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ABSTRACT

The He 1210833 A triplet is a powerful tool for characterising the upper atmosphere of exoplanets and tracing possible mass loss. Here,
we analysed one transit of GJ 1214 b observed with the CARMENES high-resolution spectrograph to study its atmosphere via transmis-
sion spectroscopy around the He I triplet. Although previous studies using lower resolution instruments have reported non-detections
of Hel in the atmosphere of GJ 1214 b, we report here the first potential detection. We reconcile the conflicting results arguing that
previous transit observations did not present good opportunities for the detection of He 1, due to telluric H,O absorption and OH emis-
sion contamination. We simulated those earlier observations, and show evidence that the planetary signal was contaminated. From our
single non-telluric-contaminated transit, we determined an excess absorption of 2.10”_’8:‘5‘8% (4.6 o) with a full width at half maximum

(FWHM) of 1.30f822 A. The detection of He is statistically significant at the 4.6 o~ level, but repeatability of the detection could not
be confirmed due to the availability of only one transit. By applying a hydrodynamical model and assuming an H/He composition of
98/2, we found that GJ 1214 b would undergo hydrodynamic escape in the photon-limited regime, losing its primary atmosphere with
a mass-loss rate of (1.5-18) x 10'° gs~! and an outflow temperature in the range of 2900—4400 K. Further high-resolution follow-up
observations of GJ 1214 b are needed to confirm and fully characterise the detection of an extended atmosphere surrounding GJ 1214 b.
If confirmed, this would be strong evidence that this planet has a primordial atmosphere accreted from the original planetary nebula.

Despite previous intensive observations from space- and ground-based observatories, our He I excess absorption is the first tentative

detection of a chemical species in the atmosphere of this benchmark sub-Neptune planet.

Key words. stars: individual: GJ 1214 — planets and satellites: atmospheres — planets and satellites: individual: GJ 1214b —

techniques: spectroscopic

1. Introduction

The study of atmospheric escape in exoplanet atmospheres
started with the detection of excess Lyman-« absorption in the
exosphere of HD 209458 b (Vidal-Madjar et al. 2003), demon-
strating that this line is a powerful tool for probing evaporating
atmospheres. However, Lya has its limitations as (i) it is strongly
affected by interstellar extinction, limiting its application to

Article published by EDP Sciences

only the closest stars due to their large relative motions, espe-
cially for K and M dwarfs that have low fluxes in the far
ultraviolet (UV), and (ii) UV observations cannot be carried
out from ground-based facilities at high spectral resolutions
(R~ 100000), relegating its study to space observations with
Hubble/STIS. At optical wavelengths, Yan & Henning (2018)
proved that Balmer Hea is also a good tracer for atmospheric
evaporation. These two hydrogen lines can provide information
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about several mechanisms, such as photo-evaporation (Owen &
Wu 2017; Jin & Mordasini 2018) or core-powered mass loss
(Ginzburg et al. 2018; Gupta & Schlichting 2020), which can
result in the partial or complete loss of a planet’s gaseous
envelope. In particular, these processes have been suggested to
explain the observed bimodal distribution of small exoplanets
(e.g. Fulton et al. 2017; Fulton & Petigura 2018; Van Eylen et al.
2018).

As an alternative to Lya and He, Oklopc€i¢ & Hirata (2018)
suggested observing the HeT triplet at 10833 A during a plane-
tary transit in order to search for evidence of atmospheric escape
in the infrared (IR) wavelengths. The first detections of He in the
atmosphere of an exoplanet occurred nearly simultaneously from
space for WASP-107 b (Spake et al. 2018) and from the ground
for WASP-69b (Nortmann et al. 2018) and HAT-P-11 b (Allart
et al. 2018). In both cases the relatively large absorption depth of
the He triplet was interpreted as evidence of an extended H/He-
rich atmosphere escaping beyond the gravitational influence of
the planet. At optical and IR wavelengths, ground-based high-
resolution spectroscopy possesses great advantages over lower
resolution space observations, allowing line profile determina-
tion from which model-dependent physical parameters can be
retrieved, such as the atmospheric escape rate and outflow tem-
perature (Lampo6n et al. 2021b). However, helium also presents
some disadvantages: (i) He I triplet lines are surrounded by tel-
luric lines that can mask the planet signal, (ii) its ionisation
wavelength cut-off (1 < 504 A) is lower than that of neutral H
(1 <912 A), and (iii) relatively low escape rates can produce a
large Ly« feature detectable in multiple epochs, while remain-
ing non-detected for He I (e.g. GJ436 b, Ehrenreich et al. 2015;
Lavie et al. 2017; Nortmann et al. 2018; dos Santos et al. 2019;
Owen et al. 2021). Because all the line tracers have some advan-
tages and disadvantages, observing Ly, He, and He T whenever
possible is important to fully understand and analyse the process
of atmospheric escape from UV to IR wavelengths.

Theoretical studies of the HeT triplet line show that short-
period planets orbiting around late-type stars (K-M) are ideal
candidates to search for helium absorption (Oklopci¢ 2019).
However, so far, the only detections of HeT in a planet orbiting
around an M dwarf using high-resolution transmission spec-
troscopy has been for the Neptune-sized planet GJ 3470 b (Palle
et al. 2020; Ninan et al. 2020). Other studies of transiting planets
around M dwarfs have only placed upper limits on the presence
of He (e.g. GJ436b, Nortmann et al. 2018; AU Mic b, Hirano
et al. 2020; TRAPPIST-1b, e, and f, Krishnamurthy et al. 2021).

GJ 1214 b (Charbonneau et al. 2009) is a well-studied, bench-
mark, warm, Neptune-sized planet (2.7 Rg, 8.1 Mg), orbiting
around an M4.5 dwarf with a period of 1.58 d. Although many
planets with similar properties have recently been discovered,
GJ 1214 b was one of the first to be found with a mass and radius
between those of Earth and Neptune, and it offered an excep-
tional opportunity to explore the composition of this type of
planet with no analogues in the Solar System (in Table I, we
compile a comprehensive list of the system properties, either
from the literature or derived in this study). Thus, this planet
has been the subject of intense observing campaigns from space-
and ground-based observatories, revealing a cloudy atmosphere
with a featureless transmission spectrum (Bean et al. 2010; Berta
et al. 2012; Kreidberg et al. 2014). In particular, there have been
several attempts to detect or place upper limits on the presence
of Hel in the atmosphere of this planet (e.g. Crossfield et al.
2019; Petit dit de la Roche et al. 2020; Kasper et al. 2020),
although so far a detection has not been achieved. Here, we
report a tentative detection of Hel in the upper atmosphere of
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Table 1. Stellar and planet parameters of the GJ 1214 system.

Parameter Value Reference
Stellar parameters

M, (My) 0.150 £ 0.011 HI13

R« (Ro) 0.216 +£0.012 HI13

Ter (K) 3026 + 150 HI13

Lx (erg s7h 7.7 % 10% Sect.2.2

d (pc) 14.65 +0.03 Gaia DR2@
Planet parameters

My, (M) 8.14+0.43 C21

R, (Re) 2.74 £0.05 C21

pp (gem™) 2.20+0.17 C21

K, (kms™) 97.1+2.2 This work ®

Teq (K) 596 + 19 C21

Transit and system parameters

P (d) 1.58040418 (24)  CllI
To (BID)  2454980.748996 (45) Cl1
T4 (min) 52.737042 C11©
T2 (min) 5.80%041 Cc1©
a (au) 0.01411 (32) H13
ip (deg) 88.17+0.54 H13
y (kms™1) +211+1.0 C09@
K, (ms™) 1436 +0.53 C21

Notes. @There is a more recent and precise parallactic distance value
from Gaia EDR3 at d = 14.642 + 0.014 pc, but we kept the DR2
value for a better comparison with previous works. ®’Calculated from
K, = 2naP~' sini, using the parameters in this table. T, is the total
transit duration between the fist (7)) and fourth (74) contacts, and 7', is
the duration of the ingress between the first and second contacts. ‘VWe
corrected the system velocity (y) sign from Charbonneau et al. (2009)
as Kasper et al. (2020) remarked.

References. H13: Harpsge et al. (2013), Gaia DR2: Gaia Collabora-
tion (2018), L14: Lalitha et al. (2014), C21: Cloutier et al. (2021), C09:
Charbonneau et al. (2009), C11: Carter et al. (2011).

GJ 1214 b using high-resolution transmission spectra taken with
the CARMENES spectrograph.

2. Observations and data analysis
2.1. CARMENES observations

A single transit of GJ1214b was observed with the Calar
Alto high-Resolution search for M dwarfs with Exoearths with
Near-infrared and optical Echelle Spectrographs (CARMENES;
Quirrenbach et al. 2014, 2020), located at the Calar Alto
Observatory, Almeria, Spain, on the night of 4 May 202I.
CARMENES has two spectral channels: the optical channel
(VIS), which covers the wavelength range from 0.52 to 0.96 pum,
and the near-IR channel (NIR), which goes from 0.96 to 1.71 yum.
Although we observed the target with both channels simultane-
ously, here we report results from the analysis of spectra with the
NIR one, where the He T triplet is located.

We collected a total of 27 high-resolution NIR spectra
(R=80400), seven of them between the first (T';) and fourth (T)
contacts. The spectra were taken in good weather conditions with
an exposure time of 358 s, ensuring that any planetary absorp-
tion line was not spread over more than ~2 pixels during any
given exposure, and with a signal-to-noise ratio (S/N) that var-
ied from 18 to 35 (median value of 28) around 10830 A. Fibre
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A was used to observe GJ 1214, while fibre B was placed on sky
in order to monitor the sky emission lines (fibres A and B are
permanently separated by 88 arcsec in the east-west direction).
The observations were reduced using the CARMENES pipeline
caracal (Caballero et al. 2016), and both fibres were extracted
with the flat-optimised extraction algorithm (Zechmeister et al.
2014).

2.2. XMM-Newton and Hubble observations

X-ray and UV spectra' were used to provide the planet atmo-
spheric model with the spectral energy distribution of the star
in high energies (see Sect.4). XMM-Newton observations (P.I.
Lalitha) of GJ 1214 were taken on 27 September 2013. An X-ray
luminosity of Lx ~ 7.4 x 10% ergs~! was measured in the EPIC
spectra (Lalitha et al. 2014). We re-analysed the same data in
order to model the X-ray (5-100 A) and extreme UV (EUV, 100~
920 A; hereafter XUV 5-920 A), and spectral emission of the
star. The target is detected with S /N = 3.7 considering the three
EPIC cameras (pn, MOS1, MOS2). A global-fit model with a
single temperature was used to jointly fit the three EPIC spectra.
The spectra were fit using the ISIS (Houck & Denicola 2000)
software and the atomic data from the Astrophysical Plasma
Emission Database (APED, Foster et al. 2012). Given the poor
statistics, we needed to fix the values of coronal abundance,
and we assumed an interstellar medium absorption of Ny =
3% 10" cm™=3, which is appropriate for its distance (d = 14.65 pc,
Sanz-Forcada et al. 2003). The resulting model has a tempera-
ture of log 7 (K) = 6.567;7, and an emission measure (EM) of

log EM (cm™) = 48.43*02%. Our analysis of the EPIC spectra

indicates a flux of Lx =~ 7.7 x 10% erg s~!, which is consistent
with the value previously reported.

Ultraviolet COS and STIS observations of GJ 1214 were
collected from the Hubble Space Telescope Legacy archive.
Hubble/COS observations were performed with the G130M
and G160M grating, while Hubble/STIS spectra were collected
using the G230L grating. All Hubble observations were col-
lected on 24 August 2012 and from the 19-21 August 2015, and
they were made available through the MUSCLES programme
(Youngblood et al. 2016). The spectra have poor statistics, with
the error level being higher than the observed continuum in most
of the spectral range. This is expected since most K and M dwarfs
have low continuum fluxes in the UV range. Few lines were mea-
sured with S/N > 3 and were used to calculate the emission
measure distribution in the low temperature range following the
procedures described in Sanz-Forcada et al. (2011).

The X-ray EM and T values were used to complement
a coronal model at high temperatures (Sanz-Forcada, priv.
comm.). The modelled emission indicates an XUV luminos-
ity of 3.6x10%ergs™! in the 5-920A spectral range, and
1.7x 10% ergs™! in the 5-504 A region. These values are lower
than those reported by Lalitha et al. (2014), who scaled the EUV
luminosity from the X-ray value.

2.3. Telluric contamination removal

Figure 1 shows that surrounding the Hel triplet lines, where
the planetary absorption is expected, there are H,O absorption
and OH emission lines from the Earth’s atmosphere. Because

' The spectrum is publicly available in the CARMENES data archive
(http://carmenes.cab.inta-csic.es/)and will also be published
in X-Exoplanets (http://sdc.cab.inta-csic.es/xexoplanets/
jsp/homepage. jsp).
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Fig. 1. Details of one CARMENES spectrum of GJ 1214 around the He 1
triplet lines. A raw spectrum after standard data reduction is plotted in
green. The same spectrum after the telluric correction with molecfit
is over-plotted in orange. The same spectrum after removing the OH
emission features is over-plotted in black. The red shaded region is the
spectral range used to normalise the continuum of all spectra. The ver-
tical blue dashed lines indicate the position at mid-transit of He I triplet
lines and the blue shaded regions represent the planet traces during the
transit. All the spectra are shifted to the stellar rest frame at vacuum
wavelength.

GJ 1214’s system velocity is +21.1kms~! and the barycentric
Earth radial velocity (BERV) oscillates approximately between
+27kms~! and =27 kms~!, the bluest and reddest telluric shifts
are not enough to not affect the regions of interest (Fig. A.1).
In between these two opposite configurations, one always finds
some degree of telluric contamination, and their effects need to
be accounted for. Our observations were planned to avoid a com-
plete overlap or superposition of the telluric lines and the He 1
planetary trace. We mitigated the contamination by observing at
an epoch when the faintest lines of the OH emission overlapped
only the faintest line of the He I triplet.

We dealt with this telluric contamination following two dif-
ferent methods. The first strategy was to simply mask the regions
of the spectra affected by telluric emission and absorptions. In
that case, when we shifted the spectra to the planet rest frame,
some particular wavelengths were represented by fewer pixels,
decreasing the S/N of the final transmission spectrum (Palle et al.
2020; Casasayas-Barris et al. 2021).

In the second strategy, we corrected the telluric H,O absorp-
tion and OH emission lines using synthetic-line models. The
spectra obtained were firstly corrected for telluric absorption
molecules that are present in the CARMENES NIR spectrum,
viz. H,0, O,, CHy, and CO,;, using the molecfit package
in version 1.5.9 (Smette et al. 2015; Kausch et al. 2015). The
initial molecfit fit parameters, as well as the fitted wave-
length ranges, are summarised in Tables B.1 and B.2. Then, we
corrected for OH telluric emission following the methodology
applied and described in previous HeI studies (Nortmann et al.
2018; Salz et al. 2018; Alonso-Floriano et al. 2019; Palle et al.
2020; Casasayas-Barris et al. 2021; Czesla et al. 2022), where
CARMENES fibre B, which is pointed at the sky during obser-
vations, is used to generate an OH emission model to correct it in
the science spectra. In each sky spectrum, we simultaneously fit-
ted the three main OH emission features near 10 833 A with three
independent Gaussian profiles. We set the amplitude, central
position and standard deviation free, but with an initial guess for
the central positions (10832.1 A, 10832.4 A, and 10834.25 A).
Although the spectra from both fibres were extracted with the
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same procedure, they have different amplitudes due to a dif-
ference in efficiencies of the two injection fibres. To take care
of this, we computed a scaling factor between the two fibres
from a high S/N spectrum of each fibre. For each pair of sky
and target spectra, we subtracted the particular sky emission
model scaled by the efficiency factor (0.906; assumed constant
during the night) from fibre A. Using this strategy, some resid-
uals may remain, contaminating the final transmission spectra.
The effect of telluric absorption and emission removals is illus-
trated in Fig. 1. For a more detailed explanation of the telluric
emission contamination removal, we invite the reader to consult
Appendix B in Czesla et al. (2022).

The next step after the telluric absorption and emission
removal was the normalisation of all spectra. We considered
the mean value of the spectral region between 10820.1 A and
10830.9 A, which is almost unaffected by telluric absorption
and near the lines of interest (see Fig.1). Finally, we com-
puted the transmission spectrum around the Hel triplet lines,
at 10832.06 A, 10833.22 A, and 10833.31 A (vacuum wave-
length), following the well-established procedure presented in
Wyttenbach et al. (2015) and Casasayas-Barris et al. (2017). To
compute the transmission spectra, we assumed the system and
stellar parameters given in Table 1 and combined the seven resid-
ual in-transit spectra after shifting them to the planetary rest
frame.

3. Results and discussion
3.1. He I transmission spectrum

Figure 2 shows the residual maps and the transmission spectra’
following the two methodologies applied to deal with the telluric
contamination. Both transmission spectra show similar excess
absorption features around the two strongest lines of the Hel
triplet. To measure this absorption, we fitted the visible planetary
signal with a Gaussian profile, sampling from the parameter pos-
terior distributions using the MultiNest algorithm (Feroz et al.
2009) via its python implementation PyMultinest (Buchner
et al. 2014). We used uniform priors for the excess absorp-
tion between —10% and 0% and the central position (1y) from
10831 A to 10835 A. Table A.1 summarises the priors used.
Table 2 shows the results from the nested sampling fit and
Fig. A.2 presents the corner plots of the posterior distributions.
Although the values from the masked transmission spectrum
have systematically larger errors due to their lower S/N, the
results from both approaches are consistent within their 1o
uncertainties. From the corrected transmission spectrum, we

derived an absorption of —2.1Ot8:‘5‘(5) % (a 4.6 o level detection),

a full width at half maximum (FWHM) of 1.30f8§2 A, and a net

shift of —4 +4 kms~'. The masked transmission spectrum shows
an absorption of —2.2*0% (a 4.4 o~ level detection), a FWHM
of 1.18”_’812(5) A, and a net shift of —5’:‘71 kms~!.

The transit light curve (TLC) of individual lines were useful
to explore if the absorption features reported in the transmission
spectra have a duration compatible with the planetary transit.
Thus, we computed the TLC for the He I triplet line following the
methodology explained in detail by Nortmann et al. (2018) and
Casasayas-Barris et al. (2017). We integrated the counts in the
planet rest frame for two band-passes (BP, is equal to the fitted

2 The corrected transmission spectrum is publicly available in
the CARMENES data archive (http://carmenes.cab.inta-csic.
es/).
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Table 2. Best-fit values of the Gaussian parameters for the corrected
and masked transmission spectra.

Parameter Corrected Masked
Absorption (%) ~ —-2.1070:%> -2.2%02
Ao (A) 10833.07+014  10833.02:0.1¢
o (A) 0.557013 0.50+022
FWHM (A) 1.307230 1.18+0%0
Av (kms™) —4+4 —5+4

Notes. Velocity shift Av is relative to the He 1 110833.22 A line.

o width and BPpwpyy is equal to the FWHM width) centred at
Ay for each procedure.

Figure 3 shows the TLC for each methodology applied to
deal with the telluric contamination and for the two different
band-passes and Table3 compares the TLC retrieved depths
along the fitted absorption from the transmission spectra. The
error bars take into account the individual scatter of each
spectrum and the number of points integrated and, as in the trans-
mission spectra, the TLC from the masked data shows the larger
errors. The four TLC exhibit a flux decrease stable and coinci-
dent with the expected first and fourth transit contact times. The
retrieved depths between first and fourth contacts, both consider-
ing the two band passes, were 1o consistent with that retrieved
from the transmission spectrum analyses.

The TLCs did not present extra absorption extending before
the first contact and further than the fourth contact. We calcu-
lated the expected signal during the pre- and post-transit using
the model presented in Sect.4. The computed excess absorp-
tions were just at the noise level of the transmission spectrum, so
it is consistent with no significant detection out of transit. Fur-
ther observations will allow us to increase the S/N and refine the
spectro-photometric results.

We computed the equivalent height of the He T atmosphere
(0r,) normalised by its scale height (Heq; assuming p=2.3)
obtaining (SRP/Heq =57 + 10. This value is close to the one derived
for GJ 3470 b, for which Palle et al. (2020) also detected an He 1
excess absorption of 1.5+ 0.3%. Figure4 puts the absorption
from this work into context with regard to other He I detections
and some upper limits.

3.2. Comparison with previous studies

GJ 1214b has already been studied by other research groups
through spectroscopic observations, although at significantly
lower spectral resolution than the data analysed in this work.
Crossfield et al. (2019) observed GJ 1214 b using IRTF/SpeX in
SXD mode with a spectral resolution of R ~ 500. From their non-
detection of He1, they estimated an excess depth of 3.8 +4.3%
for high-resolution spectrographs such as CARMENES. This
upper limit is consistent with the results presented here.
However, our detected absorption is difficult to reconcile
with the refined upper limits reported in Kasper et al. (2020)
using Keck/NIRSPEC with a resolving power of R ~ 25 000 and
Petit dit de la Roche et al. (2020) using archival data from
VLT/X-Shooter with a spectral resolution of R =~2600. Figure 5
from Kasper et al. (2020) does not show excess absorption fea-
tures in the GJ 1214b transmission spectrum above the noise
level (~0.25%), and Petit dit de la Roche et al. (2020) reported
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Fig. 2. Residual maps and transmission spectra around the He I triplet lines for the corrected (left column) and masked (right column) procedures.
Top panels: residual maps in the stellar rest frame. Middle panels: residual maps in the planet rest frame. Planet orbital phase is shown in the
vertical axis, wavelength is in the horizontal axis, and relative absorption is colour-coded. Dashed white horizontal lines indicate the first (T1) and
fourth (T4) contacts. Cyan lines show the theoretical trace of the planetary signals. Bottom panels: transmission spectra obtained around an HeI
triplet, combining all the spectra between T1 and T4. We show the original data in light grey and the data binned by 0.2 A in black. Cyan vertical
lines indicate the He I triplet lines’ positions. Best Gaussian fit model is shown in red along with its 1o~ uncertainties (shaded red region). Residuals
after subtracting the best fit model are shown below. All the wavelengths in this figure are referenced in the vacuum.
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Table 3. Absorption depths retrieved for the transit light curves.

Procedure BP, BPrwaMm TS

Corrected  -2.3+0.5 -1.75+0.35 -2.1070%

Masked -2.40+0.55 -1.7+04 —2.2’:8:2
Notes. Comparison of absorption depths, in percentages, retrieved

for the transit light curves from Fig.3 between T and T4 and the
absorption from the transmission spectra (TS). For each of the telluric
correction procedures, we computed the averaged absorption over two
band-passes. BP, and BPgwpy are equal to the fitted o and FWHM
widths from Table 2, respectively.

120 T T T T
H TOI-560b -
HAT-P-11b b
100+ E
L WASP-107b
H HD 9765851 ~4-WASP-69b
80 HD 1897733b
s GJ) 1214b HAT-P-32b
I
:n 60 C *GJ 3470b 7]
'S L i
r +HD 209458b 1
40+ KELT-9bj . _ -
L G) 436b B 4
G) 9827d WASP-76b
20 [ WASP-127b WASP-80b ]
[ HAT-P-18b
L 55Cnc e
0 A 1 1 A 1 K
0.1 1.0 10 100

FlUX)(U\/HE [Wm‘z]

Fig. 4. Transmission signals for the planets with He I detections (black
dots with error bars labelled in blue) and some planets with upper
limits (black arrows labelled in orange), as a function of the stellar
Fxuvy, (4 = 5-504 10\) at the planet distance. TOI-560 b, WASP-80 b,
and 55 Cnce flux values were computed up to A~ 912 A. We show the
equivalent height of the He I atmosphere, dg,, normalised by the atmo-
spheric scale height, H,y, of the respective planet. The red star is the
results presented here on GJ 1214 b. Data on other planets are from Nort-
mann et al. (2018); Alonso-Floriano et al. (2019); Palle et al. (2020);
Kasper et al. (2020); dos Santos et al. (2020); Paragas et al. (2021);
Casasayas-Barris et al. (2021); Zhang et al. (2021, 2022); Fossati et al.
(2022); Czesla et al. (2022).

a non-detection excess depth of 0.38 +0.44%. Both results set
upper limits to the absorption that are considerably lower than
our detection and deviate by more than 30 from our excess
absorption (~2.1%). The main difference with these observa-
tions lies in the instrumentation used and the epoch when were
carried out. Our observations were performed with a fibre-fed,
high-resolution spectrograph, in contrast to the non-detection
analyses that made use of slit-fed spectrographs with signifi-
cantly lower resolving power. However, more important perhaps
is the difference in telluric contamination effects between the
different epochs.

The wavelength region around the Hel triplet is affected
by nearby telluric emission and absorption lines that can mask
the faint planetary signal. The relative position between these
lines and those from the exoplanet atmosphere depends on the
relative radial velocity between the BERV and stellar systemic
radial velocity, which we denote here as ARV. This relative posi-
tion varies during the year and should be taken into account
when He I observations are planned to avoid the overlap of tel-
lurics and the planetary trace. The GJ 1214 b transit analysed here
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was specifically scheduled to elude this critical situation, as was
shown in Fig. 1.

To check for these effects in previous observations, we com-
puted the relative positions of the telluric lines during the nights
analysed in Petit dit de la Roche et al. (2020) and Kasper et al.
(2020). As can be seen in Fig.5, during the two observations
presented in Petit dit de la Roche et al. (2020), the expected
He 1 absorption overlaps completely with the OH emission lines.
Petit dit de la Roche et al. (2020) did not specify whether they
took this telluric contamination into account and/or how they
corrected the data to account for this overlap (as we did in
Sect.2.3). In such a case, it is very likely that the planetary
signal is not recoverable in the transmission spectrum. Dur-
ing the night reported by Kasper et al. (2020), the expected
He1 absorption is clear from OH emission but overlaps with
the H,O absorption band. Again, imperfections in their water
absorption correction have the potential to severely impact the
detectability of the He I absorption or its strength. These telluric
contaminations, combined with the relatively low resolution of
both observations, make the detection of any planetary signal
extremely challenging.

Another plausible scenario able to reconcile our detection
with previous null results could be the variability of the plane-
tary He I signal. This is a case previously hinted at by Palle et al.
(2020) and Ninan et al. (2020) in the atmosphere of GJ 3470 b,
a planet with similar properties to GJ 1214b orbiting also an
M dwarf. Long-term spectroscopic monitoring would be useful
to determine whether or not GJ 1214 presents He 1 line variability
over time.

3.3. Stellar activity analysis

It is important to take into account the presence of spots, whether
or not they are occulted by the planet during the transit, because
they can bias the planet parameters (Pont et al. 2007; Désert et al.
2011). In particular, spots can change with both time and wave-
length, potentially mimicking or masking signals from the planet
atmosphere in transmission spectroscopy.

The GJ1214b system has been intensively observed by
ground- and space-based telescopes. Long-term follow-up obser-
vations and transit observations reported the presence of
starspots and active regions on the stellar surface (e.g. Berta et al.
2011; Carter et al. 2011; Narita et al. 2013; Nascimbeni et al.
2015; Rackham et al. 2017; Mallonn et al. 2018). The insides and
outsides of these regions of different brightnesses and tempera-
tures produce photometric modulations detected in the long-term
light curves of GJ 1214; however, its activity pattern has not
been derived precisely so far. The reported values of the stel-
lar rotation period differ from each other: 44.3 + 1.2 days (Narita
et al. 2013), a multiple of ~53 days (Berta et al. 2011), ~ 83 days
(Nascimbeni et al. 2015), and 125 = 5 days (Mallonn et al. 2018).

Stellar active regions have been shown to produce additional
absorption in the Hel triplet lines (Cauley et al. 2018), which
are chromospheric stellar lines (Obrien & Lambert 1986) and
thus very susceptible to stellar activity. However, the insides
and outsides of active regions’ dark spots or faculae (bright
spots) over the visible stellar disc are unlikely to create planet-
like effects during the GJ 1214 b transit timescale because the
rotational periods reported for GJ 1214 (P, ~40-125 d) are con-
siderably longer than the transit duration (~50 min). Moreover,
if the planet crosses in front of dark spots during the tran-
sit, that would result in an emission signature rather than an
absorption (Ninan et al. 2020). Previous studies suggest that the
photospheric activity on GJ1214 is spot dominated, with little
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Fig. 5. Simulation of the contamination of the spectrum of GJ 1214 by H,O absorption and OH emission during the nights corresponding to the
observations by Petit dit de la Roche et al. (2020) (2011 July 5, 2011 July 3), Kasper et al. (2020) (2019 August 21), and this work (2021 May 4).
Observing epoch and relative radial velocity between the Earth and GJ 1214 (ARV) are displayed above each panel. The green curve is a synthetic
model of H,O absorption. The orange curve is a synthetic model of OH emission. The black curve is the average of normalised out-of-transit
GJ 1214 spectra. The dashed red line is the combination of synthetic telluric models and the spectrum of GJ 1214. The vertical blue dotted lines
indicate the position of the He I triplet lines and the blue shaded region represents the planet trace in the stellar rest frame at vacuum wavelength.
We note that He I lines and H,O telluric absorption positions differ between this figure and Fig. 2 from Kasper et al. (2020) due to an error in their

plot (D. Kasper, priv. comm.).

or no evidence of faculae (Rackham et al. 2017; Mallonn et al.
2018).

Nevertheless, in order to study whether the He I detection
reported could be affected by spots or originated from stel-
lar activity, we conducted two different analyses based on (i)
serval activity indicators and (ii) pseudo-equivalent width
(pEW) measurement.

We processed the VIS and NIR telluric-corrected spectra
with serval (Zechmeister et al. 2018), which is the standard
CARMENES pipeline to derive the radial velocities and sev-
eral activity indicators. We looked at the evolution during the
observations of the chromatic radial velocity index (CRX), the
differential line width (dLW), and the Ha, Na1D; and D,, and
Can IRT line indices (Fig. A.3). The low S/N of some orders
in the VIS channel made the derivation of some line indices
difficult, which can explain their large error bars and sudden
variations. Overall, none of the indices exhibited evidence of
variations due to stellar variability or flares.

In a second analysis, we followed the strategy presented in
Fuhrmeister et al. (2020) to explore the variability in the stel-
lar spectra of activity-sensitive lines. Fuhrmeister et al. (2020)
studied the correlation between stellar activity and the Hel
triplet variability in a sample of 319 M dwarf stars observed
by CARMENES. Their main conclusions were that 18% of the
stars analysed showed HeT variability, which is more likely to
be detected in stars with Ha in emission, and He 1 and Ha line
variations tend to be correlated. Here, we focused our study on

the He triplet, Ha, and Ca11IRT 18500 A and 18544 A lines.
The low S/N around 5890 A (S/N < 1.2) prevented us from
exploring the He1D3, Na1Dy, and D; lines. For a quantitative
inspection, we computed the time evolution of the pEW for the
lines of interest (see Fig. 6), and we correlated them with the cor-
rected BP, TLC shown in Fig. 3 (left/blue). Because the He I line
band pass included the planetary trace, the pEW(He I) exhibits
an absorption feature coincident with the transit duration similar
to that of the TLC (Fig.3) and has a Pearson correlation coe-
ficient » = 0.82. On the contrary, the pEW of the other lines
did not exhibit line variation during the observations and do not
correlate with the planetary absorption evolution, with Pearson
correlation coefflcients of 0.0§, —0.19, and —-0.21 for Ha and
Cat IRT 48500 A and 48544 A lines, respectively.

4. Modeling the He | absorption

In this section, we aim to characterise the upper atmosphere
of GJ 1214b from this HeT triplet, He(23S), which is a spec-
tral absorption measurement. The analysis is based on a one-
dimensional hydrodynamic and spherically symmetric model
together with a non-local thermodynamic equilibrium (non-
LTE) model to calculate the He(2°S) density distribution and
the absorption profile (Lamp6n et al. 2020). In order to deter-
mine the constrained temperatures and mass-loss rates, M, we
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Fig. 6. Time evolution of the pseudo-equivalent widths of an He I triplet,
He, and Ca 11 IRT 18500 A and 18544 A lines (from top to bottom). The
vertical dashed lines mark the T1 and T4 contacts of transit of GJ 1214 b.

followed the same method used for other exoplanets, which is
described in Lampo6n et al. (2020, 2021b).

Briefly, the hydrodynamic equations were solved assuming
that the escaping gas has a constant speed of sound, vs =
Vk To/t, where [i is the average mean molecular weight calcu-
lated in the model (see Appendix A in Lampon et al. 2020), and
Ty is a model input parameter that is close to the maximum of
the thermospheric temperature. We also assume that sub-stellar
conditions apply to the whole planetary sphere. Then, with the
derived He(2°S) density distributions, we computed the phase-
averaged synthetic absorption (i.e. the average from T1 to T4
contacts, as shown in Fig. 3) by using a radiative transfer code for
the primary transit geometry. We recall that the helium Doppler
line shapes were assumed at the atmospheric temperature Ty,
and with an additional broadening produced by turbulent veloci-
ties. Furthermore, the component of the radial velocity of the gas
along the line of sight of the observer was also included in order
to account for the motion of He(23S) as predicted in the hydro-
dynamic model. As found in the case of GJ3470b (Palle et al.
2020), our simulations also show that the He(23S) distribution
of GJ 1214 b are very extended, which, together with the fact that
the size of GJ 1214 b is also small, makes it necessary to extend
the modelling of its He(2?S) distribution to 25Rp. A further
extension does not significantly contribute to the absorption.

We note that, despite the large atmospheric extension of
GJ 1214 b, about 80% of the He(2°S) phase-averaged observed
absorption takes place at altitudes below ~8.5 Rp, as it is limited
by the subtended stellar disc. Thus, together with the fact that
this absorption is rather symmetric, we do not expect significant
deviations from the spherical symmetry.
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Fig. 7. Phase-averaged transmission spectrum (from T1 to T4 contacts)
of the He I triplet during transit. Measured absorption (dots), and their
respective estimated errors are shown in black (as in the bottom left
panel of Fig.2), but with a two-point running mean applied (The spec-
trum has been smoothed for illustration purposes. In the fitting analysis,
the original values and errors (light grey bars in the left/bottom panel of
Fig.2) were used.). The cyan curve shows the absorption profile when
only the Doppler and turbulence broadening are included. The red curve
is the profile of one of the best-fit models obtained for an effective
temperature of 3600 K, a mass-loss rate (M) of 5.9x 10"9gs™!, and
an H/He mole-fraction ratio of 98/2. This absorption also includes the
broadening induced by the radial velocities of the model and a blue net
wind of —4kms~!. The positions of the three He I lines are marked by
vertical dotted lines.

For the calculation of the distribution of the He(23S) den-
sities and the radial velocity of the gas, the model requires, in
addition to the planetary system parameters and the free param-
eters, the temperature and mass-loss rate, the stellar flux in the
X-ray, and the stellar flux in the UV. The flux at A below 1200 A
was taken from the spectral energy distribution predicted with
the coronal model discussed in Sect.2.2. For the 1200—2060010%
wavelength range, we used the Hubble/COS (1200-1650 A) and
Hubble/STIS (1650-2600 A) spectra. Furthermore, the model
requires an H/He ratio. In our analyses of other planets, this
was derived from Lyman-a and He measurements. In this case,
we are lacking of those observations and considered a rather
high value of 98/2, as has been found for other planets; for
example HD209458b, HD 189733 b, GJ3470b, and HAT-P-
32b (Lampdn et al. 2020, 2021b; Shaikhislamov et al. 2020;
Khodachenko et al. 2021; Czesla et al. 2022).

We ran the model for a range of temperatures of 1000—
11000K and M of 108-10"3 gs™! in order to constrain the
upper atmosphere temperature and mass loss of the planet from
the measured absorption spectra. We followed the methodology
described in Lampén et al. (2021b), in particular by minimising
the reduced y? values. Despite the large error of the measured
transmission, we found a rather well-constrained range of these
parameters: T = 29004400 K and M = (1.5-18) x 101 gs7!.

Figure 7 shows the observed transmission spectrum for the
corrected case (bottom left panel of Fig. 2), together with one of
the best-fit spectra obtained; that for a thermospheric tempera-
ture of 3600 K and a sub-stellar mass-loss rate of 5.9 x 10'0 g s1.
We found that the broadening of the absorption line caused by
the radial expansion of the gas is critical for establishing those
constraints. Figure 7 shows the importance of this broadening
by comparing the model absorption with those velocities and a
case of no velocity. We found that at lower temperatures and M
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(below 2900 K and 1.5 x 10'° g s71), the radial velocity of the gas
is rather low, leading to an absorption line too narrow to fit the
measured spectra. The opposite occurs at high temperatures and
mass-loss rates, where the model predicts a stronger expansion
producing too wide absorption spectra.

By inspection of the model results imposed by the measured
spectrum, we found that the He atmosphere of this planet is very
extended, producing a significant He absorption over the whole
stellar disc during the transit. We also found that the gas outflow
reaches the sound speed at altitudes where H atoms are in the
collisional regime and overpass the Roche lobe radius at super-
sonic velocities. Therefore, the derived velocities from He(23S)
observations evidence that GJ 1214 b undergoes hydrodynamic
escape.

Furthermore, by performing a similar analysis as that in
Lampén et al. (2021a), we found that GJ 1214 b is in the photon-
limited hydrodynamic escape regime. Accordingly, the upper
atmosphere of this planet is relatively cold, the neutral H density
is dominated by advection over recombination, and the ionisation
front encompasses all the escaping flow. The heating efficiency
is in the range of 0.38-0.47, which shows that an important
part of the absorbed XUV stellar energy is spent on driving the
escape.

Comparing GJ 1214 b with GJ 3470 b, a benchmark planet for
the photon-limited escape regime (Lampo6n et al. 2021a), we find
that GJ 1214 b suffers a mass-loss rate of about 0.2—0.6 times that
of GJ 3470 b, despite having almost the same gravitational poten-
tial. Moreover, GJ 1214 b is 2.5 times closer to its host star than
GJ 34700, and the heating efficiency is up to 3.1 times higher.
In contrast, the upper atmosphere of GJ 1214 b is colder, as the
XUV stellar flux® at planetary distance, Fxyy, of GJ 1214 b is
about six times smaller than the Fxyy received by GJ3470b.
Overall, the XUV stellar irradiation is the main factor to explain
mass-loss rate differences between both planets.

Comparing our results with the theoretical predictions of
Salz et al. (2016), we note that their M =1.9x 10'" gs~! is in the
range of mass-loss rate that we obtained. For this M, we derived a
temperature of ~3000 K, which is slightly higher than their max-
imum temperature of ~2700 K. This difference in temperature
can be explained by different assumptions in both models. While
our calculated Fxyy is about 1.3 times smaller than the one used
by Salz et al. (2016), which would lead to a lower temperature,
our results yield a heating efficiency that is *35% higher, and
thus give rise to a warmer temperature. Moreover, we assumed a
planetary mass that is ~30% higher, which also requires higher
temperatures in order to reach such a mass-loss rate. The effects
of our larger gravitational potential are nevertheless ameliorated
by our higher H/He ratio (98/2 versus 90/10 of Salz et al. 2016).

5. Conclusions

In this paper, we present the tentative detection of He 1110833 A
in the atmosphere of GJ 1214 b. Using one transit observed with
the CARMENES high-resolution spectrograph, we detected sig-
nificant (> 40) He I excess absorption of ~2.1% when corrected
for telluric contamination and of ~2.2% when the contami-
nated regions are masked. Furthermore, we explored the tem-
poral behaviour of the signal by computing the HeT line TLC.
We detected a decrease in flux coincident with the expected
GJ 1214 b transit duration and retrieved absorption depths con-
sistent with the results from the transmission spectra.

3 XUV flux at 1< 912 A.

The excess absorption detection reported here is in contrast
with previous non-detections of the HeT triplet in this planet.
We discuss how telluric contamination from both H,O absorp-
tion and OH emission might have hampered the detections in the
previous attempts, an issue that needs to be carefully considered
when planning observations targeting the Hel triplet. We also
investigated the role of the star in the excess absorption, but our
analyses did not find any variation in the activity indices or line
variations during the observations.

If confirmed by a definitive detection, this observation of
He1 in the atmosphere of GJ 1214 b would be a strong evidence
that this planet has a primordial atmosphere accreted from the
planetary nebula, a very important piece of information about its
formation and evolution history (Elkins-Tanton & Seager 2008;
Kasper et al. 2020). In addition, it would confirm that GJ 1214 b
is currently undergoing hydrodynamic escape, which favours
the formation of a high-metallicity atmosphere and supports the
results obtained by Morley et al. (2015). They required a high
metallicity, together with the presence of clouds and hazes, in
order to explain the flat transmission spectrum at optical and
near-IR wavelengths of this planet. Moreover, hydrodynamic
escape is key for tracing the evolutionary path of GJ1214b.
Actually, with this planet we would extend the sample of planets
with measured mass-loss rates from the Hel triplet to smaller
sizes (previously limited by GJ3470b). In that sense, if con-
firmed, this detection would contribute to a better understanding
of planetary demography and, in particular, of the so-called
Neptune desert.

Our detection of HeT is statistically significant at the 4.60
level, but only one transit of GJ 1214 b in good telluric conditions
was observed, and the repeatability of the detection could not
be confirmed. Thus, further high-resolution transit observations
of GJ 1214 b are needed to confirm (or discard) this first detec-
tion and to fully characterise the atmosphere of this benchmark
sub-Neptune planet, including possible time variations. Despite
the fact that GJ 1214 b has been intensively studied with space-
and ground-based observatories, our He T excess absorption is
the first detection of an atmospheric species in its atmosphere.
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Appendix A: Additional figures

Table A.1: Parameter prior functions used in the nested sampling

fit for the corrected and masked methodologies.

A=-2.10%38

Parameter Corrected Masked
Absorption [%] U(-10,0) U(-10,0)

Ao [A] U(10831,10835) U(10831, 10835)
o [A] U(0.01,1.0) N(0.5,0.2)

Notes. “The prior labels U and N represent uniform and normal dis-
tributions, respectively. In the masked case, for the Gaussian standard
deviation (o), we used a normal prior to avoid unrealistic Gaussian

solutions due to the lack of points.
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Fig. A.l: Same as Fig. 5, but for two nights with the bluest (top)
and reddest (bottom) shifts of the telluric lines with respect to

the He I lines.
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Fig. A.2: Corner plot for the nested sampling posterior distribu-
tion of the Gaussian profile parameters for the corrected (top)
and masked (bottom) procedures, prepared with the corner.py
package (Foreman-Mackey 2016).
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Fig. A.3: Activity indices derived using serval. From top to
bottom: chromatic radial velocity index (CRX), diferential line
width (dLW), Ha line index; CaII1 IRT line indices, and Na1D;
and D, line indices. The vertical dashed lines mark the 7| and
T, contacts of transit of GJ 1214 b.

Appendix B: Molecfit parameters

Table B.1: Initial molecfit fit parameters.

Parameter Value Description

ftol 1072 Relative y? convergence criterion

xtol 1072 Relative parameter convergence criterion

list_molec H,0, O,, CH4, CO, Fitted molecules

cont_n 3 Degree of polynom for continuum fit

cont_const 1 Constant of polynom for continuum fit

wlc_n 1 Degree of Chebyshev polynom for wavelength calibration fit
wlc_const 0 Initial constant of Chebyshev polynom for wavelength calibration fit
res_gauss 5.25196 FWHM of Gaussian in pixels (fixed)

res_lorentz 0.75664 FWHM of Lorentzian in pixels (fixed)

kernfac 18 Kernel size

varkern 1 Linear increase of kernel with wavelength

ref_atm ngt Reference MIPAS atmospheric profile

layers 1 Fixed grid

emix 5 Upper mixing high

pwv -1 No scaling of input water vapour profile

Table B.2: Fitted wavelength regions in molecfit.

AA [um]

0.9635-0.9855
1.0710-1.1111
1.1640-1.2320
1.2500-1.2820
1.2880-1.3110
1.5680-1.5800
1.5980-1.6160
1.6360-1.6640
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