling algorithm. This helps to
prevent or mitigate potential biases caused by signal distortion
induced by the filtering procedures. In the field, this analysis
step is called ‘model reprocessing’. Apart from the name, there is

8 https://chemcat.readthedocs.io/en/main/chemistry_
tutorial.html
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Fig. 4. (S/N) Kp − Vrest maps. These maps are built by cross-correlating a single-species model of H2O with data of KELT-8 b (left panel) and
KELT-23 Ab (right panel), as described in the text. The maps are computed dividing the CCF values by the standard deviation of the noise far
(|Vrest| ≥ 25 km s−1) from the peak. The horizontal (vertical) white dashed lines represent the expected Kp (Vrest) of the atmospheric signal. The
black ‘×’ marks denote the cross-correlation maximum in each plot.

Table 3. Cross-sections employed by petitRADTRANS.

Molecule Cross-section Reference

H2O POKAZATEL Polyansky et al. (2018)
CH4 HITEMP Hargreaves et al. (2020)
NH3 CoYuTe Coles et al. (2019)
HCN ExoMol Barber et al. (2013)
C2H2 aCeTY Chubb et al. (2020)
CO2 Ames Huang et al. (2017)
CO HITEMP Rothman et al. (2010)

no agreement in the literature on the optimal approach to model
reprocessing (Pino et al. 2022; Brogi et al. 2023). In this work,
we followed the same recipe described in Giacobbe et al. (2021)
where the fitted telluric spectrum, stored after processing the
observations, is multiplied by each transmission model gener-
ated by the sampler and passed through the same procedures as
described above, including the PCA.

The framework described above is implemented within a
custom parallelised version of the DE-MCMC (Ter Braak 2006;
Eastman et al. 2013; Bonomo et al. 2015). We employed a num-
ber of walkers nw = nf · 2, with nf being the number of free
parameters. The number of burn-in iterations discarded is vari-
able and is computed as the minimum number of iterations
for which all the chains have a likelihood value greater than
the median value. The maximum number of steps is fixed to
100 000 but the DE-MCMC is halted when the distributions
of all the parameters converge according to the Gelman–Rubin
statistics (Gelman & Rubin 1992), following the prescription
of (Ford 2006). The retrieved parameters and their uniform priors
are summarised in Tables 4 and 5.

3. Results

3.1. Detection of atmospheric signals

We built the S/N Kp − Vrest maps by converting the CCF val-
ues into detection S/N. To do so, we divided the CCF values
by the standard deviation of the noise far (|Vrest| ≥ 25 km s−1)
from the peak. In Fig. 4, we report the (S/N) Kp − Vrest maps
for the H2O signal, where we can see that we detect the atmo-
spheric signals of the two targets. In particular, we detect the

Table 4. Parameters, best-fitting values, and adopted uniform (U) priors
for the chemical-equilibrium retrieval.

Parameter KELT-8 b (a) KELT-23 Ab (a) Prior

Kp (km s−1) 154 ± 10 163+25
−26 U[0; 250]

Vrest (km s−1) 3.30+0.89
−0.76 −3.14+2.50

−1.93 U[–10; 10]
log10(Pc) (log10, bar) ≥−2.29 ≥−4.58 U[–8; 2]
[M/H] (dex) 0.77+0.61

−0.89 −0.42+1.56
−1.35 U[–3; 3]

log10(C/O) ≤−0.52 ≤−0.11 U[–3; 2]
T0 (K) 897+162

−113 1833+612
−667 U[300; 3000]

Notes. (a)For each target, we report the best-fitted value and the 1σ
confidence interval of the retrieved parameters with the exception of
log10(Pc) and log10(C/O) for which we report the 2σ-level lower and
upper limit, respectively.

Table 5. Parameters, best-fitting values, and adopted uniform (U) priors
for the ‘free-chemistry’ retrieval.

Parameter KELT-8 b (a) KELT-23 Ab (a) Prior

Kp (km s−1) 152+11
−12 152+21

−22 U[0; 250]
Vrest (km s−1) 3.21+0.96

−1.02 −3.88+1.86
−1.40 U[–10; 10]

log10(Pc) (log10, bar) ≥−2.50 ≥−4.88 U[–8; 2]
T0 (K) 880+198

−148 2306+490
−765 U[300; 3000]

log10(VMRH2O) −2.07+0.53
−0.72 −2.26+0.75

−1.24 U[–10; –1]
log10(VMRCO) ≤−2.55 ≤−2.14 U[–10; –1]
log10(VMRCH4 ) ≤−3.52 ≤−2.17 U[–10; –1]
log10(VMRCO2 ) ≤−2.49 ≤−2.16 U[–10; –1]
log10(VMRC2H2 ) ≤−2.14 ≤−1.87 U[–10; –1]
log10(VMRHCN) ≤−4.40 ≤−2.25 U[–10; –1]
log10(VMRNH3 ) ≤−4.47 ≤−3.38 U[–10; –1]

Notes. (a)For each target, we report the best-fitted value and the 1σ con-
fidence interval of the retrieved parameters. The values of the log10(Pc)
and the VMRs reported for all the chemical species but H2O are the
2σ-level lower and upper limits, respectively.

presence of H2O with an S/N of 6.6 and 4.2 in the atmosphere of
KELT-8 b and KELT-23 Ab, respectively. In the case of KELT-
8 b, the peak of the signal is at a radial-velocity semi-amplitude
Kp = 144+33

−32 km s−1 (the uncertainty on this value is computed
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Fig. 5. Posterior distributions for all the parameters of the chemical-equilibrium retrieval, for KELT-8 b. Off-diagonal plots report the 2D posterior
distribution for pairs of parameters with the 1σ, 2σ, and 3σ confidence intervals. On-diagonal plots report the posterior distributions of each
parameter marginalised over the remaining parameters. The blue lines represent the predicted values for some parameters and the red lines represent
the median of the posterior distributions.

assuming as the extremes of the 1σ interval the Kp values where
the S/N drops by 1 unity from the peak), compatible with the
expected one at <1σ and at a Vrest = 2.7+2.7

−2.7 km s−1. In the
case of KELT-23 Ab, the peak is shifted at Kp = 140+26

−29 km s−1

(∼20 km s−1 smaller than the expected value but compatible at
1σ) and at a Vrest = −5.4+2.7

−2.7 km s−1. The origins of these RV
shifts are discussed in Sect. 4.1. Thus, our detection of the H2O
signal constitutes the first measurement of the atmospheric sig-
nal of the two targets. For what concerns the other chemical
species, we did not find any significant CCF signal (S/N≥3)
for either planet. Even though we do not detect the other sec-
ondary chemical species, we cannot exclude their presence in
the atmosphere of the two targets, as discussed in Sect. 4.

3.2. Atmospheric-retrieval analyses

In this section, we report the first investigation of the atmo-
spheric properties of the two targets. As described in Sect. 2.5,
we performed an atmospheric retrieval with the simplest
assumption of an isothermal atmosphere in chemical equilibrium
and a second retrieval in ‘free-chemistry’. We report the retrieved
value of the fitted parameters and the associated uncertainties in
Tables 4 and 5 for the chemical-equilibrium and ‘free-chemistry’
retrieval, respectively. We took the medians and the 15.87% and
84.14% quantiles of the posterior distributions as the values and
1σ uncertainties of the fitted parameters.

3.2.1. KELT-8 b

In Fig. 5, we report the corner plots with retrieved poste-
rior distributions of the fitted atmospheric parameters for the
chemical-equilibrium retrieval for KELT-8 b. For this target, the
atmospheric retrieval in chemical equilibrium converges at the

expected planetary orbital solution (Kp) at a confidence level
< 1σ. The retrieval converges to a Vrest = 3.30+0.89

−0.76 km s−1, con-
firming the residual redshift of the CCF peak visible in the left
panel of Fig. 4. We find a lower limit on the cloud-top pressure of
Pc ≥ 5.13 mbar (at 2σ level). For KELT-8 b, we are able to con-
strain a metallicity of [M/H] = 0.77+0.61

−0.89 dex, which corresponds
to 3.2 times the stellar metallicity (i.e. [Fe/H] = 0.26± 0.10 dex).
With respect to the C/O ratio, we are only able to place an
upper limit; in particular, we retrieve a sub-solar C/O ratio (i.e.
C/O ≤0.30, at 2σ level). The non-constrained log10(C/O) dis-
tribution, with a median at C/O= 0.01, is due to the lack of
detections for any carbon-bearing species with our dataset. A
sub-unity C/O ratio was expected given these non-detections and
the simultaneous detection of H2O, the most common oxygen-
bearing species. Even if we put an upper limit on the C/O ratio,
the posterior probability distribution seems to increase when
the C/O ratio decreases (at the lower extreme of the 1σ inter-
val we have C/O = 0.002). New observations that would allow
us to detect the presence of secondary carbon-bearing species
could help improve the constraints on the C/O ratio posterior
probability distribution.

With respect to the temperature, the retrieval converges at
T0 = 897+162

−113 K. This value is lower than the estimated equi-
librium temperature (see Table 1). It is worth noting that with
transmission spectroscopy, it is possible to probe only a small
fraction of the atmosphere (i.e. the terminator) between the two
hemispheres of planets. Since hot Jupiters are expected to be
tidally locked due to their proximity to the host stars, the aver-
age temperatures of the two faces of these planets can be very
different (∆T ∼ 100–1000 K, Heng & Showman 2015). As a
consequence, the estimated equilibrium temperature could not
be representative of the average temperature at the terminator,
which is strongly dependent on the atmospheric circulation. In
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Fig. 6. Posterior distributions for all the parameters of the chemical-equilibrium retrieval, for KELT-23 Ab. Off-diagonal plots report the 2D
posterior distribution for pairs of parameters with the 1σ-, 2σ-, and 3σ-confidence intervals. On-diagonal plots report the posterior distributions
of each parameter marginalised over the remaining parameters. The blue lines represent the predicted values for some parameters and the red lines
represent the median of the posterior distributions.

addition, the retrieved isothermal temperature is only an “indica-
tive” temperature of the atmospheric layers we manage to probe,
where most of the absorption occurs. Thus, it is reasonable to
get temperatures lower than the equilibrium one. Indeed, study-
ing the transmission contribution function of the water spectrum
for this planet, we find that the core of the lines of H2O is pro-
duced in the layers with pressure 10−5 < P < 10−4 bar, where
the temperature is expected to be lower than the equilibrium one
(see e.g. the temperature-pressure profile reported in the bottom-
middle panel of ‘Extended Data’ Fig. 2 in Giacobbe et al. 2021,
for a typical hot Jupiter).

It is worth noting that even assuming that the equilib-
rium temperature is representative of the average temperature
at the terminator, retrieving a temperature value lower than the
expected equilibrium temperature has proven to be a common
output in the literature when 1D atmospheric models are used to
fit transmission spectra (e.g. MacDonald et al. 2020 and refer-
ences therein, Boucher et al. 2023, Xue et al. 2024). This effect
could be due to possible asymmetries in the two regions (i.e.
the morning and evening one) of the terminator (MacDonald
et al. 2020). However, these differences can be explored effec-
tively only through at least a 2D atmospheric model and with a
higher-quality dataset.

As can be seen in Table 5, also the atmospheric retrieval in
the ‘free-chemistry’ scenario converges to Kp and Vrest values
in accordance with those found by the chemical equilibrium
retrieval at <1σ. Also, the retrieved value of T0 is in accor-
dance with the value retrieved in the former scenario at 1σ. For
H2O, we retrieve a volume mixing ratio of log10(VMRH2O) =
−2.07+0.53

−0.72, in accordance at the 1σ level with what is predicted
assuming an isothermal atmosphere in chemical equilibrium
at the temperature, C/O ratio, and metallicity retrieved in the
chemical equilibrium scenario (i.e. log10(VMRH2O) = −2.31);

whereas for the other chemical species, we only find upper lim-
its on the abundances, in accordance with the non-detections we
find with the CCF analysis of our dataset.

3.2.2. KELT-23 Ab

In Fig. 6, we report the corner plots with the retrieved posterior
distributions of the fitted atmospheric parameters for KELT-
23 Ab under the chemical-equilibrium assumption. In the case
of KELT-23 Ab, the atmospheric retrieval converges to a value
of Kp that is compatible with the expected one at <1σ and to
a Vrest value lower than 0 km s−1 (i.e. Vrest = −3.14+2.50

−1.93 km s−1),
confirming the residual blueshift of the signal visible in the CCF
peak in the Kp − Vrest map (Fig. 4, right panel). Also for KELT-
23 Ab, we find a lower limit on the cloud-top pressure, however,
in this case, it is at a lower pressure: Pc ≥ 0.026 mbar (at 2σ
level). For KELT-23 Ab, the posterior distributions of the fitted
parameters are less constrained with respect to the case of KELT-
8 b, probably due to the lower S/N of the observations (as can be
seen in Table 2). Indeed, with respect to the chemical parameters,
the metallicity posterior distribution is broader and we observe
a larger degeneracy between the log10(Pc) and [M/H]. However,
we are still able to place a first constraint on the metallicity of
the atmosphere: the 1σ interval around the retrieved median
value ranges from a sub-solar ([M/H] = −1.77 dex) to a super-
solar metallicity ([M/H] = 1.14 dex), with a median sub-solar
metallicity value of [M/H] = −0.42 dex, which corresponds to
0.48 times the stellar metallicity (i.e. [Fe/H] = −0.105+0.078

−0.077 dex).
For the C/O ratio, also in this case, due to the lack of detection of
carbon-bearing species in our dataset, we are only able to retrieve
an upper limit, in particular, we measure a sub-unity C/O ratio
(i.e. C/O ≤0.78 at 2σ level). The constraint on the retrieved tem-
perature is broad and even if the median retrieved temperature
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is higher than the expected equilibrium one, there is compatibil-
ity at the 1σ level. As can be seen in Table 5, the atmospheric
retrieval in the ‘free-chemistry’ scenario converges to a Kp that is
in accordance with the predicted value and with the value found
in the chemical equilibrium scenario at 1σ. From both atmo-
spheric retrievals in the two analysed scenarios, we do not find
any evidence for the ∼20 km s−1 shift in Kp visible in the Kp–Vrest
map, probably because between the peak of the CCF signal and
the CCF value at the expected Kp there is a small S/N difference
of 0.5, making the peak shift statistically non-significant. How-
ever, it is interesting to note that a Kp shift of ∼20 km −1 is very
similar to the expected shift predicted by Eq. (7) in Wardenier
et al. (2023) due to the planetary rotation during the transit.
Indeed, the predicted Kp shift is ∆Kp = −21.6 km s−1 for the
equatorial rotation velocity of KELT-23 Ab (Veq = 2.98 km s−1,
in case of synchronous rotation), so we cannot exclude that the
observed shift is a hint of planetary rotation; however, we do
find that other measurements are needed to retrieve this dynam-
ical effect in a statistically robust way. The shift in Vrest (i.e.
Vrest = −3.88+1.86

−1.40 km s−1) is in accordance at <1σwith the value
found assuming the chemical equilibrium and confirms a global
blueshift of the atmospheric signal of KELT-23 Ab.

Also, in this case, the retrieved reference temperature is in
accordance with the value retrieved in the chemical equilib-
rium scenario at the 1σ level. In the case of KELT-23 Ab, we
retrieve a volume mixing ratio of H2O equal to log10(VMRH2O) =
−2.26+0.75

−1.24, in accordance at the 1σ level with what is predicted
assuming an isothermal atmosphere in chemical equilibrium at
the temperature, C/O ratio, and metallicity retrieved in the chem-
ical equilibrium scenario (i.e. log10(VMRH2O) = −3.51). In this
case as well, we can only put upper limits on the abundances
of other secondary chemical-species that we did not detect in
cross-correlation in our dataset.

4. Discussion

4.1. KELT-8 b and KELT-23 Ab atmospheric properties

The two hot Jupiters analysed in this work have an atmosphere
in which water vapour is the dominant secondary species. In
particular, considering the 1σ interval of the water VMR, for
KELT-8 b we measure an abundance of water between 0.2% and
3%, with a median value of 0.9%; whereas for KELT-23 Ab,
we measure an abundance of water between 0.03% and 3%,
with a median value of 0.5%. Even though the constraints on
KELT-23 Ab atmospheric metallicity are broader than those on
KELT-8 b, the median value of the distribution is about one order
of magnitude smaller, implying an average lower abundance of
volatile heavy elements (e.g. oxygen, carbon), in accordance
with the lower abundance of water vapour. While we identify
the H2O signature in cross-correlation for both targets, we do not
observe the presence of other secondary species in our dataset.
This pushes the retrieved C/O ratios to lower values and, since we
are unable to measure the abundance of carbon-bearing species,
we only retrieve upper limits.

This first atmospheric analysis of KELT-8 b and KELT-23 Ab
reveals two O-rich atmospheres, with a sub-solar C/O ratio for
KELT-8 b and a sub-unity C/O ratio for KELT-23 Ab, at 2σ
level. Assuming an atmosphere in chemical equilibrium at Teq
for the two planets and with C/O ratio upper limits we find,
water is expected to be the most abundant secondary species
in the atmosphere of hot Jupiters (e.g., Madhusudhan 2012;
Moses 2014); whereas the formation of hydrocarbons such as
C2H2 and HCN is not favoured by the under-abundance of

carbon, in accordance with our non-detections. In this scenario,
the most abundant carbon-bearing species is expected to be CO,
whose formation is favoured with respect to CH4. We find no
evidence for CO in our dataset. Since most of the CO absorp-
tion is concentrated in two absorption bands (one centered at
1600 nm and one at 2400 nm), we also tried to probe the pres-
ence of CO by using only GIANO-B orders in which these two
bands fall (i.e. orders number 0, 1, 14, 15, 16, and 17, with the
exclusion of 15 for KELT-23 Ab) but, also in this case, we do
not find any significant signal at the expected planetary RV.
It is worth noting that the expected CO abundance assuming
chemical equilibrium (with the retrieved atmospheric param-
eters) is log10(VMRCO) = −4.3 and −5.1, for KELT-8 b and
KELT-23 Ab, respectively. These values are well below the upper
limits we found from the ‘free-chemistry’ retrieval. Indeed, the
non-detection of the other probed chemical species less abundant
than water does not exclude that these species are present in the
atmosphere of the two targets and that their lower signal may be
detectable with more observations at both high- and low-spectral
resolution.

Hot Jupiters are expected to be tidally locked due to their
proximity to their host stars. The strong temperature gradient
between the day side and the night side of these planets can
induce the presence of strong atmospheric dynamical effects
(e.g. super-rotating equatorial jet streams and day-to-night side
winds) spreading the heat around the planets (Showman &
Polvani 2011; Heng & Showman 2015). The possible presence of
day-to-night side winds (with speeds of a few km s−1), transport-
ing atmospheric gases across the terminator from the sub-stellar
point towards the colder side of the planet (i.e. towards the
observer during the planetary transit), introduces a blueshift of
the atmospheric transmission signal. Looking at the signal of
H2O for KELT-23 Ab, we measure a residual blueshift of the
signal that can be explained by the presence of a day-to-night
wind on this planet with a speed of Vwind = −3.88+1.86

−1.40 km s−1

(the most precise value among the two retrieved). This value
is in line with the typical wind speed measured on other hot
Jupiters (e.g. Snellen et al. 2010; Brogi et al. 2016; Line et al.
2021; Nortmann et al. 2025). Both targets orbit around G2 V
stars but, considering the orbits, KELT-8 b receives 25% less flux
from its host star than KELT-23 Ab. Therefore, the effects due to
the redistribution of heat in the atmosphere could be less intense
because the amount of stellar energy received is lower. However,
this does not exclude the possible presence of large-scale circu-
lation effects on KELT-8 b that redistribute the incoming energy
across the atmosphere and planetary interior.

Interestingly, Wardenier et al. (2023) investigated the effect
of atmospheric ‘3D-ness’ and the dynamics on the CCF sig-
nal of ultra-hot Jupiters, which are the most ideal targets for
atmospheric investigation due to their extremely hot and bloated
atmospheres. Wardenier et al. (2023) showed that complex com-
binations of rotation, wind patterns, 3D temperature fields and
distributions of chemical species, and geometrical effects could
introduce residual RV shifts of the cross-correlation signal both
in Kp and Vrest. Since these general results remain valid also
for warmer planets, the observed residual redshift of the signal
of KELT-8 b could be due to complex atmospheric dynamical
effects.

For example, a possible asymmetry in the intensity of the
H2O signals produced by the two limbs of the terminator can
lead to this type of Doppler shift. In particular, a residual redshift
of the signal could be introduced if most of the water absorption
comes from the leading (morning) limb of the terminator. In this
configuration, the H2O signal is mostly produced by the portion
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of the atmosphere that is moving away from the observer dur-
ing the transit, due to planetary rotation. Since this redshifted
signal is not counterbalanced by the (reduced) blueshifted sig-
nal of the trailing (evening) limb, which is moving towards the
observer, the total signal acquires a residual redshift. Wardenier
et al. (2024) detected a residual redshift of the signal of H2O
for the ultra-hot Jupiter WASP-121 b, suggesting that a possi-
ble configuration that produces the aforementioned asymmetry
could be the presence of clouds on the trailing limb of the planet
but not on the leading limb. The presence of ‘evening clouds’
would mute the signal of H2O only on the side of the termina-
tor moving towards the observer. However, as Wardenier et al.
(2024) pointed out, in this scenario, we would simultaneously
have to explain why clouds do not prevail on the leading limb
of the planet; for example by assuming condensation of H2O at
the trailing limb and gravitational settlement in the night side of
the planet or cloud-patchiness. Another possible configuration
could be a lack of water in the trailing limb of the terminator
due to H2O dissociation on the dayside of the planet. This was
proposed as a possible explanation by Mansfield et al. (2024),
for instance, who detected a residual redshift of the H2O signal
for the ultra-hot Jupiter WASP-76 b. However, the temperature
of the dayside of KELT-8 b is probably not sufficiently high to
induce thermal dissociation of water (the equilibrium tempera-
ture of KELT-8 b is ∼500 K lower than the one of WASP-76 b)
and, thus, it does not seem to be a plausible configuration.

Due to our limited dataset, an accurate analysis of the atmo-
spheric dynamics of KELT-8 b (and KELT-23 Ab) is beyond the
scope of this work, as it would require more precise measure-
ments, along with observations of the signals of other chemical
species populating different atmospheric regions and their vari-
ation as a function of the orbital phase, as well as the use of
more realistic atmospheric models (e.g. Gandhi et al. 2022; Beltz
et al. 2023; Wardenier et al. 2023; Nortmann et al. 2025). For
these reasons, further studies are needed to confirm and fully
understand the origin of our detection of positive Vrest for the
H2O signal of KELT-8 b. It is worth noting that if future analyses
with higher quality datasets will measure asymmetries in the two
limbs of the terminator, then our retrieved values could be biased
and it is reasonable to expect differences in the measured abun-
dance values, according to MacDonald et al. (2020). However,
due to the relatively broad constraints we put on the chemi-
cal composition of the target, we expect these differences to be
within the uncertainty intervals we give. This is supported by
the fact that according to MacDonald et al. (2020), these biases
should be stronger for hotter planets (i.e. ultra-hot Jupiters).

Finally, it is worth noting that besides the atmospheric
dynamical effects, a small orbital eccentricity can also produce
the residual Doppler shift of the signal observed for both plan-
ets. Indeed, it is possible to obtain a residual radial-velocity
shift of the signal between −10 km s−1 < Vrest < 10 km s−1 by
considering a small orbital eccentricity value of e ∼ 0.01–0.05
(below the upper limit reported in the literature for both plan-
ets) and different values of the planetary argument of periastron,
ωp. Thus, even though for KELT-8 b and KELT-23 Ab, we do
not have robust evidence for an eccentric orbit in the literature,
a small residual eccentricity remains a possible explanation for
the observed atmospheric signal Doppler shift.

4.2. Possible formation scenarios for the two planets

By measuring the abundances of the different chemical species
populating the atmosphere of an exoplanet, it is possible to
constrain its formation and evolutionary paths. Indeed,

observables such as the atmospheric elemental abundance ratios
(e.g. C/O and N/O) and the metallicity depend on the planet
formation location into the protoplanetary disk, the accretion
mechanisms that enriched the planet atmosphere with heavy ele-
ments, and the migration mechanisms that led to the current
orbital configuration of the planetary system (e.g. Mordasini
et al. 2016; Madhusudhan 2019; Pacetti et al. 2022).

Even though we only detect the presence of H2O in the
present work, we were able to estimate its abundance and place
constraints on the planetary atmospheric metallicity and upper
limits on the C/O ratio for both targets. Therefore, we can try
to make preliminary inferences on possible formation scenar-
ios for the two planets. Of course, with more precise future
measurements of the atmospheric composition, it would be pos-
sible to put stronger constraints on the planetary formation and
evolutionary paths followed by both targets.

The observed enrichment in the two giant planets suggests
the accretion of the disk gas as the source of their atmospheric
metallicity (e.g. Turrini et al. 2021; Pacetti et al. 2022). It also
suggests that the possible sequestration of O by rock-forming
elements (Fonte et al. 2023) should be limited, meaning that the
abundance of H2O provides a proxy for the bulk abundance of
O. This scenario would be confirmed by the non-detection of
abundant rock-forming elements in future analyses. The super-
solar mixing ratio estimated for H2O in both planets argues for
the accretion of high-metallicity gas enriched by the sublimation
of volatile species from drifting pebbles (e.g. Booth & Ilee 2019;
Schneider & Bitsch 2021). Finally, the non-detection of C and
N species and the upper limits to the C/O ratios of both planets
(see below for discussion) point to the accretion of gas from a
disk region enriched primarily in O.

Focusing on KELT-8 b, the availability of stellar abundances
from the Hypatia Catalog Database (Hinkel et al. 2014) enables
for a more detailed analysis. The host star exhibits a super-solar
metallicity and a slightly sub-solar C/O ratio (∼0.51). Compar-
ing these with our retrieved parameters reveals that the giant
planet is enriched in heavy elements by a factor of about 3
compared to its host star, with a sub-stellar upper limit for the
normalised C/O ratio (<0.59). This sub-stellar C/O ratio, com-
bined with a super-stellar VMR for H2O, suggests that the planet
has accreted gas more enriched in oxygen than carbon, consistent
with gas accretion from within the H2O snowline. In particular,
the Hypatia Catalog Database reports that the [O/H] of KELT-
8b is 0.2 dex, meaning that it is 1.58 times higher than the solar
one. The estimated VMR for H2O then points to a ∼7× enrich-
ment in O with respect to the star, which is compatible with
the estimated super-stellar metallicity. Specifically, in a solar-
like mixture, O accounts for about 45% of the mass of heavy
elements (Lodders 2010), meaning that a ∼7× enrichment in O
causes a 3× enrichment in metallicity, which is consistent with
the estimated value.

The lack of compositional data on KELT-23 A and the large
uncertainties affecting the planetary metallicity stand in the way
of us refining the discussion to the level of KELT-8 b. Based
on the correlations between stellar metallicity and composition
discussed in da Silva et al. (2024), however, the average C/O val-
ues for stars whose metallicities fall in the uncertainty range of
KELT-23 A’s [Fe/H] are expected to vary between 0.45 and 0.65.
While the estimated upper limit to the C/O ratio of KELT-23 Ab
does not allow us to rule out super-stellar values, it is broadly
consistent with the accretion of O-enriched gas across the snow-
line of H2O, as discussed in the case of KELT-8 b. This scenario
would suggest planetary metallicity values higher than the one
reported in Table 4. Similarly to what we have discussed for
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KELT-8 b, if we assume a solar-like mixture, the O enrichment
suggested by the H2O VMR would point to a planetary metal-
licity [M/H] of the order of 0.5 dex; while this result is higher,
it is still compatible within 1σ with the estimated atmospheric
value.

Finally, it is worth noting that in order to completely under-
stand the formation and orbital evolution path followed by
KELT-23 Ab, it is also necessary to take into consideration the
presence of the outer stellar companion in a wide orbit. Indeed,
under some conditions, eccentric orbital interactions with a dis-
tant companion star via Kozai–Lidov oscillations (Kozai 1962)
can lead to a giant planet migration towards its host star and sub-
sequent orbital circularisation through tidal friction (Fabrycky &
Tremaine 2007). To effectively consider the magnitude of such
effects in the KELT-23 Ab case, more data about the orbital
configuration of the KELT-23 system and the physical charac-
teristics of the outer stellar body are needed.

5. Summary and conclusions

In this work, we searched for the atmospheric signal of the two
hot Jupiters KELT-8 b and KELT-23 Ab, and we started explor-
ing their chemical and physical properties under the simplest
assumption (i.e. 1D isothermal atmosphere), in order to enlarge
the sample of known hot Jupiters with atmospheric detection and
characterisation.

We performed our study by analysing one transit observation
for each target taken with the NIR GIANO-B high-resolution
(R ≈ 50 000) spectrograph mounted at the 3.58 m TNG tele-
scope. By cross-correlating the data with atmospheric trans-
mission template models, we detect the signal of H2O for both
planets, with a CCF peak value corresponding to S/N = 6.6
and S/N = 4.2 for KELT-8 b and KELT-23 Ab, respectively,
while finding no significant signal for the other probed chemical
species. This constitutes the first observation of the atmospheric
signal from KELT-8 b and KELT-23 Ab.

We explored the chemical and physical properties of the two
atmospheres in a Bayesian framework. In particular, we ran two
retrievals for both planets: a retrieval assuming chemical equi-
librium and a ‘free chemistry’ retrieval. Both the retrievals point
towards an atmosphere rich in H2O (from ∼0.1% to ∼1%) for
both targets.

For KELT-8 b, in the chemical-equilibrium scenario, we find
an atmospheric metallicity of [M/H] = 0.77+0.61

−0.89 dex, which cor-
responds to 3.2 times the stellar metallicity, while for the C/O
ratio, we can place a sub-solar upper limit at C/O ≤0.30 (at
2σ confidence level). In the ‘free-chemistry’ scenario, we can
constrain an H2O abundance of log10(VMRH2O) = −2.07+0.53

−0.72, in
accordance with the prediction of chemical-equilibrium, while
for the other probed chemical species we put upper limits on
their abundance.

For KELT-23 Ab, the posterior distributions of the parame-
ters are broader than the ones retrieved for KELT-8 b, probably
due to the lower S/N of the dataset. Indeed, in the case of KELT-
23 Ab, we find an atmospheric metallicity that ranges from a
sub- to super-solar metallicity in the 1σ confidence interval,
with a sub-solar median value ([M/H] = −0.42+1.56

−1.35 dex), which
corresponds to 0.48 times the stellar metallicity. For the atmo-
sphere of KELT-23 Ab, we put a sub-unity C/O ratio upper limit
(C/O ≤ 0.78 at 2σ level). The ‘free-chemistry’ retrieval con-
verges to an H2O abundance of log10(VMRH2O) = −2.26+0.75

−1.24,
in agreement with the prediction of chemical equilibrium; also
in this case, we place upper limits on the abundance of the other
probed chemical species.

By comparing the atmospheric chemical characteristics with
those of the host stars, we obtained indications of the formation
mechanisms of the two hot Jupiters. In particular, the constraints
on VMRH2O and the upper limits on the C/O ratio suggest for
both planets the accretion of O-rich gas. This, in turn, points
to an accretion of gaseous material that occurred within the H2O
snowline in a pebble-rich disk, where the gas phase is enriched in
oxygen due to sublimation of water ice from the inward-drifting
pebbles.

With our analysis, we are able to offer a preliminary inves-
tigation of the atmospheric properties of KELT-8 b and KELT-
23 Ab. New measurements of atmospheric spectra of both targets
could allow us to detect the presence of other secondary species,
in addition to refining the current H2O abundance, thus allow-
ing us to place stronger constraints on the metallicity and the
C/O ratio posterior distributions. We stress that our main goal
was not to give a fully comprehensive picture of the chemi-
cal and physical phenomena occurring in the atmosphere of the
two targets, but to provide a first general characterisation of the
main properties of the two atmospheres under simple assump-
tions. Even if more complex 2D and 3D atmospheric models
(including e.g. global circulation and limb asymmetries, more
parametrised temperature profiles, and different chemical sce-
narios) would certainly provide a more realistic description of
the chemical and physical properties of the atmosphere of the
two targets, this is beyond the scope of this work (also given the
limited amount of data available for both targets).

Our analysis, based on only one transit observation for each
target, demonstrates that these two planets, whose atmospheres
were unstudied before this work, are very interesting targets for
atmospheric investigations and that it is worth observing them
with higher diameter instruments both at high resolution from
the ground and at low resolution from space with HST and
JWST.
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