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ABSTRACT

9\ Context. Because of its close distance to an active K-type star, the hot Jupiter WASP-80b has been identified as a possible excellent
target for detecting and measuring Hel absorption in the upper atmosphere.

Aims. Our aim was to look for, and eventually measure and model, metastable Her atmospheric absorption.

Methods. We observed four primary transits of WASP-80b in the optical and near-infrared using the HARPS-N and GIANO-B
high-resolution spectrographs attached to the Telescopio Nazionale Galileo telescope, focusing the analysis on the Her triplet. We
further employed a three-dimensional hydrodynamic aeronomy model to understand the observational results.

Results. We did not find any signature of planetary absorption at the position of the Her triplet with an upper limit of 0.7%
(i-e. 1.11 planetary radii; 95% confidence level). We re-estimated the stellar high-energy emission that we combined with a stellar
photospheric model to generate the input for the hydrodynamic modelling. We obtained that, assuming a solar He to H abundance
ratio, Hel absorption should have been detected. Considering a stellar wind 25 times weaker than solar, we could reproduce the
non-detection only assuming a He to H abundance ratio about 16 times smaller than solar. Instead, considering a stellar wind
10 times stronger than solar, we could reproduce the non-detection only with a He to H abundance ratio about 10 times smaller
than solar. We attempted to understand this result by collecting all past Hel measurements looking for correlations with stellar
high-energy emission and planetary gravity, but without finding any.

Conclusions. WASP-80b is not the only planet with a sub-solar estimated He to H abundance ratio, suggesting the presence of
efficient physical mechanisms (e.g. phase separation, magnetic fields) capable of significantly modifying the He to H content in the
upper atmosphere of hot Jupiters. The planetary macroscopic properties and the shape of the stellar spectral energy distribution
are not sufficient for predicting the presence or absence of detectable metastable He in a planetary atmosphere, as also the He
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abundance appears to play a major role.
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1. Introduction

Atmospheric escape, that is the process through which
planetary atmospheres heat up, expand, and disperse into
space, is a fundamental process affecting planetary atmo-
spheric composition, structure, and evolution (e.g. |Yelle
2004; [Garcfa Munoz| 2007 [Koskinen et al.|[2010}; [Lopez &

Fortney| 2013; |[Shaikhislamov et al|[2014} |Jin et al.[2014;
Jin & Mordasini[2018} [Owen & Wul[2017; [Kubyshkina et al.|

2018bj; Modirrousta-Galian et al.||2020). For example, it is

* Based on observations made with the Italian Telescopio
Nazionale Galileo (TNG) operated on the island of La Palma
by the Fundacion Galileo Galilei of the INAF at the Spanish
Observatorio Roque de los Muchachos of the IAC in the frame
of the program Global Architecture of the Planetary Systems
(GAPS).

planets and satellites: atmospheres — planets and satellites: individual: WASP-80b — techniques: spectroscopic —

believed that atmospheric escape has profoundly shaped
the evolution of the inner solar system planets and that it
has set the basic conditions for the development of a habit-
able Earth (e.g. Lammer et al|[2018] 2020} [Airapetian et al|

2020).

Because of the low optical depth of the gas in upper
planetary atmospheres, escape is observationally studied
typically employing transmission spectroscopy at ultravio-
let (UV) wavelengths (e.g. [ Vidal-Madjar et al.[2003} Lecave-
lier des Etangs et al.|2012} [Fossati et al.[2010; [Linsky et al.
2010; [Ehrenreich et al.|[2015}; Bourrier et al.|[2018b; [Garcial
Munoz et al.[[2021). However, most planet-hosting stars are
dim in the UV and the background stellar light is spatially
and temporally variable, particularly in the far-UV (FUV;
e.g.[Haswell et al.[2012; Llama & Shkolnik|2015|,2016). This
often poses challenges to the interpretation of the observa-
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tions, which have indeed led to controversial results (e.g.

idal-Madjar et al.|[2003], 2008}, [Ben-Jaffell 2007, 2008} Ben-

dance has been further confirmed by 3D multi-fluid self-
consistent aeronomy simulations by |Shaikhislamov et all

Jaffel & Sona Hosseini| 2010} [Linsky et al|[2010; Ballester

(2021, He/H=~0.013), who further strengthened the im-

& Ben-Jaffel 2015).

|Seager & Sasselov| (2000) and |Oklopci¢ & Hirata, (2018))
suggested that the metastable Her 23S triplet at ~10830 A
may be an alternative way to UV observations for probing
upper atmospheres and escape. These features have the sig-
nificant advantage of lying in a region of the near-infrared
(nIR) relatively devoid of absorption lines from the Earth’s
atmosphere and close to the peak of the spectral energy dis-
tribution of typical planet hosts. Early attempts at detect-
ing these features at low spectral resolution from the ground
were unsuccessful (Moutou et al[[2003)), whereas absorption
was detected for the warm giant WASP-107b at low resolu-
tion with HST (Spake et al|2018)). The Hel triplet has then
been detected for a number of close-in gas giant planets,
mostly employing ground-based high-resolution transmis-
sion spectroscopy (e.g. [Nortmann et al|[2018; |Allart et al.
2018, [2019; [Salz et al|2018; Mansfield et al.[2018; |Alonso-
Floriano et al.||2019; |Guilluy et al.|2020; [Paragas et al.
2021)).

The observational results of Nortmann et al.| (2018) in-
dicate that the presence and strength of the Hel triplet in
planetary transmission spectra depend strongly on stellar
activity, and in particular on the high-energy stellar radi-
ation (X-ray and EUV; together XUV). 2019
studied the formation of the triplet as a function of stel-
lar spectral energy distribution (SED) finding that the for-
mation and strength of the triplet does not depend exclu-
sively on the XUV stellar emission, but also on the near-UV
(NUV) emission (i.e. <2600 A), which is the radiation ion-
ising Hel in the metastable state (see also |Lampon et al.
2020, 2021}; [Shaikhislamov et al|[2021}; [Khodachenko et al.

portance of the stellar wind for modelling the observed
Her transit absorption features. Using a 1D hydrodynamic
(HD) code, |Alonso-Floriano et al.| (2019)) and |[Lampon et al.|
(2020) derived a similarly low He abundance also for the
hot Jupiter HD209458b. Lampoén et al.| (2021)) applied a
1D Parker-like solution fitted to the aeronomy simulation
of Salz et al.| (2016 to model the atmospheric outflow of
HD189733b finally obtaining a rather low He abundance of
He/H ~0.008 (i.e. about ten times sub-solar). These results
indicate that a non-solar He/H abundance ratio may be a
common characteristic among hot Jupiters.

WASP-80b is a hot Jupiter orbiting a K-type star (Tri-
aud et all|[2013], 2015} [Mancini et al|[2014} [Bonomo et al.
2017%, which is rather active (e.g. Salz et al.| 2016} King
et al. . Transmission spectroscopy of WASP-80b has
been carried out in the optical from the ground and in the
nIR with HST. The observations led to a tentative detec-
tion of the Na and K alkali lines (Sedaghati et al.||2017)
and of water (Tsiaras et al.| 2018} [Fisher & Heng| [2018]),
suggestive of low metallicity. [Salz et al| (2016 computed
1D hydrodynamic simulations of the upper atmosphere of
WASP-80b concluding that this is one of the most promis-
ing targets for the observational detection of atmospheric
escape, particularly at FUV wavelengths. More recent es-
timates of the stellar high-energy emission by Kin% et a?.
2018) further strengthened the conclusion of Salz et al.
2016|). Therefore, given that the planet orbits an active
K-type star and that it is believed to host an extended at-
mosphere, WASP-80b appears to be an ideal candidate for
the search and detection of metastable Hel from the ground
employing high-resolution transmission spectroscopy

2021a). Therefore, the Hel metastable lines are preferen-
tially formed for planets with extended atmospheres orbit-
ing stars with strong XUV and low NUV emission, that is
active K-type stars. The non-detection of the Hel triplet for
GJ436b (Nortmann et al.|2018), although the atmosphere
is heavily escaping (e.g. [Ehrenreich et al.[2015]), demon-
strates the importance of the shape of the stellar SED in
the formation of these features.

Allart et al| (2019) applied to WASP-107b a three-
dimensional (3D) Monte Carlo code to show that, through
radiation pressure, the stellar nIR emission plays a signifi-
cant role in shaping the Hel planetary absorption. For this
planet, Khodachenko et al.|(2021a) and Wang & Dai (2020)
derived a nearly solar Helium abundance (He/H=0.1),
although the latter work disregarded radiation pressure,
which led them to consider an extreme stellar wind of ten
times solar to explain the observed ~3kms~! blue shift of

the planetary absorption features. Instead,
(2021a)) were able to reproduce the observations con-

sidering a more moderate solar-like wind thanks to the self-
consistent inclusion of the stellar radiation pressure acting
on the metastable helium.

The detection and measurement of metastable Hel gives
the unique opportunity to constrain the atmospheric He
abundance of exoplanets. Employing a one-dimensional
(1D) aeronomy code based on the models developed by
Salz et al| (2016) and |Oklop¢i¢ & Hiratal (2018)), Ninan|
et al.| (2020)) and [Palle et al|(2020) derived for the warm
Neptune-like planet GJ3470b a He abundance 5-10 times
smaller than solar (i.e. He/H=0.01). This low He abun-
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et al.|[2020).

We present here nIR transmission spectroscopy obser-
vations of WASP-80b, carried out with the GIANO-B high-
resolution spectrograph (Claudi et al.|[2017)), covering the
Her triplet. We also present 3D modelling of the plane-
tary atmosphere attempting to reproduce the observational
results and finally aiming at constraining key parameters
characterising the planetary upper atmosphere.

This paper is organised as follows. Section [2] presents
the observations and the data analysis, while in Section
we describe the results obtained from the observations. Sec-
tion [] shows the results obtained from 3D modelling of the
upper atmosphere of WASP-80b aiming at reproducing the
observations. In Section [f] we summarise the work, discuss
the observational and theoretical results, putting them in a
wider context, and gather the conclusions.

2. Observations and data analysis
2.1. Data Reduction

We observed the WASP-80 system with the nIR echelle
spectrograph GIANO-B installed on the 3.6 m Telescopio
Nazionale Galileo (TNG) telescope (Oliva et al.|2006]). The
observations were carried out in GIARPS (GIANO-B +
HARPS-N; [Claudi et al|[2017)) observing mode and were
performed with the nodding acquisition mode, with the tar-
get observed at predefined A and B positions on the slit,
following an ABAB pattern (Claudi et al.[2017). Therefore,
the target and sky spectra are taken in pairs by using the
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Table 1. WASP-80b log of TNG-GIARPS observations.

Table 2. Stellar and planetary parameters adopted in this work.

Night Nobs | Exposure time | S/Navg Parameters Value Reference
09 August 2019 52 200s 28 Planetary and transit parameters
21 September 2019 56 200s 26 To [BJDrpB] 2456125.417574(86)  [Bonomo et al.| (2017))
26 June 2020 54 200s 26 P [d] 3.0678523410-000000%% [ Triaud et al.| (2015
17 September 2020 | 50 200s 18 i [deg] 89.0270 15 Triaud et al. (2015

Notes. The second column gives the number of spectra collected
during each night. The fourth column lists the time-averaged
S/N in the spectral region containing the Her triplet (10825—
10845 A).

two nodding positions along the slit (A and B); in this way
the slit looking at the sky provides an accurate reference for
subtracting the thermal background and telluric emission
lines.

GIANO-B achieves simultaneous coverage in the wave-
length range 0.95-2.45 pum, split into fifty orders, at a spec-
tral resolving power of R~ 50,000. The dataset encom-
passes four primary transit events (UT 09 August 2019,
UT 21 September 2019, UT 26 June 2020, UT 17 Septem-
ber 2020) of WASP-80b that have been observed within the
context of the Global Architecture of Planetary Systems
(GAPS) programme (Borsa et al.|2019; |Guilluy et al.|[2020;
Giacobbe et al.[|2021]). Table 1| presents the observing log
by listing the number of collected spectra, exposure times,
and achieved signal-to-noise ratio (S/N) in the spectral re-
gion of interest (10825-10845 A), while Figure [1] shows the
variation of the S/N for each image (for the spectral order
39). As Table (1| and Figure [I| show, the data collected dur-
ing the observed transit event at UT 17 September 2020
exhibit a lower S/N compared to the other observations,
probably due to the presence of thin clouds. We thus pre-
ferred to discard this transit from the analysis. The target
was observed within an airmass range of 1.16-1.72 (see the
left panel of Figure .

The GIANO-B spectra were dark-subtracted, flat-field
corrected, and extracted (without applying the blaze func-
tion correction) with the GOFIO data reduction pipeline
(Rainer et al.|[2018), which provides also a preliminary
wavelength calibration (defined in vacuum) using an U-Ne
lamp spectrum as a template. The reduction process in-
cludes also bad pixels removall} The resulting spectra are
in the terrestrial rest frame. For the rest of the analysis we
focused on the spectral order 39, where the helium triplet
falls.

One spectrum (2459027.627261 BJDrpp, at phase
0.00475), collected during night UT 26 June 2020, exhibited
an anomalous flux excess at A\ ~10832.74 A and another at
A ~10832.89 A (pixel #688 and #689) probably due to a
strong cosmic-ray not perfectly corrected by the GOFIO
pipeline, thus we preferred to discard this particular spec-
trum from the rest of the analysis.

The output of the GOFIO pipeline (wavelength solu-
tion and flux) required additional processing steps before
proceeding with the data analysis. The mechanical insta-
bility of the instrument causes the wavelength solution to
change during the observations and, since the U-Ne lamp
spectrum is only acquired at the end of the observations,
the wavelength solution determined by GOFIO could be

1 We updated the GOFIO bad-pixel mask to account for several
bad pixels, which contaminated the spectral region of interest.

b 0.21570055 Triaud et al.

(2015)
(2015)
(2015)
Triaud et al.| (2015)
(2015)
(2015)
(2015)

Rp [Ryup)] 0.999010-0599

Mp [Miup] 0.53870 052 Triaud et al.| (2015
pp [gem ™3] 071775955 Triaud et al.| (2015

a [au] 0.0344tg;gg12 Triaud et al.| (2015
kp [km s 122.0133 This paper(®

e <0.02 Bonomo et al.| (2017)
Stellar parameters B o
R. [Ro] 0.5860 01% Triaud et al.| (2015)
M, [Mo] 0.57715:92, Triaud et al.| (2015)
ks [m s 109.073% Triaud et al.| (2015)
Vays [km s 9.82(77) km s+ Gaia DR2(

B-V 0.929 Triaud et al.|(2013)

Notes. From top to bottom, the parameters are time of cen-
tral transit, planetary orbital period, inclination angle, transit
impact parameter, planetary radius, planetary mass, planetary
bulk density, orbital separation, semi-major amplitude of the
planetary radial velocity curve, eccentricity, stellar radius, stellar
mass, semi-major amplitude of the stellar radial velocity curve,
systemic radial velocity, Johnson B — V color. (¥ Derived from

a, P, and i as 2%“ sini. () |Gaia Collaboration et al. (2018).

not particularly accurate. We corrected for this instability
by following the recipe described by Brogi et al.| (2018),
Guilluy et al.| (2019} 2020), and |Giacobbe et al.| (2021)). In
short, for each observation, we aligned every spectrum to a
common wavelength scale using spline interpolation based
on the measured shift computed via cross-correlation with
a time-averaged observed spectrum of the target used as a
template. This means aligning the sequence to the reference
frame of the Earth’s atmosphere, which is also assumed as
the frame of the observer neglecting any ~10ms~" differ-
ences due to winds. We successively used the atmospheric
transmission spectrum generated via the ESO Sky Model
Calculatorﬂ to refine the standard GOFIO wavelength cal-
ibration.

2.2. Transmission spectroscopy

We performed transmission spectroscopy applying the steps
described below independently to each transit and consid-
ering the system parameters listed in Table 2] First, we
corrected for contamination from the Earth’s atmosphere,
which produces both absorption and emission lines in the
spectral region around the helium triplet. We corrected for
the Earth’s absorption lines by using the relation between
airmass and strength of the telluric lines (e.g. |Snellen et al.
2008; [Vidal-Madjar et al.| [2010} [Astudillo-Defru & Rojo
2013). To this end, we first shifted (via quadratic interpola-
tion) each spectrum to the stellar rest frame by computing
the stellar radial velocity V, in the telluric reference sys-
tem. Assuming a circular orbit (see Table , this is given

2 https://www.eso.org/observing/etc/bin/gen/form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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Fig. 1. Airmass (left panel) and S/N (right panel) measured during the GIARPS observations. The vertical dashed lines mark

the t1, ta, t3, and t4 contact points (from left to right).

by:

Vi = Viys + Voar — ko sin[2m ¢(2)] , (1)

where we accounted for the velocity of the observer induced
by the rotation of the Earth and by the motion of the Earth
around the Sun (i.e. the barycentric Earth radial velocity,
Vbar), the stellar reflex motion induced by the planet (i.e.
k, sin[2m (¢(t))], where ¢ is the planet’s orbital phase and ki
is the stellar radial-velocity semi-amplitude), and the sys-
temic velocity of the star-planet system with respect to the
barycentre of the solar system (Viys). Then, we normalised
each spectrum by dividing it by the average flux within
two intervals on the immediate blue (10826.0-10828.0 A)
and red (10838.5-10839.5 A) sides of the Her triplet, where
telluric and stellar lines are absent.

Using the out-of-transit spectra alone, we created a tel-
luric reference spectrum (T(\)) by extracting the linear cor-
relation existing between the logarithm of the normalised
flux and the airmass (e.g. [Wyttenbach et al|[2015). Then,
we divided all spectra by the reference telluric spectrum
rescaled such that each spectrum would have been acquired
at the same airmass, namely the average airmass of the
in-transit spectra (collected between the t; and t4 contact
points). In this way, we did not directly correct for telluric
lines, but bring them to the same strength across all spectra
so that they were automatically deleted when we created
the transmission spectra. Since the shift of the telluric lines
in the stellar rest frame due to the barycentric component in
each analyzed transit was much lower than the instrumen-
tal resolution, we preferred to perform the telluric removal
in the stellar rest frame and not in the Earth’s one. In this
way, we avoided spurious features in the telluric reference
spectrum in correspondence of strong stellar lines because
of the low S/N (see Borsa & Zannoni|2018)). We remark that
the final results do not depend on the rest frame of the tel-
luric correction. Since during the transit at UT 26 June
2020 the telluric contamination was practically absent, we
decided to not perform the telluric correction, in this way
we avoided correlated noise in the final spectra. Figure
shows the results of these preliminary reduction steps for
each observing night. On the night of the UT 21 Septem-
ber 2019, the strongest component of the helium triplet is
blended with the water telluric absorption line at 18835.1 A
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Normalized Flux

0.04 — 09 August 2019
—— 21 September 2019
—— 26 June 2020

-0.5
1082.0

1083.0 1083.5 1084.0

Wavelength[nm]

1082.5 1084.5

Fig. 2. Normalised spectra in the stellar rest frame of the three
considered transits (gray dots) overlaid the correspondent time-
averaged spectrum. The spectra are plotted with vertical offsets
for clarity. Vertical orange lines mark the position of the three
components of the metastable Her triplet.

(wavelength in the Earth’s rest frame). However, as the re-
sult we obtained from this observing night is in agreement
with that obtained in the other two nights, we are confident
that the applied telluric removal worked appropriately.

Ground-based observations are contaminated also by
telluric emission lines. In particular, in the spectral region of
interest, there are three OH emission lines that fall near the
Her triplet (at ~10832.1A, ~10832.4 A, and ~10834.3A,
where the wavelengths are in vacuum). However, since the
observations have been gathered with the nodding acquisi-
tion mode that allows for subtraction of the thermal back-
ground and emission lines (see Sect. [2.1)), there was no need
to perform an additional correction, as instead has been
done in other works (e.g. [Nortmann et al|2018; Salz et al.|
[2018}; [Allart et al.|2019).

For each night, we then built a master stellar spec-
trum Spaster from all out-of-transit spectra (i.e. with orbital
phase smaller than t; or greater than t4) by computing the
weighted mean, using w=1/0? as the respective weights,
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where o are the uncertainties associated with each wave-
length bin. We then derived the transmission spectra 1" by
dividing each spectrum for Spaster- Transmission spectra
corrected for the telluric lines with the airmass relation can
still present some correlations and telluric residuals caused
by the variation of precipitable water vapor. We thus ap-
plied a second telluric correction following the approach of
Wyttenbach et al.|(2015]). In short, for each observation, we
performed a linear fit between the telluric reference spec-
trum (previously calculated, i.e. T()X)) and the transmission
spectrum. We then divided the transmission spectrum by
the fit solution. All full in-transit transmission spectra (i.e.
obtained between the to and t3 contact points) were finally
averaged to create the transmission spectrum for each ob-
served transit. The top panel of Figure[3|shows the weighted
mean averaged transmission spectrum for each night, while
the bottom panel displays the averaged transmission spec-
trum over the three observed transits T,ye. We did not cor-
rect for the fringing pattern typical of GIANO-B spectra
as the modulation caused by it is significantly smaller than
the final error barsﬂ To remove possible linear trends in
the continuum, we computed a robust linear fit of each T’
in the 10815-10850 A range and divide it out. We avoided
the region around the helium triplet (£20kms~! centered
at 1083.3nm) in performing the linear fit. Then, we shifted
via quadratic interpolation every T in the planetary refer-
ence frame, by calculating the planet’s radial velocity in the
stellar rest frame as

Vb = +k, sin[27 ¢(t)] + kp sin[27(t)], (2)

where kp is the planet’s radial-velocity semi-amplitude. The
2D maps of the transmission spectra in the planet rest
frame are shown in the appendix (see Fig. .

3. Results

The presence of an extended and possibly escaping atmo-
sphere containing a significant amount of metastable He
would appear as absorption features in the transmission
spectrum in the planet’s rest frame at the position of the
stellar helium triplet. However, as Figure [3| shows, this is
not the case: we did not detect any significant absorption
feature at the position of the Hel triplet, either considering
the single nights or all transits combined together.

We thus estimated the upper limit ¢ (in Fi,/Fout) of
the Hel absorption in the transmission spectrum of WASP-
80b considering the standard deviation of Ty, in a spectral
region around the helium triplet (10829-10836 A). We then
translated it into an effective planetary radius Reg as

Reﬁ _
Rp

d+c
te, )

where ¢ is the transit depth (i.e. (%‘:)2), and c is the up-
per limit for the detection of a signal given the measured
standard deviation of ~0.85% at the 95% confidence level.
Finally, we estimated an upper limit for the effective radius
of Regg ~ 1.14 R, at the 95% confidence level.

We refined this upper limit by performing an injection
and retrieval analysis. The injected model consisted in a

3 We estimated the amplitude of any possible fringing pattern
by fitting sinusoids to the transmission spectra, and verified their
amplitude to be less than 29% of the average error-bar.

Gaussian function with a fixed full width at half maximum
(FWHM; computed by convolving the instrumental resolu-
tion with the planetary tidally locked rotation), a fixed cen-
ter (the position of the reddest component of the Her (23S)
triplet and a variable amplitude. We changed the ampli-
tude of the Gaussian function mimicking a planetary signal
until the retrieved absorption had a statistical significance
of 20 compared to the continuum noise. In this way, we es-
timated a more accurate upper limit of ¢c~0.7% at the 95%
confidence level, which translates into R.g ~1.11 R, at the
95% confidence level.

4. Modelling
4.1. Stellar spectral energy distribution

The population of metastable Hel in the upper planetary
atmosphere is affected by the stellar XUV and UV flux,
while the stellar nIR emission controls radiation pressure
driving the motion of the escaping He atoms (e.g. |Oklop¢ic
& Hiratal|2018; |Oklop¢i¢| 2019 [Lampon et al.|[2021; |[Kho-
dachenko et al.||2021a)). Therefore, to enable modelling the
planetary upper atmosphere and thus attempt to reproduce
and explain the non-detection of metastable Hel in WASP-
80b, we estimated the stellar emission in the relevant bands
as follows.

Except for the Hel stellar absorption lines, the nIR stel-
lar emission is purely photospheric. To model it, we em-
ployed MARCS models (Gustafsson et al.|2008), which ac-
count for both atomic and molecular opacities. We con-
sidered a stellar effective temperature (Teg) of 4150+100 K
and a surface gravity (log g) of 4.5 (Triaud et al.|[2013} 2015}
Gaia Collaboration et al[|2018). The logg values derived
for WASP-80 and listed in the literature are slightly higher
than 4.5, namely 4.6-4.7, but log g has a negligible impact
on the nIR emission. Instead, Teg, which has the largest
impact on the nIR flux, is known with a rather large un-
certainty of about 100 K. Also the stellar radius listed in
the literature spans between 0.571 and 0.606 R (Triaud
et al|2013] |2015; |Bonomo et al.|[2017} |Gaia Collaboration
et al.|[2018). For this reason, we estimated the minimum
and maximum nlR flux in the region covered by the Hel
lines by combining the minimum and maximum 7T.g val-
ues (i.e. 4050 and 4250 K) and stellar radii, respectively. In
this way, we obtained a minimum value for the nIR con-
tinuum flux around 10830 A at the distance of the planet
(0.0344 AU; [Triaud et al|[2015) of ~5923 ergem=2s~! A1
and a maximum flux of ~7686 ergcm=2s~1 A1, Therefore,
as a consequence of the uncertainties on stellar radius and
Tefr, the nIR flux varies by at most a factor of ~1.3.

The XUV emission of WASP-80 has been estimated by
Salz et al.| (2016) and King et al. (2018)) on the basis of X-
ray observations collected with ROSAT and XMM-Newton.
Our starting point for estimating the stellar XUV flux is the
result of [King et al.| (2018]), who derived an XUV flux at
the distance of the planet of 890044300 ergcm™2s~! inte-
grating over the 13.6€eV and 2.4 keV range (i.e. 5.2-912 A).
The uncertainty on the XUV emission given by |King et al.
(2018)) is dominated mostly by the rather large uncertainty
on the stellar distance of 60420 pc, which was based on a
photometric parallax. In the meantime, the Gaia satellite
provided a significantly more precise distance to the star of
49.7340.05 pc (Gaia Collaboration et al.|2016, [2021]). This
enabled us to improve the precision of the measurement
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Fig. 3. Top: weighted mean averaged transmission spectrum

for each observed transit. Bottom: weighted mean of the three

observed transits. Vertical orange lines mark the position of the three components of the metastable Herl triplet. Since the final
error bars are calculated following error propagation by taking as initial errors the square root of the extracted spectra aligned in
the telluric rest frame, the final error bars correspond to one standard deviation.

of the X-ray flux based on the XMM-Newton observations
(Lx =4.8570 32 x 10?7 ergs™') and thus also the accuracy
of the XUV flux, which we estimated employing the scaling
relations given by [King et al.| (2018) and the updated stel-
lar X-ray luminosity. In this way, we obtained an XUV flux
at the distance of the planet integrated over the 5.2-912 A
range of ~6281 ergcm 257!, which corresponds to a value
of ~7.5ergem 257! at the distance of 1 AU. This value is
a factor of about three lower than that obtained using the
scaling relation of |Sreejith et al| (2020) and the measured
log Riy value of about —4.04 (see below), which is within
the uncertainties.

The UV (FUV and NUV) emission of WASP-80, partic-
ularly at wavelengths below 2600 A, is not photospheric and
thus it cannot be estimated employing the MARCS model.
Therefore, to estimate the UV flux at the distance of the
planet we looked for a star as similar as possible to WASP-
80 in terms of both atmospheric parameters and activity
and with an observed UV spectrum. GJ832 is an early M
dwarf with an effective temperature of about 3600K (e.g.
Kuznetsov et al|2019) and a measured log Rj;; value of
about —5.1 (Jenkins et al|2006; Boro Saikia et al.|2018;
[Hojjatpanah et al.|2019} |Sreejith et al.[2020), thus slightly
cooler and less active than WASP-80, but with a measured
UV flux and a modelled XUV flux that can be used as an-
chor (France et al|[2016). We estimated the UV spectral
emission of WASP-80 by rescaling the stellar flux of GJ832
until the XUV flux matched that derived for WASP-80. In
particular, to match the XUV flux of WASP-80, we had to
multiply the XUV flux of GJ832 by a factor of 6.8, which
is in line with the fact that WASP-80 is more active than
GJ832, as indicated by the respective log R values. The
rescaled UV spectrum of GJ832 is shown in Figure [ in
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comparison to the MARCS model and the average XUV
flux.
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Fig. 4. Photospheric emission of WASP-80 obtained from
MARCS models (black line) and MUSCLES SED of GJ832 (red
line) rescaled in such a way to reproduce the XUV emission of
WASP-80 derived from the X-ray measurements and the scaling
relations of . The MARCS model has been con-
volved to a resolution comparable to that of the MUSCLES spec-
trum of GJ832 in the optical and infrared. The blue line shows
the average XUV stellar emission at the distance of the planet.
For reference, the vertical dashed lines indicate from left to right
the position of the hydrogen ionisation threshold (/912 A), the
position of the metastable Hel ionisation threshold (/2600 A),
and the approximate position of the Hel features (~10830 A)

Given that WASP-80 is a rather active star, we looked
for possible time variations of the stellar high-energy emis-
sion by looking at the Cait H&K line core emission. In par-
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ticular, we summed up the HARPS-N spectra, obtained
simultaneously to the GIANO data, within each night to
obtain master spectra to increase the S/N. Figure [5 shows
that the high-energy emission measured from the HARPS-
N spectra is comparable among the three nights of our
observations. We employed the master spectra to measure
log Riyi (Noyes et al.|1984; Rutten|1984; Fossati et al.[2017))
obtaining values ranging between —4.02 and —4.06. We also
looked for variations of the log Rj;k value within each night
obtaining that the variability lies within the uncertainties.

5F ___ HARPS-N 20190809
—_HARPS—N 20190921
4F — HARPS-N 20200626

N

[N
T LA [T T T T

flux density [arb. units]

3925 3930 3935

wavelength [A]

3940 3945

Fig. 5. Comparison among the master HARPS spectra of the
Calr K line obtained combining the data collected within each
night and convolved to a spectral resolution of 10,000, for visu-
alisation purposes.

4.2. 3D hydrodynamic modelling

The 3D modelling results presented here are based on a
multi-fluid self-consistent aeronomy model of the plane-
tary wind and of its interaction with the stellar wind. The
code has already been employed to model the upper atmo-
sphere and reproduce the observations of the hot Jupiter
HD209458b (Shaikhislamov et al.|2020bf), the warm Nep-
tunes GJ436b (Khodachenko et al.||2019) and GJ3470b
(Shaikhislamov et al.[[2021), and the super-Earth mMenc
(Shaikhislamov et al.[|2020al). In particular, the works of
Shaikhislamov et al.[(2021) and [Khodachenko et al.| (2021al)
focus on the modelling of metastable Hel in the planetary
atmospheres and on fitting the relative observations.

The code solves continuity, momentum, and energy
equations for all considered species, which are H, Ht, Hy,
Hy, Hi, He, He*, and Hej. The metastable Her (23S)
atoms are treated as a separate fluid with its own ve-
locity and temperature, which are determined by those
of the species from which they originate, namely He™ or
Hel (13S), depending on whether recombination or exci-
tation from the ground state, respectively, generate the
Her in the metastable state. Elastic collisions with other
species also affect the macroscopic physical parameters of
the Her (23S) fluid. All reactions, which populate and de-
populate the Her (23S) component, are those listed by [Ok-
lop¢i¢ & Hiratal (2018) and [Shaikhislamov et al.| (2021} Ta-
ble 1), while the details of the absorption calculations are
described in [Shaikhislamov et al.| (2021)).

We employed the UV flux derived as described in Sec-
tion to compute the photoionisation time of Her (235)

atoms, obtaining about 2.3 minutes at the planetary orbit.
The XUV stellar flux ionises and heats upper atmospheres
through the production of photoelectrons, finally leading to
hydrodynamic outflow. Different species interact via elastic,
charge-exchange, and Coulomb collisions, which efficiently
couple velocities and temperatures of atoms and ions in the
region dominated by the planetary material (e.g. [Debrecht
et al.|2020]). The 3D model also calculates self-consistently
the stellar wind plasma over the whole star-planet system.
Unless otherwise stated, for the simulations we considered
a stellar wind velocity of 200kms™?!, a stellar wind tem-
perature of 0.7 MK, and a stellar wind density of 103 cm ™3
at the position of the planet. These values lead to a stel-
lar mass-loss rate of 10'! gs~!, namely a sub-solar wind
strength, but we test the impact of the stellar wind and
present the results later in this section.

The model equations are solved on a spherical grid in
the planet-centered reference frame with the polar-axis 7Z
perpendicular to the orbital plane (see|Shaikhislamov et al.
2020b)). For all model runs, we set a temperature of 1000 K
and a pressure of 0.05 bar at the base of the planetary atmo-
sphere. The chosen lower boundary temperature is close to
the planetary equilibrium temperature. The lower bound-
ary pressure was chosen such that all XUV photons are
absorbed within the simulation domain, that is above the
lower boundary (see [Shaikhislamov et al. 2014, for more
details). Each simulation has been run continuously for 600
dimensionless timeg®| corresponding to about 18 planetary
orbits, and convergence of the solution has been ensured
by checking the stability of the integral mass loss, which
reaches a quasi-stationary level after about 200 dimension-
less times (about 6 planetary orbits).

Figure [0] presents the structure of the expanding upper
planetary atmosphere on the scale of the whole simulation
domain obtained assuming a nearly solar He abundance
(He/H = 0.05). It shows that the planetary atmosphere ex-
tends far from the planet and stretches both ahead and
behind the planet along the orbit. From this model, we
obtained a total mass-loss rate of 2.6x10'% gs~!. The sim-
ulation shown in Figure |§| led to significant Her (23S) ab-
sorption of the order of 10%, in strong contrast with the
observations. Figure [6] shows that most of the absorption
takes place relatively close to the planet, within a spherical
shell with a radius of about 3 R,,.

The left panel of Figure [7] shows the density, velocity,
and temperature profile of the planetary gas gathered from
the simulation. As obtained by [Salz et al.| (2016]), molec-
ular hydrogen is dissociated very rapidly and the temper-
ature rises steeply following Hs dissociation reaching tem-
peratures of about 10*K, a velocity of about 10kms™!,
and a mass-loss rate of 2.6x10'°gs™!. This is similar to
what is found from simulations of classical hot Jupiters (e.g.
Salz et al.|[2016; [Kubyshkina et al.|[2018a; [Shaikhislamow
et al./|2020b). The right panel of Figure [7| shows the reac-
tion rates of kinetic processes populating and depopulating
metastable Hel. The recombination of Het into Her (23S)
is balanced by auto-ionisation collisions with Hr1 at low al-
titudes (<1.2 R,) and by electron collisional depopulation
at higher altitudes. Photoionisation of metastable Hel, in-
stead, becomes relevant relatively far from the planet, at a
distance at which the Her (23S) density is too low to affect

4 This is in units of R,/ Vo, where Vy is the proton velocity at
a temperature of 10* K, that is 9.07kms™!.
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Fig. 6. Left: proton density distribution in the orbital plane of the whole simulated space comprising the WASP-80 system. The
planet is at the center of the coordinate system (0,0) and moves anti-clockwise relative to the star that is located at (76,0). The
red dots indicate the position and size of the star (right) and planet (center). The black and red lines correspond to the proton
fluid streamlines originated from the planet and the star, respectively. The axes are in units of planetary radii. Right: distribution
of metastable Her local absorption (from 0, that is no absorption, to 1, that is full absorption) along the line of sight at mid-transit
integrated over 10kms™'. The whole plotted circle corresponds to the stellar disk, while the lower boundary of the simulated
planetary atmosphere is shown by the black circle.
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Fig. 7. Profiles along the planet-to-star direction. Left: temperature (black line) and velocity (gray line) of protons (in 10* K and
kms™!, respectively; the scale for both is on the right axis), and density of major species labelled in the plot (left axis). Right:
rates of the reactions responsible for the processes of population and depopulation of metastable Herl listed in the legend. The
black line shows the sum of reactions 1 and 2, while the blue line is the sum of reactions 7 and 8 (see legend). The x-axes are in
units of planetary radii.

the absorption during transit. Therefore, the stellar UV flux
has a relatively little impact on reproducing the observed
non-detection. Similarly, we obtain that radiation pressure
accelerating the metastable Hel atoms has a small impact
on the absorption features.

Given the low photoionisation rate of the metastable
Hel, the only parameters affecting the absorption observed
during transit are the stellar XUV flux, the He abundance,
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and possibly the stellar wind strength. Figure [§] shows the
absorption profiles obtained varying the stellar XUV flux
and the He abundance in the planetary upper atmosphere.
As expected, the absorption depth varies significantly with
varying both XUV flux and atmospheric He abundance.
In particular, we varied the XUV flux by a factor of two,
but this did not enable us to reproduce the observed non-
detection. We remark that, as a result of the geometry of
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Fig. 8. Left: Her (23S) triplet absorption profiles obtained considering three different values of the stellar XUV flux (blue, red, and
green lines) at a fixed He abundance of He/H =0.05 (the fluxes in the legend are at 1 AU and in ergem™2?s7') and a 100 times
higher value of the stellar NUV flux (gray line). Right: Her (23S) triplet absorption profiles obtained considering different values
of the He abundance. In both panels, the zero Doppler-shifted velocity on the x-axis corresponds to a wavelength of 10830.25 A,
the observed transmission spectrum is shown by black asterisks, and the horizontal dashed line marks the 2¢ upper limit derived
from the observations. The horizontal dotted line at one is for reference.

the model, the simulations take into account planetary rota-
tion that is assumed to be tidally locked with the planetary
orbit around the host star. Therefore, we lowered the at-
mospheric He abundance until matching the observations
obtaining that, for the estimated stellar XUV flux, the ab-
sorption depth falls below 0.7% for He/H values smaller
than 5x1073, that is about 16 times smaller than solar,
thus putting a strong constraint on the He abundance in
the planetary upper atmosphere. To strengthen this result,
we computed a further model increasing the stellar UV flux,
thus the metastable Hel photoionisation rate, by 100 times,
but also in this case, we obtained a significant Hel absorp-
tion in contrast to the observations.

A further parameter possibly affecting the Hel absorp-
tion signal is the stellar wind, which can cause the planetary
atmosphere to compress (e.g. [Vidotto & Cleary|[2020). Fig-
ure 9 shows how the stellar wind affects the Hel absorption.
Indeed, a stronger stellar wind compared to what was used
for the simulations shown above reduces the Hel absorp-
tion by about 1.5 times. This is the result of the stellar
wind compressing the planetary atmospheric outflow with
the bow-shock moving as close as 3.5 planetary radii. As
a result, the atmospheric gas responsible for the absorp-
tion remains close to the planet, reducing the absorption
signal. Figure [9] shows that an even stronger stellar wind
with a mass-loss rate of 10!® gs™! leads to the bow-shock
moving at about 2.2 planetary radii, further reducing the
Her absorption signal. Therefore, we obtain that with the
strongest stellar wind we consider, which is about four times
stronger than solar and 16 times stronger than that derived
for the K-type star HD219134 (Vidotto et al.|2018), the He
abundance leading to fit the non-detection is He/H <0.01,
that is about a factor ten smaller than solar.

Figure [9] shows also the effect that radiation pressure
plays on the Hel absorption. Artificially reducing the radi-
ation pressure impinging on the metastable Hel atoms by
ten times shifts the absorption profile by about 2.5kms~!
towards the red.
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Fig. 9. Her triplet absorption profiles obtained considering a
fixed stellar XUV flux at the distance of 1 AU of 7.5 ergem ™25~ 1,
a solar He abundance, and different stellar wind strengths ex-
pressed in terms of mass-loss rate in gs~!. Considering the
strongest stellar wind taken into account, the observed non-
detection is reached for He/H values smaller than ~0.01. The
red long dashed line shows the absorption obtained considering
the same conditions taken for the solid red line except for a ten
times weaker radiation pressure on the Hel metastable atoms.
The zero Doppler-shifted velocity on the x-axis corresponds to a
wavelength of 10830.25 A, the observed transmission spectrum is
shown by black asterisks, and the horizontal dashed line marks
the 20 upper limit. The horizontal dotted line at one that we
placed for reference is largely masked by the yellow line.

5. Discussion and conclusion

We employed the GIANO-B spectrograph to obtain the
transmission spectrum of the hot Jupiter WASP-80b in the
wavelength range covered by the triplet of metastable Hel
at 10830 A. In particular, we looked for Hel absorption in-
dicative of the presence of an extended and possibly escap-
ing atmosphere. As a matter of fact, hydrodynamic mod-
elling and considerations based on the planetary properties
suggest that WASP-80b should be a prime target for the
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detection of metastable neutral He in the planetary upper
atmosphere. However, the GIANO-B observations led to a
non-detection, with an upper limit of 0.11 R, (95% confi-
dence level) on the size of the possible Hel absorption signal.

We attempted to understand this unexpected result em-
ploying a 3D aeronomy model that has proven to be work-
ing well in reproducing the Hel transmission spectroscopy
observations of GJ3470b and WASP-107b (Shaikhislamov
et al||2021; |[Khodachenko et al.|[2021a), as well as of
HD209458b and HD189733b (in prep.). Even the presence
of high-altitude clouds would not aid explaining the non-
detection. Indeed, considering a solar He abundance, the
peak of the density of metastable He lies close to the lay-
ers absorbing most of the stellar XUV photons (Figure @,
where no clouds can form because of photodissociation.
Given the system properties, the most plausible solution
suggested by the model for reproducing the non-detection is
a low He abundance. In particular, we find He/H < 5x10~3
(about 16 times smaller than solar) for a stellar wind 25
times weaker than solar or He/H <1072 (about ten times
smaller than solar) for a stellar wind four times stronger
than solar. This is a remarkable result considering that
for WASP-107b, which has physical properties similar to
those of WASP-80b, the same model returns a solar He
abundance. The major difference between the two plan-
ets is a factor five higher mass of WASP-80b compared to
WASP-107b, which leads to a more compact atmosphere
for WASP-80b.

We attempt to understand the non-detection of Hel in
the upper atmosphere of WASP-80b by putting it in the
wider context of published detections and non-detections.
To this end, we collected the physical properties of the sys-
tems for which either measurements or non-detections of
the Hel metastable triplet have been reported (Table|3]). We
collected the system parameters from the literature giving
priority to more recent and/or homogeneous sources. The
stellar XUV fluxes listed in Table Bl have been either taken
from the literature or, when unavailable, extracted employ-
ing the scaling relations of |Sreejith et al.[(2020). The XUV
fluxes listed in Table [3] correspond to the amount of high-
energy stellar radiation at wavelengths shorter than 912 A
irradiating the planet. This is not the most relevant wave-
length rangeﬂ in relation to the production of metastable
Her, but it is still representative of the high-energy stellar
emission, it is the one typically reported in the literature,
and it can be readily estimated on the basis of a variety
of measurements obtained at X-ray, ultraviolet, and optical
wavelengths (e.g. [Sanz-Forcada et al.|[2011; |Chadney et al.
2015; King et al.|2018;|Linsky et al.|2013,|2014; France et al.
2018; [Sreejith et al.[2020).

So far, the search of the Hel metastable triplet in
the upper atmosphere of an exoplanet has been reported
for 21 planets ranging from Earth-size rocky planets (e.g.
Trappist-1b,e,f) to ultra-hot Jupiters (e.g. KELT-9b), but
just for seven of them the observations have led to a positive
detection, while in all other cases only an upper limit could
be derived. This suggests that the presence of metastable
He is not ubiquitous in exoplanetary atmospheres, even
when the atmosphere is clearly in a hydrodynamic state
(e.g. GJ436b). This is due to the fact that the shape of the
stellar spectral energy distribution plays a central role in

5 The most relevant wavelength range would be that at wave-
lengths shorter than 500 A.
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the production and destruction of metastable He (Oklopci¢
2019), but other important factors may play a significant
role. To attempt uncovering them, we show in Figure[I0| the
size of the measured Hel absorption signal or upper limit
(0rp), normalised to the atmospheric scale height (Heq), as
a function of incident stellar XUV flux (see also Nortmann
et al|2018), with the planetary surface gravity (g) indi-
cated by the symbol size (Figure presents similar plots
showing drp,/Heq as a function of incident stellar XUV flux
and planetary surface gravity, separately). We computed
the atmospheric pressure scale height as

kg Te
Heq = ——4 (4)
ng

and its uncertainty as

k 2 kg T, 2
OH., = \/(B UTeq> + (ng C’g) )
1y 1y

where kg is the Boltzmann constant, T,q is the planetary
equilibrium temperature listed in Table[3] g is the planetary
gravity computed from the planetary mass and radius listed
in Table 3] u is the mean molecular weight (we assume a
hydrogen-dominated atmosphereﬂ and hence a value of 1.3
times the mass of a hydrogen atom), and o7, and o, are the
uncertainties on the planetary equilibrium temperature and
gravity, respectively. To obtain a more homogeneous sam-
ple, we considered only planets with a radius larger than
three Earth radii (i.e. we consider only planets that most
certainly host a hydrogen-dominated atmosphere). Further-
more, we excluded WASP-12b and HAT-P-18b, whose mea-
surements have been conducted employing low-resolution
observations and thus not compatible with the more sen-
sitive high-resolution observations employed for the other
reported measurements. Furthermore, following the typi-
cal uncertainties of scaling relations employed to convert
X-ray, ultraviolet, or optical measurements into XUV flux
(e.g. |Linsky et al.[[2013] |2014; [France et al.|[2018; |Sreejith
et al.||2020), we assigned an uncertainty to the stellar XUV
flux of a factor of two.

Figure[I0]does not indicate the presence of any clear cor-
relation with any of the considered parameters (i.e. stellar
spectral type, XUV irradiation, and planetary surface grav-
ity), which are those believed to primarily drive the possible
detection, or non-detection, of metastable He in planetary
upper atmospheres. Although the number of planets for
which the detection of the Hel metastable triplet has been
(successfully) attempted is still too small to draw clear con-
clusions, Figure[I0]suggests either the presence of a problem
in our understanding of the formation of the Hel metastable
triplet and/or the presence of further parameters playing a
significant role in the formation of the triplet. Following
the main result obtained from our modelling of WASP-80b
and previous results (GJ3470b, HD209458b, HD189733b;
Ninan et al.|[2020} [Palle et al.||[2020; [Alonso-Floriano et al.
2019; [Lampoén et al.[[2020, 2021)), this parameter may be
the He abundance and/or the stellar wind, though the stel-
lar wind alone does not seem to be capable of reducing

(5)

% We considered a hydrogen-dominated atmosphere, instead of
a hydrogen-and-helium-dominated atmosphere, to reduce the
uncertainties given by the unknown He abundance. This choice
does not affect the possible detectability of a correlation between
0rp/Heq and the system parameters.
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Fig. 10. Size of the measured Hel absorption signal, normalised to the atmospheric scale height computed considering the planetary
parameters listed in Table [3] and a mean molecular weight of a pure hydrogen atmosphere, as a function of the incident stellar
XUV flux (in logarithmic scale), with the symbol size indicating the planetary surface gravity. The uncertainties on the stellar

XUV flux are set to be equal to a factor of two (see text). Downward arrows indicate upper limits.

enough the planetary absorption signal without a signifi-
cantly sub-solar He/H abundance ratio, at least in the case
of WASP-80b.

There are physical processes that have been identified
leading to decrease the He atmospheric abundance with re-
spect to that of hydrogen. A mechanism possibly at work
resulting in a reduction of the He abundance in the up-
per atmospheric layers is phase separation of He and liquid
metallic hydrogen for which the former condenses and rains
down towards the deeper atmospheric layers (e.g.|Stevenson
& Salpeter|[1977alb; |Guillot & Gautier||2015). This mecha-
nism should be important for old planets less massive than
Jupiter that furthermore remained for a significant amount
of time far from the host star before migrating inwards
(Fortney & Hubbard [2004)). Also, magnetic fields may be
responsible for the non-detection of Hel absorption. This is
because magnetic fields strongly affect the motion of the
atmospheric gas possibly in a way that makes the detec-
tion of metastable Hel impossible with the data at hand
(e.g.|Adams|2011}  Trammell et al.[2014; |[Khodachenko et al.
2015, [2021Db).

Unfortunately, it is currently not possible to infer the
He abundance of a planetary atmosphere from indicators
different than the Her triplet. Similarly, it is very difficult
to reliably constrain the wind strength of late-type stars in
absence of specific indicators such as a Ly« line amenable to
reconstruction or the detection of radio emission (e.g. Wood
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et al.|2005; [Fichtinger et al|2017; [Vidotto et al.|2018}; [Fol-
som et al. [2018, |2020). Therefore, it will be important to
continue investigating this feature both theoretically and
observationally. In particular, it is key that more in-depth
modelling is carried out to identify the possible presence
of additional physical factors controlling the formation and
destruction of metastable He. Also, it is similarly impor-
tant to attempt the observation of the triplet in other plan-
ets, though the focus should be on close-in giant planets,
hosting a hydrogen-dominated envelope, to enable compar-
ing results within a larger and yet homogeneous sample of
planets. Along the same lines, more effort should be put into
identifying and studying physical processes that could lead
to alter the He abundance with respect to that of hydrogen
in giant planets. Finally, the non-detection of metastable
Her presented here may possibly be the consequence of the
presence of a magnetic field, which is why it is equally im-
portant to keep attempting to directly detect exoplanetary
magnetic fields.
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Appendix A: Tomography of the Her transit
measurements.
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function of stellar XUV irradiation and
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Fig. A.1. Transmission spectra shown in tomography in the planetary rest frame for the three considered transits, as a function of
wavelength and planetary orbital phase. The contact points t1, t2, t3, and t4 are marked with horizontal black lines. The feature
at 1083.5 nm misaligned with the planet rest frame present in the first and second night is a residual of a telluric H2O line.
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Fig. B.1. Top: size of the measured Her absorption signal, nor-
malised to the atmospheric scale height computed considering
the planetary parameters listed in Table[3]and a mean molecular
weight of a pure hydrogen atmosphere, as a function of the in-
cident stellar XUV flux (in logarithmic scale). Upper limits are
marked by downward arrows. The symbol color indicates the
spectral type of the host as given by the legend. Bottom: as the
upper panel, but as a function of planetary surface gravity.
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