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ABSTRACT

Aims. We aim to extract the transmission spectrum of the HI Balmer lines of the ultra-hot Jupiter (UHJ) KELT-20b/MASCARA-2b
from observations and to further compare the results with what was obtained through forward modelling, accounting for non-local
thermodynamic equilibrium (NLTE) effects.

Methods. We extracted the line profiles from six transits obtained with the HARPS-N high-resolution spectrograph attached to the
Telescopio Nazionale Galileo telescope. We computed the temperature-pressure (TP) profile employing the HELIOS code in the lower
atmosphere and the CLOUDY NLTE code in the middle and upper atmosphere. We further used CLOUDY to compute the theoretical
planetary transmission spectrum in LTE and NLTE for comparison with observations.

Results. We detected the Her (0.79+0.03%; 1.25 R;,), HB (0.52+0.03%; 1.17 R;), and Hy (0.39+0.06%; 1.13 R,)) lines, and we detected
the Ho line at almost 40 (0.27+0.07%; 1.09 R,). The models predict an isothermal temperature of ~2200 K at pressures >107 bar and
of ~7700K at pressures <1078 bar, with a roughly linear temperature rise in between. In the middle and upper atmosphere, the NLTE
TP profile is up to ~3000 K hotter than in LTE. The synthetic transmission spectrum derived from the NLTE TP profile is in good
agreement with the observed H1 Balmer line profiles, validating our obtained atmospheric structure. Instead, the synthetic transmission
spectrum derived from the LTE TP profile leads to significantly weaker absorption compared to the observations.

Conclusions. Metals appear to be the primary agents leading to the temperature inversion in UHJs, and the impact of NLTE
effects on them increases the magnitude of the inversion. We find that the impact of NLTE effects on the TP profile of KELT-
20b/MASCARA-2b is larger than for the hotter UHJ KELT-9b, and thus NLTE effects might also be relevant for planets cooler than

KELT-20b/MASCARA-2b.

Key words. planets and satellites: atmospheres — planets and satellites: individual: KELT-20b —

planets and satellites: individual: MASCARA-2b

1. Introduction

Transmission and emission spectroscopy, both from the ground
and from space, have led to significant advances in our under-
standing of exoplanetary atmospheres. In this context, ultra-hot
Jupiters (UHJs), that is, planets with an equilibrium temperature
(Teq) greater than ~2000 K and for which H™ opacity and ther-
mal dissociation are significant, play a key role. This is because
the high atmospheric temperatures of these planets lead to large
pressure scale heights and, thus, more easily detectable spec-
tral features. Furthermore, these planets are typically detected
orbiting rather bright intermediate-mass stars (i.e. F- and A-
type), which facilitates high-quality observations, particularly at
optical wavelengths.

With an equilibrium temperature of nearly 4000 K, KELT-
9b (Gaudi et al. 2017) is the most extreme of the UHJs and
so far also the most studied, both observationally and theoreti-
cally. Because of the brightness of the host star (V = 7.6 mag),

KELT-20b (Lund et al. 2017), also known as MASCARA-2b
(Talens et al. 2018), is one of the most studied UHJs in terms
of atmospheric characterisation observations, mainly through
ground-based high-resolution spectroscopy.

KELT-20b/MASCARA-2b orbits its A2V host star
(HD 185603) with a period of about 3.47 days, which implies an
equilibrium temperature of about 2200 K, assuming zero albedo
and complete heat redistribution (Lund et al. 2017). Photometric
transit observations provide a rather precise measurement of
the planetary radius of about 1.83 Ry (Talens et al. 2018), but
the broad spectral lines due to the rapid rotation of the host
star (vsini=116.23kms™!; P,y =0.695 days; Rainer et al. 2021)
hinder a precise measurement of the planetary mass, for which
just a 30~ upper limit of 3.51 M; has been obtained (Lund et al.
2017).

Multiple ground-based transmission spectroscopy observa-
tions enabled the clear detection of the Ha and HB hydrogen
Balmer lines, as well as of the Nal D doublet, the Call infrared
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triplet, the Calt H&K lines, and multiple FelI lines (Casasayas-
Barris et al. 2018, 2019; Nugroho et al. 2020). The cross-
correlation technique led to the further detection of Fel, Mg,
and Cr1I in the planetary atmosphere, as well as to the confirma-
tion of some of the previously detected species (Stangret et al.
2020; Hoeijmakers et al. 2020; Nugroho et al. 2020; Rainer et al.
2021; Cont et al. 2022; Bello-Arufe et al. 2022; Johnson et al.
2023).

Thanks to its high equilibrium temperature, KELT-
20b/MASCARA-2b has also been observed during and around
secondary eclipse both from the ground and from space. Appli-
cations of the cross-correlation technique to high-resolution
ground-based day-side observations enabled the detection of Fel,
Fert, Si1, and CrT on the atmospheric day side (Borsa et al.
2022; Cont et al. 2022; Johnson et al. 2023; Yan et al. 2022;
Kasper et al. 2023). Space-based secondary eclipse observa-
tions led to the detection of water in the lower atmosphere, the
measurement of the brightness temperature in different bands,
and constraints on the atmospheric metallicity (Fu et al. 2022).
These observations have also been used to constrain the atmo-
spheric temperature-pressure (TP) profile at pressures higher
than 107> bar, which is probed by the cores of metal lines in the
optical band (Borsa et al. 2022; Fu et al. 2022; Yan et al. 2022).
The detection of emission features close to the secondary eclipse
clearly indicates the presence of a temperature inversion, that is,
an atmospheric temperature increasing with decreasing pressure.
Retrievals of the TP profile performed on the observations con-
firm the temperature increase at the ~0.1 bar level and a rather
isothermal profile of about 2200 K at higher pressures, which
is supported by forward modelling (Borsa et al. 2022; Fu et al.
2022; Yan et al. 2022).

Several previous studies sought to identify the radiatively
active species that, in addition to what provided by hydrogen
Balmer line heating (Garcia Mufioz & Schneider 2019), con-
tribute to the temperature inversion, focusing particularly on the
search for molecules such as TiO, VO, and FeH. These attempts
have not been successful (Nugroho et al. 2020; Johnson et al.
2023), the only exception being that FeH was tentatively detected
by Kesseli et al. (2020), though this was not confirmed in follow-
up observations (Johnson et al. 2023). These non-detections and
the simultaneous detection of a number of neutral and singly
ionised atomic species support the idea that metal absorption of
the stellar radiation, particularly of ultraviolet (UV) photons, is
at the origin of the temperature inversion, as predicted by mod-
els of UHJs (Lothringer et al. 2018; Lothringer & Barman 2019;
Fossati et al. 2021). This was particularly evident in the case of
KELT-9b, for which a broad range of atomic species has been
detected (e.g. Hoeijmakers et al. 2018, 2019; Yan et al. 2019;
Turner et al. 2020; Borsa et al. 2021b; Pino et al. 2020). Fur-
thermore, for KELT-9b, Fossati et al. (2021) show that non-local
thermodynamic equilibrium (NLTE) effects lead to a signifi-
cant overpopulation of Fell and underpopulation of MgII, which
are the key agents driving heating and cooling, respectively,
in the planetary atmosphere. In particular, the NLTE-driven
overpopulation of excited Fell significantly increases the absorp-
tion of stellar near-UV radiation, further increasing the heating
rate. This stems from the fact that the near-UV spectral range,
which is also where the host star’s spectral energy distribution
peaks, contains several Fell lines that rise from low energy lev-
els. This conclusion is supported by the fact that the forward
model presented by Fossati et al. (2021), which accounts for
NLTE effects, was able not only to fit the observed hydrogen
Balmer line profiles, but also to predict the presence of the O1
infrared triplet and its strength in the planetary transmission
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spectrum, which was then confirmed by observations (Borsa
et al. 2021b).

Here, we present the results of transmission spectroscopy
of KELT-20b/MASCARA-2b based on six transit observations
conducted with the aim of detecting hydrogen Balmer line
absorption and constraining the shape of the absorption line pro-
files. This work follows the observations of Rainer et al. (2021)
and Borsa et al. (2022) of this same planet; they respectively
focused on measuring the Rossiter-McLaughlin (RM) effect dur-
ing transit and detecting species through day-side measurements.
We interpret the hydrogen Balmer line observations by using a
forward model that spans from the lower atmosphere (10 bar) to
the upper atmosphere (~10~'?bar) and includes NLTE effects,
comparable to the model used by Fossati et al. (2021) to explain
the observations of KELT-9b.

This paper is organised as follows. Section 2 presents the
observations and the methodology employed to analyse the
data. Section 3 describes the atmospheric modelling. Section 4
presents the modelling results (Sect. 4.1) and the hydrogen
Balmer line profiles obtained from the observations (Sect. 4.2).
In Sect. 5 we compare the observational and modelling results,
present the synthetic UV-to-infrared transmission spectrum, and
extract more information about the properties of the planetary
atmosphere. Finally, we present our conclusions in Sect. 6.

2. Observations and data analysis

KELT-20b/MASCARA-2b was observed in the optical band
with the high resolution (R ~ 115000) HARPS-N spectrograph
(Cosentino et al. 2012) located at Telescopio Nazionale Galileo
(TNG) during six different transits between the years 2017 and
2022. The first three transits that we analyse are taken from the
TNG archive and have previously been analysed by Casasayas-
Barris et al. (2019), who looked for the hydrogen Balmer lines in
the planetary atmosphere, as well as for other chemical species.
We add here further three transits taken in the context of the
atmospheric characterisation part of the GAPS programme (e.g.
Borsa et al. 2019; Giacobbe et al. 2021; Guilluy et al. 2022), for
which the H Balmer lines were not analysed before.

Table 1 summarises the observations considered in this work.
Nights 2 and 6 present an unstable signal-to-noise ratio (S/N).
Therefore, for these nights we decided to discard all spectra with
S/N < 50. Furthermore, nights 2 and 3 suffered a problem
that affected the telescope’s Atmospheric Dispersion Corrector
(ADC; see Casasayas-Barris et al. 2019, for more details), which
causes wavelength-dependent flux losses in particular in the blue
part of the spectrum, and thus called for particular attention in
the normalisation process. All spectra have been reduced with
the standard data reduction software (DRS) v3.7 and we analysed
the one-dimensional pipeline products (i.e. s1d), which cover the
3800-6900 A wavelength range and have a constant wavelength
step of 0.01 A.

We focused our attention on the Balmer lines Ha, HB, Hy,
and Ho¢. For each transit, we calculated the transmission spectra
following a procedure similar to that described by Wyttenbach
et al. (2015). We started by correcting telluric lines across the
whole wavelength range, employing MOLECFIT v4.2.3 (Smette
et al. 2015; Kausch et al. 2015) and following the prescrip-
tions of Allart et al. (2017). In particular, we corrected for
absorption caused by telluric O, and H,O. An example of the
correction performed is presented in Fig. 1. We then Doppler-
shifted all spectra in the stellar reference frame by subtracting
the theoretical stellar radial velocity at each orbital phase,
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Table 1. Log of the transit observations of KELT-20b/MASCARA-2b used in this work.

Night# Nightdate  Program PI Texp (s) # of spectra (Out/In) (S/N)@ 550nm Airmass (min/max)
1 2017-08-16 CAT17A-38 Rebolo 200 90 (33/57) 61 1/2.13
2 2018-07-12 CAT18A-34 Casasayas-Barris 200 105 (53/52) 96 1/1.58
3 2018-07-19 CATI18A-34 Casasayas-Barris 300 78 (39/39) 105 1/1.42
4 2019-08-26 GAPS Micela 600 30 (10/20) 164 1/2.09
5 2019-09-02 GAPS Micela 600 29 (8/21) 176 1/1.55
6 2022-07-31 GAPS Micela 600 25 (10/15) 125 1/1.44
2000 Table 2. Adopted parameters of the KELT-20/MASCARA-2 system.
1800 | . | 7 Parameter Value Source
IM A Il y [ |
9 i ‘~ R “ i Ter (K) 8980 Talens et al. (2018)
[f 1600k i Mg (M) 1.89 Talens et al. (2018)
e R (Ry) 1.60 Talens et al. (2018)
k= Sp.T. A2 Talens et al. (2018)
= 1400 M, (My) 3.51 Borsa et al. (2022)
N R, (Ry) 1.83 Talens et al. (2018)
1200F Initial
Corrected a (AU) 0.0542 Talens et al. (2018)
‘ ‘ ‘ ‘ ‘ ‘ P (days) 3.474119 Talens et al. (2018)
6513 6514 6515 6516 6517 6518 6519 6520 T, (BJD) 2457909.5875 Hoeijmakers et al. (2020)
Wavelength [A] Tingress (days) 0.01996 Cont et al. (2022)
T4 (days) 0.14882 Rainer et al. (2021)
Fig. 1. Example of MOLECFIT tellurics correction in the proximity of K, (kms™!) 0.32251 Borsa et al. (2022)
the Har line. K, (kms™) 173 Borsa et al. (2022)
Viys (km s7h —24.48 Borsa et al. (2022)
and normalised them to the same continuum level in a nar- b 0.503 Lund et al. (2017)
row range around each considered line (i.e. Ho 6525-6595 A; A (deg) 3.4 Lund et al. (2017)
HB 48104910 A; Hy 4310-4370 A; and Ho 40804120 A). We € 0 Lund et al. (2017)
then calculated an average out-of-transit spectrum (master-out, i (deg) 86.12 Lund et al. (2017)

M) employing a weighted average on the stellar flux, divided
each spectrum by M,,, and normalised again to remove any
remaining small linear trend that has propagated throughout
the analysis procedure. This last step was particularly important
for the analysis of nights 2 and 3, because of the faulty ADC
affecting the continuum flux.

At this point, we corrected the residual spectra for the con-
tamination given by stellar rotation (i.e. the RM effect) and
centre-to-limb variations (CLVs), which are known to possi-
bly affect the transmission spectrum and eventually cause false
detections (e.g. Borsa & Zannoni 2018; Casasayas-Barris et al.
2020). To this end, we created a model of the contamination
as in Borsa et al. (2021a), which follows the approach of Yan
et al. (2017), by inserting ATLAS9 stellar atmosphere models
and a VALD line list (Ryabchikova et al. 2015) into Spectroscopy
Made Easy (SME; Piskunov & Valenti 2017), based on the sys-
tem parameters listed in Table 2. The modelled contamination
has been calculated for each observed orbital phase and removed
from the data by dividing for it. The extension of the planetary
radius R, ; used to model the CLV and RM effects on each of
the Balmer lines has been calculated iteratively, until reaching
a value for which the final amplitude of the Gaussian fit to the
line in the transmission spectrum (see Sect. 4.2) and the value of
R, used in the CLV+RM model coincide within 0.50-, with o
being the error-bar on the line depth calculated as described in
Sect. 4.2.

We then calculated the final transmission spectrum for each
night by shifting all residual spectra in the planetary reference

frame and performing a weighted average of all residual spectra
taken during the full part of the transit (i.e. between the second
and third contact points). We finally obtained the average trans-
mission spectrum of each Balmer line by performing a weighted
average of the transmission spectra obtained from each of the six
nights of observation.

3. Atmospheric modelling

We computed the theoretical atmospheric TP profile of KELT-
20b/MASCARA-2b at the sub-stellar point, employing the
scheme described in detail by Fossati et al. (2021). It con-
sists of the separate computation of TP profiles of the lower
(P 2 107*bar) atmosphere with the HELIOS code (Malik et al.
2017, 2019) and of the upper (P < 10~*bar) atmosphere with
the CLOUDY NLTE radiative transfer code (Ferland et al. 2017),
the latter through the CLOUDY for Exoplanets (CfE) interface
(Fossati et al. 2021). The HEL1IOS and CLOUDY TP profiles are
then joined together to obtain a single TP profile that is used
as starting point to derive the atmospheric chemical composi-
tion and transmission spectra. We adopt this scheme, because
HELIOS does not account for NLTE effects that are relevant in the
middle and upper atmosphere, while CLOUDY, which considers
NLTE effects, is unreliable in the lower atmosphere at densities
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greater than 10" cm= (see Ferland et al. 2017 and Fossati et al.
2021 for more details).

HELIOS' is a radiative-convective equilibrium code taking
as input planetary mass, radius, and atmospheric abundances,
orbital semi-major axis, and stellar radius and effective tem-
perature, further assuming equilibrium abundances, which we
computed using the FASTCHEM? code (Stock et al. 2018). For
the simulation, we divided the atmosphere into 100 layers log-
arithmically distributed in the 100-10~° bar pressure range. We
computed the HELIOS model with a heat redistribution parame-
ter, f, which accounts for the day-to-night side heat redistribu-
tion efficiency, equal to 0.25. This leads to a TP profile in the
lower atmosphere comparable to that obtained from retrievals of
day-side observations (Borsa et al. 2022; Fu et al. 2022). Given
the high planetary atmospheric temperature, we considered addi-
tional opacities not present in the public version of the HELIOS
code as described by Fossati et al. (2021).

CLOUDY is a general-purpose plane-parallel microphysics
radiative transfer code that accounts for (photo)chemistry and
NLTE effects (Ferland et al. 1998, 2013, 2017). For the cal-
culations presented here, we employed CLOUDY version 17.03.
CLOUDY computations include a wide range of atomic (i.e. all
elements up to Zn) and molecular species, and are valid across
a wide interval of plasma temperatures (3-10'°K) and densi-
ties (<10" cm™). This covers the parameter space of what is
expected in upper planetary atmospheres. CLOUDY is a hydro-
static code and we come back to the validity of this assumption
in the case of KELT-20b/MASCARA-2b in Sect. 5. Details of
the code relevant to exoplanet atmospheric calculations are given
in Sect. 2.2.1 of Fossati et al. (2021).

To set up the CLOUDY runs, we employed the CfE interface,
which writes CLOUDY input files on the basis of input parame-
ters given by the user, runs CLOUDY, and reads CLOUDY output
files. Then, CfE uses the information contained in the output
files to set up a new CLOUDY calculation in an iterative process
until the temperature profile has converged. The details of how
CfE sets up CLOUDY input files and the iteration procedure are
described in Sect. 2.2.2 of Fossati et al. (2021).

For the atmospheric modelling, we considered the system
parameters listed in Table 2. For the calculations, we employed
a synthetic spectral energy distribution computed with the
PHOENIX code® (Husser et al. 2013). Because the host star is
earlier than spectral type A3—A4, we did not add any X-ray and
extreme ultraviolet (EUV) emission to the photospheric fluxes
provided by the PHOENIX model (Fossati et al. 2018). However,
rapidly rotating early-type stars could present magnetic activity
close to the equator as a result of the low local effective tem-
perature caused by gravity darkening, but this is not the case for
KELT-20/MASCARA-2, because its rotational velocity is just
about 45% of the critical break-up velocity. This further justifies
our assumption of considering just photospheric emission.

The 10" cm™ density limit above which CLOUDY’s compu-
tation of the heating and cooling rates becomes unreliable lies at
a pressure of about 0.3 mbar, while the continuum lies at a pres-
sure of about 6 mbar. This is the pressure at which the HELIOS
model gives an optical depth of 2/3 around 5000 A, which is the
wavelength corresponding to the peak efficiency of the MAS-
CARA optical system used to discover the planet (Talens et al.
2017). For this reason, we run CfE setting the planetary transit
radius of 1.83 Ry (Talens et al. 2018) at the reference pressure

' https://github.com/exoclime/HELIOS
2 https://github.com/exoclime/FastChem
3 https://phoenix.astro.physik.uni-goettingen.de/
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(po) of 6 mbar. The top panel of Fig. A.1 shows a compari-
son between CLOUDY TP profiles obtained setting the planetary
transit radius at different py values of 100, 6, and 1 mbar, indi-
cating that uncertainties on the location of the reference pressure
do not impact the results. To save on computational time, for the
CLOUDY calculations we considered all elements up to Zn and
only hydrogen molecules (i.e. H, HJ, H;), because the inclu-
sion of all molecules present in the CLOUDY database did not
affect the resulting TP profile (see the middle panel of Fig. A.1).
Finally, in agreement with Fossati et al. (2021), we find that the
number of layers considered for the computation of the TP pro-
file (i.e. 180) does not impact the results (see the bottom panel of
Fig. A.1).

To mimic atmospheric heat redistribution in the computation
of the CLOUDY TP profiles, we scaled the spectral energy distri-
bution multiplying it by a factor f; <1. Following Fossati et al.
(2021), we computed TP profiles with varying f; values looking
for the one leading to the TP profile that best matches the HELIOS
one around the 10~ bar level. We finally adopted f; = 1.0, but we
remark that the value employed for f; has no significant impact
on the TP profile at pressures lower than about 107> bar (Fossati
et al. 2021). For all calculations, we assumed solar atmospheric
composition (Lodders 2003).

4. Results
4.1. Atmospheric TP and abundance profiles

We resampled the final theoretical TP profile, obtained by join-
ing the HELIOS and CLOUDY profiles, over 200 layers equally
spaced in log p ranging from 10 bar to 4x10~'? bar. The consid-
ered pressure range is wide enough to cover the formation region
of UV, optical, and infrared lines in the transmission spectrum.

We combined the HELIOS and CLOUDY theoretical TP pro-
files at a pressure of 10™* bar and then fitted the entire profile
with a polynomial to smooth the edge at the joining point, fur-
ther interpolating on the final pressure scale. Figure 2 shows
the composite theoretical TP profile in comparison to the origi-
nal HELIOS and CLOUDY theoretical profiles. The final profile
is roughly isothermal at pressures higher than about 10 mbar
and lower than about 1078 bar, while the section in between
those pressures is characterised by a linear temperature rise from
about 2200K up to about 7700 K. Therefore, the temperature
varies by about 5500 K from the lower to the upper atmosphere,
which implies that an isothermal approximation for the entire
atmosphere would be inappropriate for this planet.

We identified the He line formation region by computing
CLOUDY models starting from the top of the atmosphere (at
1072 bar) and subsequently increasing the pressure of the lower
considered layer, further looking at the transmitted spectrum
around the He line. The top boundary of the line formation
region (i.e. at low pressure) was then set where, with increasing
pressure of the lower considered layer, the transmitted spectrum
started to show Ha absorption, while the bottom boundary of
the line formation region (i.e. at high pressure) was set where
the Ha absorption stopped increasing with increasing pressure
of the lower considered layer. In this way, we obtained that the
Ha line formation region is confined in a rather narrow pressure
range between about 107'° and 1077 bar, where the temperature
is higher than about 7000 K. This range is similar to that found
for KELT-9b using the same modelling scheme employed here
(Turner et al. 2019; Fossati et al. 2021). Both host stars (i.e.
KELT-9 and KELT-20/MASCARA-2) are not supposed to have
a chromosphere (Fossati et al. 2018), and thus their Lya lines
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Fig. 2. Theoretical atmospheric structure obtained for KELT-
20b/MASCARA-2b. Top: HELIOS (dashed orange line) and CLOUDY
(in NLTE; dashed cyan line) TP profiles. The solid black line shows
the composite TP profile. The horizontal dotted black line indicates
the location of the continuum according to the HELIOS model. The
horizontal dash-dotted red line gives the location of the CLOUDY’s
upper-density limit of 10'> cm™3. The dashed dark green line shows the
CLouDY TP profile computed assuming LTE. The hatched area indi-
cates the Ha line formation region. Bottom: pressure (black; left y-axis)
and temperature (red; right y-axis) composite theoretical profiles as a
function of the planetary polar radius.

are totally absorbed, which prevents hydrogen photo-excitation.
Therefore, the excitation of the hydrogen atoms to the n =2 level,
which then leads to the formation of the Balmer lines, has to
occur mostly thermally. This is further confirmed by the fact
that photoionisation and subsequent recombination to the n=2
level have a low probability in comparison to thermal excitation,
because of the very low EUV emission of the host star.

The derived temperature inversion supports the results of
secondary eclipse observations (Borsa et al. 2022; Fu et al. 2022;
Yan et al. 2022) as well as previous general atmospheric mod-
elling of UHJs (Lothringer et al. 2018), though the inclusion of
NLTE effects strongly increases the magnitude of the inversion
compared to previous local thermodynamic equilibrium (LTE)
modelling. The retrieval approach followed by Borsa et al. (2022)
and Yan et al. (2022) to constrain the TP profile from their
secondary eclipse observations assumes a two-point TP profile
where the temperature below the higher pressure point and above
the lower pressure point was considered to be isothermal, with a
linear gradient in between. At the two nodes of the two-point
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Fig. 3. Density relative to the total density of hydrogen for neutral
hydrogen (HI; solid black line), protons (HII; red), molecular hydrogen
(Hy; dark green), Hj (blue), H} (violet), H™ (orange), and electrons (e7;
dashed black).

TP profile, they obtained a lower temperature value lying around
2200 K with the turning point located in the 0.1-1 bar range and
a higher temperature value of about 5300 K with the turning
point at a pressure of about 107 bar. Instead, Fu et al. (2022) did
not make any assumption on the shape of the TP profile obtain-
ing an isothermal profile at ~2200K at pressures higher than
about 1072 bar, with a roughly linearly decreasing temperature at
lower pressures up to 10~ bar, where they stopped their calcula-
tion. The assumed two-point shape of the TP profile resembles
well the temperature profile obtained by combining HELIOS and
CLOUDY. As expected by the choice of parameters used to com-
pute the HELIOS TP profile, in the lower atmosphere (>107> bar)
the retrieved profiles match ours well (i.e. within 107). Instead,
in the upper atmosphere (<107 bar) the retrieved temperatures
are more than 1500 K cooler and the turning points located at
a 1000 times higher pressure compared to what is predicted by
CLOUDY (see Fig. A.2). This difference can be ascribed to the
fact that emission observations do not probe high enough in the
atmosphere to cover the pressures below 107> bar (Borsa et al.
2022; Fu et al. 2022; Yan et al. 2022).

To obtain a homogeneous synthetic chemical atmospheric
structure, we passed the composite TP profile to CLOUDY (see
Fossati et al. 2021, for more details). Figure 3 shows the theoret-
ical density profiles with respect to the total hydrogen density of
the main hydrogen-bearing species (neutral hydrogen HI, protons
Hi1, H™, molecular hydrogen H,, H; H;), plus electrons (e7).
The middle and upper atmosphere (<1073 bar) are largely dom-
inated by neutral hydrogen, which is significantly ionised only
at the very top, around 5x107'! bar, namely a thousand times
lower pressure than what the same model predicted for KELT-
9b (Fossati et al. 2021). This is ultimately caused by the fact
that KELT-9b is more irradiated by EUV photons as a result
of the hotter host star (both stars have only photospheric emis-
sion; Fossati et al. 2018) and closer orbital separation. Instead,
the lower atmosphere is dominated by H, and neutral hydrogen,
with H, rapidly decreasing with decreasing pressure below the
10 mbar level. As expected given that KELT-20b/MASCARA-2b
is an UHJ (e.g. Arcangeli et al. 2018), H™ is relatively abundant
with its density first increasing with decreasing pressure up to
the 1 pbar level and then decreasing at lower pressures.

Figure 4 shows the theoretical mixing ratio as a function of
pressure for some of the most relevant elements in terms of abun-
dance and observability. As a consequence of the assumption of
solar composition, helium is the second most abundant element
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Fig. 4. Atmospheric mixing ratios obtained for metals. Top: mixing
ratios for hydrogen (solid black line), H, (dotted black), He (red), C
(blue), O (dark green), Na (violet), K (orange), and electrons (bright
green) as a function of atmospheric pressure. Neutral (XI), singly
ionised (XII), and doubly ionised (XIII) species are shown as solid,
dashed, and dash-dotted lines, respectively. Bottom: same as the top
panel, but for Mg (red), Si (blue), Ca (dark green), and Fe (violet).
The hydrogen, H,, and e~ mixing ratios are shown in both panels for
reference.

throughout. Thanks to its high ionisation energy, oxygen remains
in its neutral state almost up to the top of the considered pressure
range (similarly to hydrogen), while carbon, which has a slightly
lower ionisation energy, starts to ionise significantly at the 1 nbar
level. Sodium and potassium have similar ionisation energies
and indeed behave similarly, with the ionisation occurring in the
0.01-1 bar pressure range. Also, as a result of their similar ion-
isation energies, magnesium, silicon, and iron have comparable
behaviours with the singly ionised atoms becoming dominant at
the millibar level. This result confirms that Fel and Fell lines
are likely to form at different altitudes in the planetary atmo-
sphere, as suggested by the different velocities and widths of
these features detected through the cross-correlation technique
(Stangret et al. 2020; Nugroho et al. 2020; Hoeijmakers et al.
2020). Among those shown in Fig. 4, calcium is the only element
for which the second ionised species become dominant within
the simulated pressure range.

Figure 2 shows that in the upper atmosphere the CLOUDY
TP profile is about 3000 K hotter than predicted by the HELIOS
model. Remarkably, this difference is about 1000 K larger than
that found for KELT-9b. Following Fossati et al. (2021), we
tested whether this difference could be ascribed to NLTE effects
by computing an additional TP profile with CLOUDY, but
assuming LTE. We remark that even when enforcing the LTE
assumption, CLOUDY computes the populations of the first two
energy levels of hydrogen in NLTE. In the middle and upper
atmosphere, the CLOUDY LTE TP profile, shown in Fig. 2, is
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Fig. 5. Comparison between the NLTE CLoUDY TP profiles obtained
considering all elements up to Zn (solid black line) and excluding Fe
(solid red line) or Mg (solid blue line). The dashed orange line shows
the HELIOS (i.e. LTE) TP profile for reference.

significantly cooler than the NLTE one and lies close to that
computed with HELIOS. Furthermore, the similarity between the
CLouDY LTE and HELIOS TP profiles in the middle atmosphere
suggests that molecules do not have a significant impact on the
shape of the TP profile at pressures lower than 0.1 mbar.

To identify the elements primarily responsible for the dif-
ference between the LTE and NLTE TP profiles, we computed
CLouDY NLTE TP profiles excluding one of the elements at a
time, except for H and He that we always kept in each model.
Similarly to the case of KELT-9b, we found that Fe and Mg
are the elements that most shape the TP profile. In particular,
Fe dominates the heating and Mg the cooling in the middle and
upper atmosphere (Fig. 5). Removing Fe leads to a TP profile that
in the middle and upper atmosphere is between 1000 and 2000 K
cooler than that obtained including Fe. Instead, excluding Mg
leads to an about 300 K hotter TP profile. The other elements,
instead, contribute less than 50 K to the heating or cooling in the
planetary atmosphere.

Compared to the case of KELT-9b (see Fig. 7 of Fossati
et al. 2021), the TP profile computed excluding Fe shows a
significantly smaller temperature increase in the upper atmo-
sphere (<107'% bar), which is most likely due to the weaker EUV
emission of KELT-20/MASCARA-2 compared to KELT-9. This
suggests that metals are primarily responsible for the heating and
cooling in the middle and upper atmosphere. To confirm this,
we extracted from the CLOUDY run the three main heating and
cooling agents and display them in Fig. 6. We find that metal
line absorption (particularly of Fe; Fig. 5) is the main heating
mechanism throughout the entire middle and upper atmosphere,
with photoionisation playing a secondary role, while numer-
ous species contribute to the cooling of the middle and upper
atmosphere, but Mg is by far the most important atmospheric
coolant.

To deepen our understanding of the roles played by Mg and
Fe in shaping the TP profile, we took the output obtained after
the last NLTE CfE iteration and used it as input for a further
CLOUDY run, but considering only Fer (i.e. Fel is not allowed to
ionise) or Fell (i.e. Fell is not allowed to ionise or recombine),
fixing the Fel or Fell density profile to that obtained account-
ing for all elements and ions, and then did the same with Mg
as well. Figure 7 shows the temperature and the total heating
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Fig. 6. Heating and cooling contributions in the atmosphere of KELT-
20b/MASCARA-2b. Top: contribution to the total heating as a function
of pressure. At each pressure bin, the plot shows the three most
important heating processes. The main heating processes occurring
in the middle and upper atmosphere are hydrogen photoionisation
(red; photoionisation of HI lying in the ground state), metal line
absorption (blue), H™ absorption (green), photoionisation of hydrogenic
species (photoionisation of excited HI; magenta), and collisions with
H, (brown). Bottom: contribution to the total cooling as a function of
pressure. At each pressure bin, the plot shows the three most important
cooling agents.

rate as a function of pressure obtained in all these cases and it
clearly indicates that most of the heating is caused by Fell, while
most of the cooling is caused by MgIl. Therefore, the combined
impact of NLTE effects on the level populations of Fe and Mg
(see Figs. A.3—A.6) leads to a general temperature increase in the
middle and upper atmosphere when compared to the LTE profile.
Interestingly, in the case of KELT-20b/MASCARA-2b, the
inclusion of NLTE effects leads to a larger temperature increase
in the middle and upper atmosphere compared to KELT-9b,
although the latter is hotter and orbits a hotter star. This can
be understood by looking at the departure coefficients that are
defined as
b= NNLTE

- > (1)

NLTE

where nnp e and nprg are the densities of a given atom lying in a
certain level in NLTE and LTE, respectively, with the nyrg pro-
files obtained through the Boltzmann equation. A comparison
of the Mg and Fe departure coefficients computed by CLOUDY
for the two planets in the middle and upper atmosphere (see
Figs. A.3 to A.6 for KELT-20b/MASCARA-2b and Figs. C.1 to
C.5 of Fossati et al. 2021) indicates that the b profiles obtained
for Fel and Mg for KELT-20b/MASCARA-2b are on average
significantly smaller (larger in modulus) than those obtained
for KELT-9b. Therefore, the middle and upper atmosphere of
KELT-20b/MASCARA-2b has less MgII available for driving
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Fig. 7. Atmospheric structure and heating rate obtained from isolating
the impacts of Fe and Mg ions. Top: temperature (left) and total heating
rate (right) as a function of pressure obtained accounting for all elements
(black; same as in Figs. 2 and 5), considering that in the planetary atmo-
sphere Fe exists only in the form of Fel (blue), only in the form of Felr
(green), or is absent (i.e. no Fe; same as Fig. 5; red). Bottom: same as
the top, but for Mg.

the cooling, and thus the larger difference between the LTE and
NLTE TP profiles obtained for KELT-20b/MASCARA-2b com-
pared to KELT-9b might be ascribed to a lack of cooling rather
than to an increase in heating.

4.2. Hydrogen Balmer lines

We detect Ha, HB, and Hy with an absorption depth
of 0.789+0.034% (=230), 0.517+0.034% (=150), and
0.394+0.057 % (=70), respectively. We also report the detection
of H¢ at almost 40~ with an absorption depth of 0.272+0.070 %.
We note that KELT-20b/MASCARA-2b is only the sec-
ond planet, after KELT-9b, for which Ho has been detected
(Wyttenbach et al. 2020). The obtained line depths translate into
planetary radii of about 1.25R,, 1.17R;,, 1.13R;,, and 1.09R,
for Ha, HB, Hy, and Ho, respectively, under the assumption
of a symmetrically distributed atmosphere. The line profiles
obtained from the HARPS-N observations are shown in Fig. 8.
The He, HB, and marginally Hy lines have already been
identified in the atmosphere of KELT-20b/MASCARA-2b by
Casasayas-Barris et al. (2019) from the analysis of the transits
collected during nights 1 to 3, plus an additional transit taken
with the CARMENES spectrograph. We note that in the present
work we do not use the CARMENES data to avoid any possi-
ble instrumental systematics, since one more transit would not
add much to our HARPS-N six-transit dataset. Our results are in
agreement within 1o~ with theirs (see Fig. A.7), despite the fact
that Casasayas-Barris et al. (2019) optimised the radial velocity
semi-amplitude of the planet K, for each transit with a Markov
chain Monte Carlo analysis, while we used the same theoretical
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for Her, 4862.71 A for HB, 4341.69 A for Hy, and 4102.892 A for HS.

K, (Table 2) for all six datasets. Planetary atmospheric varia-
tions during transit could mimic K, variations. When the part of
the atmosphere in view during transit changes (because of the
orbital movement and planetary rotation), regions of the atmo-
sphere with different dynamics could become visible, which
could lead to discrepancies between the actual planetary velocity
and the system of velocity of the atmosphere itself. This phe-
nomenon has been clearly observed in the case of WASP-76b
(Ehrenreich et al. 2020; Kesseli & Snellen 2021). The possi-
bility that this could happen also for KELT-20b/MASCARA-2b
has been mentioned by Rainer et al. (2021), but their analysis
of Fe cross-correlation functions did not lead to a statistically
significant detection of this phenomenon.

Our approach of using the same K, for all the transits is
justified by the fact that we aim to obtain an average plane-
tary line profile to compare with theoretical simulations, which
do not account for any possible transit-by-transit variability. To
support this approach, we looked for any variation of the Ha
and Hp absorption depths, centre, and full width half maximum
(FWHM) among the six transits when using the same K, value.
The absorption depth, centre, and FWHM values were derived
by performing a Gaussian fit of average transmission spectrum
given by each transit with a linear regression* using CPNest?

4 We specified the use of an intrinsic scatter in the fit model to take
into account the noise present in the data.
5 https://github.com/johnveitch/cpnest
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(Del Pozzo & Veitch 2022), which is a PYTHON implementation
of the nested sampling algorithm (Skilling 2006). By looking at
the transmission spectra individually, we could find neither sig-
nificant variations beyond the 2.10 level nor correspondences in
the pattern shown by the absorption depths, centre, and FWHM
between the two lines (see Fig. 10 and Table A.l1). A fur-
ther check of our results has been performed independently by
using the Sloppy pipeline (Sicilia et al. 2022), obtaining fully
compatible results.

To further validate the use of the same Kj,, we compared the
depths of the He line with varying K,. Within a reasonable range
of K, values (Fig. 9), the depth of the average line is compatible
within error bars. This fact is a consequence that the width of the
line profile is quite large, and the deviation of the average line
depth value becomes significant only for K, values <50 km s7!
or >280kms!.

5. Discussion
5.1. Comparison with the observations

To compare the observations with the modelling results and fur-
ther explore the impact of NLTE effects, we used CLOUDY to
compute synthetic transmission spectra in both LTE and NLTE.
To this end, we followed the procedure described by Young et al.
(2020) and Fossati et al. (2020), dividing the entire atmosphere
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Fig. 10. Amplitude, centre, and FWHM values of the Gaussian fit
performed on the Balmer He and Hg lines for the average transmis-
sion spectrum obtained each night. No significant variations are present
among the six transits, with the largest discrepancies in the absorption
depth shown during night 2 (Ha, 1.80°) and night 6 (Hg, 2.10°). The full
set of values is presented in Table A.1.

into 100 layers equally spaced in log p and considering a spectral
resolution of 100 000. The theoretical NLTE transmission spec-
trum was computed employing the composite TP profile shown
in Fig. 2 and enabling NLTE throughout the entire transmission
spectrum calculation. Instead, the theoretical LTE transmission
spectrum was computed employing the LTE TP profile shown in
Fig. 2, further joined together with the HELIOS profile as done
to obtain the composite NLTE TP profile (see Sect. 4.1), and

imposing the LTE assumption also for the CLOUDY transmission
spectrum calculation.

The CLOUDY calculations presented above take the sub-
stellar point into account, but the computation of transmission
spectra implies a different geometry (i.e. from emission geom-
etry to transmission geometry), which then calls for a new
calibration of the reference pressure, py, that corresponds to the
reference radius, Ry, that is, the measured transit radius, R,,. To
obtain a more robust calibration, particularly when comparing
the model with the observations, we employed a procedure dif-
ferent from that followed by Fossati et al. (2021). We computed
several transmission spectra by setting po at different pressure
levels in the 0.001-0.1 bar pressure range. We then convolved
each synthetic transmission spectrum with the MASCARA
instrument bandpass (Talens et al. 2017) to obtain R,/R; as a
function of py. Finally, for the comparison with the observations,
we considered the synthetic transmission spectrum computed
with the py value, which leads to the transmission spectrum that
best matches the observed R,,/R; of 0.1175 (Talens et al. 2018).
For the LTE and NLTE theoretical transmission spectra, we find
best-fitting reference pressure values of 0.001 bar and 0.002 bar,
respectively.

To explore the possible error introduced by an inaccurate
po—R, calibration, Fig. A.8 shows theoretical NLTE transmis-
sion spectra in the region of the He line computed by setting
the transit radius at the reference pressure of 0.1, 0.01, and
0.001 bar, both before and after normalisation. As expected,
the non-normalised synthetic transmission spectra have differ-
ent continua, with the difference decreasing with increasing py,
because the atmosphere becomes more and more compact with
increasing pressure. Following normalisation to the continuum,
we find that the actual choice of reference pressure value has no
significant impact on the line absorption depth, particularly when
compared with the noise level of the observations. Together with
the top panel of Fig. A.l, this shows that the choice of refer-
ence pressure, in the computation of both the theoretical TP
profile and transmission spectrum, has no significant impact on
the modelling results.

Figure 8 shows the comparison between the observed and the
synthetic Ha,, HB, Hy, and Ho¢ line profiles (for context, Fig. A.9
shows the profiles of the HI departure coefficients). As also
shown by the y? and reduced y> (sze 4) values listed in Table 3,
the NLTE synthetic spectra are a good match to the data, while
the synthetic LTE line profiles are systematically weaker than
the observations. This is mostly due to the difference in underly-
ing TP profiles employed to compute the theoretical transmission
spectra, particularly because, even in LTE, CLOUDY computes
the hydrogen population of the first two energy levels accounting
for NLTE effects (see Fossati et al. 2021).

The NLTE synthetic spectra slightly overestimate the line
absorption depth compared to the observations. Furthermore, the
predicted line profiles are significantly broader and rounder than
the observed ones, which are instead more triangular. These dif-
ferences are probably caused by the fact that we consider only the
day-side temperature profile, and thus assume that the TP profile
computed at the sub-stellar point is valid across the entire planet
(i.e. both day and night sides). This leads us to overestimate the
gas temperature at the terminator region and thus the line absorp-
tion depth and broadening, because the night side has a lower
temperature. Without this assumption the lines forming on the
night side of the terminator region would not be as strong and
broad, and would mostly contribute to the shape of the line core,
making the synthetic lines weaker and more triangular, similar
to the observed ones. Furthermore, a lower temperature would
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Table 3. y? and reduced x* (x%,) values obtained from the compari-
son between the synthetic LTE and NLTE transmission spectra with the
non-binned observations.

Line NLTE LTE DOF
Xoxa X X

He 159.80 123 41235 317 130

HB 12170 127 24641 257 96

Hy 9234 107 123.65 144 86

HS 5119 063 7346 091 8l

Notes. The last column lists the number of degrees of freedom (DOF).

also lead to a less extended atmosphere, and thus decreased line
absorption depth. The shape of the theoretical H¢ line appears
to be asymmetric, which is probably due to contamination by a
nearby Fel line.

5.2. Ultraviolet to infrared transmission spectrum

To enable future comparisons with observations obtained in
a broad range of wavelengths and by different facilities, we
computed the synthetic NLTE and LTE transmission spec-
tra ranging from the far-UV to the mid-infrared (i.e. from
912 A to 2.85 pm). Figure 11 shows the LTE and NLTE syn-
thetic transmission spectra across the whole considered wave-
length range. Similar plots, but zooming into specific wave-
length ranges for better visibility can be found in Appendix
(Figs. A.10-A.15). For completeness and easier comparison
with observations, we show in Fig. A.16 the transit depth dif-
ference between the theoretical LTE and NLTE transmission
spectra.

Across the simulated wavelength range, the synthetic LTE
transmission spectrum tends to underestimate the absorption,
although there is a small sample of lines, mostly belonging to
Cal and Fe-peak elements, where the LTE assumption overesti-
mates the absorption. As for KELT-9b (Fossati et al. 2021), we
find the strongest deviation from LTE in the UV band, with the
deviation from LTE lying mostly between 5 and 15%, with a
peak of about 17.5% for the Ly line. On average, in the optical
band the deviation from LTE is smaller and lies below 5%, but
there are exceptions, such as the hydrogen Balmer lines where
the deviation from LTE reaches between 10 and 15%. As in the
case of KELT-9b (Fossati et al. 2021; Borsa et al. 2021b), the
O1 triplet at about 7780 A shows a prominent deviation from
LTE. However, in relation to the Ha line, the absorption depth
of the OI triplet is smaller in this case compared to KELT-9b,
which suggests that it might be harder to detect these lines in the
atmosphere of KELT-20b/MASCARA-2b. The infrared band is
dominated by the Paschen « line, for which we find a deviation
from LTE of about 13%. The predicted absorption depth of this
line is comparable to that of the Hy and H¢ lines and might thus
be detectable.

As described by Fossati et al. (2021), the strong difference
between the theoretical LTE and NLTE transmission spectra,
particularly in the UV wavelength range, is due to the differ-
ence in underlying TP profiles. Most of the spectral lines lying
in the UV belong to ionised species, which are more abundant in
the NLTE model as a consequence of the higher temperature of
the NLTE TP profile compared to the LTE TP profile, particu-
larly in the line forming region. Furthermore, the hotter temper-
ature of the NLTE model leads to a higher pressure scale height
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Fig. 11. Comparison between the theoretical LTE (red) and NLTE
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compared to the LTE model, which also affects the absorption
depth of the lines in the transmission spectrum.

5.3. Upper atmosphere

CLOUDY is a hydrostatic code and thus the fact that the com-
posite theoretical TP profile produces a good fit to the observed
hydrogen Balmer lines (see Fig. 8) implies that the atmosphere,
at least in the line formation region and underneath it, is not in
the hydrodynamic escape regime. In Fig. 12, we plot the the-
oretical sound speed (Cs) and the Jeans escape parameter as a
function of pressure; the latter was calculated using Eq. (7) of
Fossati et al. (2017, see also Volkov et al. 2011) for zero bulk
flow velocity. This version of the Jeans escape parameter is based
on the gravitational potential difference between a point in the
atmosphere and the Roche lobe, which lies at about 9.5 Ry (i.e.
about 5.2 R;,), and thus the Jeans escape parameter goes to zero
at the Roche lobe. The Jeans escape parameter is well above 20
in the line formation region and thus any outflow in this region of
the atmosphere is subsonic, explaining why the density profiles
are close to hydrostatic (e.g. Koskinen et al. 2013). In agree-
ment with Casasayas-Barris et al. (2019), we conclude that the
Balmer lines do not directly constrain atmospheric escape and
the planetary mass-loss rate.

5.4. Impact of planetary mass

The radial velocity measurements enabled one to set just
an upper limit on the planetary mass. Therefore, we tested
the impact of the choice of a planetary mass of 3.51 Mj
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Fig. 12. Atmospheric sound speed (black; left y-axis) and Jeans escape
parameter (red; right y-axis) profiles as a function of pressure computed
on the basis of the composite TP profile. The hatched area indicates the
Ha line formation region.

(Borsa et al. 2022) on the main results. The top panel of Fig. 13
shows a comparison between the CLOUDY TP profiles computed
considering a planetary mass equal to 2.5, 3.0, and 3.51 M;. The
three theoretical TP profiles are almost identical, which indicates
that planetary mass has no impact on the obtained temperature
structure. The profiles computed for 2.5 and 3.0 Mj do not extend
in the upper atmosphere as much as that computed for 3.51 Mj,
because of CLOUDY convergence problems at low pressures for
the low-mass models.

We also computed HELIOS TP profiles assuming planetary
masses of 2.5 and 3.0 M; obtaining results essentially identical
to those obtained for a planetary mass of 3.51 Mj. For each of
the two additional values of the planetary mass, following the
procedure described in Sect. 4.1 we combined the HELIOS and
CLouDY TP profiles to obtain the composite theoretical TP pro-
file, and then we followed the procedure described in Sect. 5.1 to
compute the synthetic transmission spectra. From the calibration
of the transmission spectra to the observed planet-to-star radius
ratio, we obtained a reference pressure value of 0.002 bar, which
is the same as that we derived for a planetary mass of 3.51 Mj.

The middle panel of Fig. 13 shows the normalised He syn-
thetic transmission spectra as a function of planetary mass,
further comparing them to the observed profile. As expected, the
line absorption depth increases with decreasing planetary mass
and the higher considered mass of 3.51 Mj leads to a better fit to
the data compared to what is obtained with lower masses. Under
the assumption that the obtained theoretical TP profiles are rep-
resentative of the planetary atmosphere, we conclude that the
mass of KELT-20b/MASCARA-2b should lie between 3.0 and
3.51 Mj.

6. Conclusions

We have presented the transmission spectrum of the UHJ KELT-
20b/MASCARA-2b that covers the Ha, HB, Hy, and Hé line
profiles extracted from six transit observations obtained with
the HARPS-N high-resolution spectrograph. The He, HB, and
Hy lines are definitely detected with absorption depths of
0.79+0.03% (1.25R;), 0.52+0.03% (1.17 R;,), and 0.39+0.06%
(.13 Ry), respectively, while the H¢ line is detected at the ~4o
level with an absorption depth of 0.27+0.07% (1.09 R,). Our
observed Ha and Hp line profiles are in agreement with those
obtained by Casasayas-Barris et al. (2019) based on three transit
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Fig. 13. Comparison between the CLOUDY TP profiles (top), nor-
malised He transmission spectra (middle), and Jeans escape parameter
(bottom) computed by setting the planetary mass equal to 3.51 M,
(black; Borsa et al. 2022), 2.5 M; (red), and 3.0 M; (blue). In the top
panel, the TP profiles are rigidly shifted horizontally by the value indi-
cated in the legend for visualisation purposes. In the middle panel, the
green line shows the observed Ha transmission spectrum.

observations. Ours is the first detection of the Hy and H¢ lines in
the atmosphere of KELT-20b/MASCARA-2b; the Ho line might
be contaminated by a nearby Fel line.

We have also presented the results of forward modelling
of the TP profile of the planetary atmosphere at the sub-
stellar point, covering the 10bar to 10~!2 bar range. The results
were computed by combining the HELIOS (LTE) and CLOUDY
(NLTE) codes, thus accounting for NLTE effects in the middle
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and upper atmosphere. We find an isothermal temperature of
~2200K at pressures higher than ~1072 bar and of ~7700K at
pressures lower than = 1078 bar; in between these pressure values,
the temperature increases roughly linearly. From comparing the
LTE and NLTE theoretical TP profiles, we find that accounting
for NLTE effects leads to a temperature increase in the mid-
dle and upper atmosphere of up to about 3000 K. As was found
for KELT-9b, the temperature inversion is caused by metal-line
absorption of the stellar photons. Furthermore, the higher tem-
perature of the NLTE TP profile, in comparison to the LTE one,
is caused by the impact of NLTE effects on the level populations
of Fe and Mg, which play a significant role in heating and cool-
ing, respectively. This result supports the idea that accounting for
Fe, Mg, and their level population is of critical importance for
adequately modelling the atmospheric energy balance of UHJs.
This agrees with the result of Nugroho et al. (2020) and Johnson
et al. (2023), who looked for the signature of potential molecu-
lar species that might cause the temperature inversion, without
finding it. Metals are the primary cause of the temperature inver-
sion, and the impact of NLTE effects on those metals increases
the magnitude of the temperature rise.

In the model of KELT-9b, the inclusion of NLTE effects
leads to a temperature increase in the upper atmosphere of about
2000 K compared to the LTE profile (Fossati et al. 2021), while
in the model of KELT-20b/MASCARA-2b, which is cooler
and orbits a cooler host compared to KELT-9b, we find a
temperature increase of about 3000 K. Comparisons of the depar-
ture coefficients computed for the two planets in the middle
and upper atmosphere led us to conclude that this difference
might be ascribed to a lack of cooling in the atmosphere of
KELT-20b/MASCARA-2b, rather than to an increase in heat-
ing. Therefore, NLTE effects might also significantly impact the
TP profile of planets cooler than UHJs. This calls for a dedicated
parameter study to gain insight into the impact that the system
parameters have on the deviation from LTE on the atmospheric
TP profile.

We remark that the shape of the stellar spectral energy distri-
bution is likely to play a fundamental role in the properties of the
upper atmosphere of UHJs, and in particular on whether a planet
hosts a hydrostatic or hydrodynamic atmosphere. Both KELT-
9b and KELT-20b/MASCARA-2b host hydrostatic atmospheres,
and the spectral lines lying in the optical range (including He) do
not probe the exosphere and do not directly constrain mass loss.
This is because both host stars are earlier than spectral type A3—
A4 and thus do not have strong X-ray or EUV emission (Fossati
et al. 2018). This prevents the atmospheric hydrogen, which is
by far the most abundant element, from heating up significantly
and thus prevents the upper atmosphere from reaching tempera-
tures high enough to become hydrodynamic. Instead, for planets
orbiting stars later than A3—-A4, the X-ray and EUV irradiation
is expected to be significant, which in turn leads to strong hydro-
gen heating and thus most likely to a hydrodynamic atmosphere.
For this reason, the observations of planets orbiting stars earlier
and later than A3—A4 should not be directly compared to infer
general properties of planets orbiting early-type stars.

We employed the LTE and NLTE theoretical TP profiles to
compute high-resolution synthetic transmission spectra, cover-
ing the UV to infrared wavelength range and thus including the
hydrogen Balmer lines. We find that the NLTE synthetic trans-
mission spectrum is a good fit to the observed Balmer lines,
while, as a result of the cooler temperature structure, the LTE
synthetic line profiles are systematically weaker than the obser-
vations. The synthetic NLTE profiles are slightly stronger and
systematically broader than the observed ones, which is probably

A99, page 12 of 21

caused by the use of the sub-stellar TP profile as the under-
lying structure for computing transmission spectra that probe
instead the terminator region. From comparing the theoretical
LTE and NLTE transmission spectra over the entire considered
wavelength range, we find the strongest deviation from LTE in
the UV spectral band, while in the optical and infrared the hydro-
gen Balmer and Paschen lines present the strongest deviation
from LTE.

Finally, we considered the NLTE atmospheric structure to
compute the sound speed and the Jeans escape parameter across
the planetary atmosphere. We find that the sound speed increases
with decreasing pressure, up to a value of about 12kms~! at the
top of our simulation domain. Instead, the Jeans escape param-
eter suggests that the planetary atmosphere remains hydrostatic
within the entire simulated pressure range.
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Appendix A: Additional figures and table
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Fig. A.1. Comparison among TP profiles computed considering dif-
ferent assumptions for reference pressure, atmospheric composition,
and number of layers. Top: Comparison between CLOUDY TP profiles
obtained when fixing the planetary transit radius to the reference pres-
sure (po) values of 100 mbar (blue), 6 mbar (black), and 1 mbar (red).
Middle: Comparison between CLOUDY TP profiles computed when
accounting for metals plus only hydrogen molecules (black) and for
metals plus all molecules present in the CLOUDY database (red). Bot-
tom: Comparison between CLOUDY TP profiles obtained considering
different numbers of layers, as indicated in the legend. For visualisation
purposes, the TP profiles are rigidly shifted horizontally by the value
indicated in the legend.
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Fig. A.2. Comparison between our composite TP profile (black) with
those published in the literature retrieved from secondary eclipse obser-
vations by Borsa et al. (2022, red), Yan et al. (2022, blue), and Fu et al.
(2022, green). As a further comparison, the dashed green line shows the
result of the forward model presented by Fu et al. (2022). We recall that
the retrieved profiles are an average over the illuminated planet disk; the
black line is computed for the sub-stellar point.



Fossati, L., et al.: A&A proofs, manuscript no. aa46787-23

. 10.000}
< 1.000
Z 0.100}
I .
o 0010
0.001 |
. 10.000}
S 1.000 B
F 0.100}
I L
s 0010
0.001 t . . . . . .
10-'° 1078 107® 10710 1078 1078
pressure [bar] pressure [bar]

Fig. A.3. Departure coefficients as a function of pressure for the first 80 energy levels of Fel. The energy levels are numbered from 1 to 80, and are
separated into groups of ten levels and two line styles (solid and dashed) for each panel. Within each group of ten energy levels, the order of the
line colours corresponding to increasing energy is black, red, blue, dark green, magenta, yellow, brown, grey, bright green, and orange. The dotted
line (at 1.0) indicating nnre = niTE is for reference.
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Fig. A.4. Same as Fig. A.3, but for FeIl.
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Fig. A.5. Same as Fig. A.3, but for MgI.
Table A.1. Gaussian fit parameters for Ho and HpB.
Ha Hp
Night Amplitude CL Centre FWHM Amplitude CL Centre FWHM
[%] T [kms™'] [kms™'] (%] o [kms~'] [kms™']
0.133 2.687 31.781 0.105 6.073 35.157
2017-08-16 077170133 | 6.145 | 159072687 | 40.49473L781 | 031370405 | 3.027 | —14.03078973 | 4477933157
0.075 2.221 5.850 0.076 1.802 4.269
2018-07-12 0.611+007 | 7879 | —2462+2220 | 36.837+3850 | 06251007 | 8.400 | -2.026*18%2 | 28330425
0.114 1.492 3.599 0.087 3.229 13.259
2018-08-19 0.997+0118 | 8955 | 1.492¢1492 | 25.635*3300 | 044770957 | 5.437 179543220 | 43.1847132%9
0.064 2.028 5.167 0.070 1.991 4.638
2019-08-26 0.67670964 | 10.944 | —1.226*2928 | 43.540*3167 | 059370970 | 8.863 146411901 35.634+4038
0.069 1.175 3.012 0.088 4.620 55.881
2019-09-02 0.925+006% | 13342 | -1.022+1175 | 33.998+3912 | 0338+0088 | 3830 | —4.30774620 | 32.980*3588
0.110 2.007 5.837 0.130 1.354 3.027
2022-07-31 0.845*0:10 | 7469 | -0.665*2997 | 30.108*3837 | 0.82070139 | 6.250 2.292+13%4 18.252+3:927
Weighted mean | 0.789*0033 | 22935 | -0.654*0747 | 34.678*]701 | 05177003 | 15.049 | -0.907*09% | 289102228
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Fig. A.6. Same as Fig. A.3, but for MglII and up to the first 20 energy
levels, which are those included in the 17.03 CLOUDY distribution.
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Fig. A.7. Comparison between our results obtained from combining
six transits observed with HARPS-N (black) and that published by
Casasayas-Barris et al. (2019) employing HARPS-N (three transits; red)
and CARMENES (one transit; blue). The top, middle, and bottom pan-
els show the comparison for the Ha, HB, and Hy lines, respectively. The
central wavelengths of the Balmer lines (in vacuum) used to convert the
wavelengths into velocities are 6564.60 A for He,, 4862.71 A for HB, and
4341.69 A for Hy. Lines correspond to the original data, while to guide
the eye dots are the data binned to about 7.5kms™!. The vertical and
horizontal dotted lines respectively at zero and one are for reference.

The HARPS-N transmission spectra of Casasayas-Barris et al. (2019)
are about 20% noisier than those presented here.
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Fig. A.8. Comparison between CLOUDY synthetic transmission spectra
of the Ha line before (top) and after (bottom) normalisation, computed
considering different reference pressure levels at 0.001 bar (black),
0.01 bar (red), and 0.1 bar (blue). For reference, in the bottom panel
the green line shows the observed Ha transmission spectrum, while the
straight black line shows the average 10~ uncertainty obtained from the
observations. Wavelengths are in vacuum.
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Fig. A.9. Same as Fig. A.3, but for the first ten energy levels of HI.

A99, page 17 of 21



A&A 676, A99 (2023)

0.18 Ly .
Sill oI CII .

0.17 Sill
o 0.16
™ 0.15
o

0.14

0.13 EymiaRR R v
2 sk .
" . i
= 10— ]
o -
b1z Sf
=z 0 . . . , =

1100 1200 1300 1400 1500

wavelength [A]

Fig. A.10. Same as Fig. 11, but for the 1100—1550A band.
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Fig. A.11. Same as Fig. 11, but for the 1500-2350A band.
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Fig. A.12. Same as Fig. 11, but for the 2300-3050A band.

Till Till

8
S
1w
|5 4 b
W= 2 il
z O . . . . .
3000 3200 3400 3600 3800 4000

wavelength [A]

Fig. A.13. Same as Fig. 11, but for the 3000-4050A band.
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Fig. A.14. Same as Fig. 11, but for the 4000—6100A band.
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Fig. A.15. Same as Fig. 11, but for the 6000-11000A band.
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Fig. A.16. Transit depth difference between the NLTE and LTE transmission spectra shown in Fig. 11. The top plot covers the UV and optical
range, while the bottom plot covers the infrared band.
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