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ABSTRACT

Context. Exoplanets orbiting very close to their parent star are strongly irradiated. This can lead the upper atmospheric layers to expand
and evaporate into space. The metastable helium (HeI) triplet at 1083.3 nm has recently been shown to be a powerful diagnostic to
probe extended and escaping exoplanetary atmospheres.
Aims. We perform high-resolution transmission spectroscopy of the transiting hot Jupiter HD 189733 b with the GIARPS (GIANO-B +
HARPS-N) observing mode of the Telescopio NazionaleGalileo, taking advantage of the simultaneous optical+near infrared spec-
tral coverage to detect HeI in the planetÕs extended atmosphere and to gauge the impact of stellar magnetic activity on the planetary
absorption signal.
Methods. Observations were performed during Þve transit events of HD 189733 b. By comparison of the in-transit and out-of-transit
GIANO-B observations, we computed high-resolution transmission spectra. We then used them to perform equivalent width measure-
ments and carry out light-curves analyses in order to consistently gauge the excess in-transit absorption in correspondence with the
HeI triplet.
Results. We spectrally resolve the HeI triplet and detect an absorption signal during all Þve transits. The mean in-transit absorption
depth amounts to0.75± 0.03%(25! ) in the core of the strongest helium triplet component. We detect night-to-night variations in the
HeI absorption signal likely due to the transit events occurring in the presence of stellar surface inhomogeneities. We evaluate the
impact of stellar-activity pseudo-signals on the true planetary absorption using a comparative analysis of the HeI 1083.3 nm (in the
near-infrared) and the H" (in the visible) lines. Using a 3D atmospheric code, we interpret the time series of the HeI absorption lines
in the three nights not affected by stellar contamination, which exhibit a mean in-transit absorption depth of 0.77± 0.04% (19! ) in
full agreement with the one derived from the full dataset. In agreement with previous results, our simulations suggest that the helium
layers only Þll part of the Roche lobe. Observations can be explained with a thermosphere heated to! 12 000 K, expanding up to
! 1.2 planetary radii, and losing! 1 g s" 1 of metastable helium.
Conclusions. Our results reinforce the importance of simultaneous optical plus near infrared monitoring when performing high-
resolution transmission spectroscopy of the extended and escaping atmospheres of hot planets in the presence of stellar activity.

Key words. planets and satellites: atmospheres Ð planets and satellites: fundamental parameters Ð techniques: spectroscopic Ð
planets and satellites: individual: HD 189733 b Ð stars: activity

1. Introduction

Exoplanets that orbit very close to their host stars are subject
to extreme physical processes (e.g. hydrodynamic escape). For
instance, the intense X-ray and extreme ultraviolet (EUV) irra-
diation received from the parent stars can lead the gas content
in the upper layers of their atmosphere to expand and reach
high velocities. The gas fraction with a velocity greater than

# Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG) operated by the Fundaci—n Galileo Galilei (FGG) of the
Istituto Nazionale di AstroÞsica (INAF) at the Observatorio del Roque
de los Muchachos (La Palma, Canary Islands, Spain).

the escape velocity can then overcome the planetary force of
gravity, escaping into space. Atmospheric evaporation processes
driving strong mass loss might be responsible for the paucity of
planets with intermediate mass and size (sub-Jovian) with peri-
ods#3 d (the so-called ÒNeptunian desertÓ; see e.g.Lecavelier
Des Etangs2007; BeaugŽ & Nesvorn! 2013; Lundkvist et al.
2016; Mazeh et al.2016; Owen & Lai 2018) observed in the
mass(radius)-period distribution of close-in exoplanets.

Hydrogen has long been investigated as a tracer for atmo-
spheric evaporation because it is the lightest and most abundant
element in giant planets, and therefore it can easily escape and
produce an extended exosphere surrounding the planet. The Þrst
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observation of this effect was obtained byVidal-Madjar et al.
(2003) for the transiting hot Jupiter HD 209458 b. Based on
space-borne spectroscopy carried out with the Space Telescope
Imaging Spectrograph (STIS), installed on theHubble Space
Telescope (HST), strong variations in the ultraviolet Ly-" emis-
sion line at 121.567 nm between in-transit and out-of-transit
spectra demonstrated the presence of an extended comet-like tail
of escaping hydrogen atoms from HD 209458 b. Additional evi-
dence for atmospheric escape in other giants has been obtained
using Ly-" spectroscopy (e.g.Lecavelier Des Etangs et al.2010,
2012; Bourrier et al.2013, 2018; Kulow et al.2014; Ehrenreich
et al.2015; Lavie et al.2017).

However, this proxy is strongly affected by interstellar
absorption and by geocoronal emission (due to the EarthÕs exo-
sphere). Therefore, only the wings of the Ly-" line can be used to
probe escaping exoplanetary atmospheres (e.g.Ehrenreich et al.
2015).

The 1083.3 nm HeI near-infrared (nIR) triplet (vacuum
wavelength)1 is very weakly affected by interstellar absorption
and it can be observed from the ground. It is a well-known diag-
nostic used in a variety of astrophysical contexts, for instance
to study the structure of the solar chromosphere and transition
region, prominences, ßares (e.g.Andretta et al.2008), magnetic
activity in cool stars (e.g.Zarro & Zirin 1986), the dynamics
of stellar winds (e.g.Dupree et al.1992), the outßows from
quasars (e.g.Leighly et al.2011), and to trace planetary nebulae
(Weidmann et al.2013). The HeI nIR triplet was Þrst suggested
to be a relevant absorption signature in the spectra of exoplan-
etary atmospheres bySeager & Sasselov(2000), while more
recent theoretical work (Oklopÿci«c & Hirata2018) revisited those
Þndings to infer good prospects for the observability of extended
atmospheres of known hot planets through this channel.

Prompted by the theoretical expectations, early attempts to
detect the presence of helium in the extended atmospheres of
exoplanets employing medium-resolution spectroscopy (Moutou
et al. 2003) only succeeded in placing upper limits on this
absorption feature. However, the tide has recently turned thanks
to renewed efforts carried out both at low and high spectral res-
olution in space and from the ground, respectively. Using the
Wide Field Camera 3 (WFC3) on board HST, an excess absorp-
tion in the helium triplet was detected in the atmosphere of the
two warm Neptunes, WASP-107b and HAT-P-11b (Spake et al.
2018; MansÞeld et al.2018). Using CARMENES (Calar Alto
high-Resolution search for M dwarf with Exoearths with Near-
infrared and optical ƒchelle Spectrographs) data,Nortmann et al.
(2018), Allart et al. (2018, 2019), Salz et al.(2018), andAlonso-
Floriano et al.(2019) conÞrmed the presence of extended atmo-
spheres of helium in HAT-P-11b and WASP-107b, and reported
new detections of HeI absorption in HD 189733 b, WASP-69b,
and HD 209458 b.

However, all excited levels of helium, including the lower
level of the triplet 1083.3 nm line, the metastable level1s2s3S, lie
almost 20 eV above the1s2 1Sground state. In plasmas at temper-
atures below a few104 K, the level population of that state, and
of all the triplet states, is usually negligible. Indeed, no HeI line
is produced in the photosphere of stars of spectral type later than
A, which includes the majority of stars that host hot exoplanets.
Thus, in contrast to the Ly-" diagnostic of atmospheric evapo-
ration, which arises from the ground level of HI, a non-thermal

1 In this paper we use vacuum wavelengths for GIANO-B and air
wavelengths for HARPS-N. This is due to the type of reference system
selected as default by the reduction software used.

process is required to populate the levels producing the observed
absorption in the HeI 1083.3 nm triplet.

A consensus has not yet emerged on the nature of the non-
thermal processes responsible for the observed HeI 1083.3 nm
line strength in the outer atmosphere of the Sun and of solar-type
stars. Various non-equilibrium collisional processes have been
proposed (e.g.Andretta et al.2000; MacPherson & Jordan1999;
Golding et al.2016). As an alternative, a connection with the
solar and stellar coronal emission has often been invoked. It was
pointed out early on (Goldberg1939; Hirayama1971) that EUV
radiation below 50.4 nm could photoionize neutral He atoms.
Subsequent recombination cascades can then populate the triplet
system, and in particular the1s2s3S level. The depopulation
of this triplet state (which can only radiatively decay through
a forbidden-line photon) progresses slowly, 10.9 day" 1 (Drake
1971), making it metastable. Atoms in that state can therefore
efÞciently scatter nIR photons at 1083.3 nm. The process has
been described byZirin (1975) in the context, for example,
of solar and stellar chromospheres, and analysed in detail by
Andretta & Jones(1997), but it can also act in exoplanet escap-
ing atmospheres where it could produce the strong absorption
feature in the transmission spectrum (Seager & Sasselov2000).

It is therefore clear that, in the absence of sufÞcient EUV illu-
mination from the host star, no absorption features from excited
levels of HeI in the transmission spectrum of exoplanet escap-
ing atmospheres can be observed. Since in solar-type or cool
stars such EUV radiation is only associated with stellar activ-
ity phenomena, we expect the signatures of exoplanet escaping
atmospheres to be clearly observable in the HeI 1083.3 nm
line only in exoplanets orbiting active or moderately active stars
(Oklopÿci«c 2019). This implies that, for a correct quantitative
interpretation of observed absorption in the HeI 1083.3 nm line,
it is imperative to obtain simultaneous estimates of the activity
level of the host star.

The presence of inhomogeneities on the stellar surface can
also complicate the analysis of transmission spectra in a differ-
ent respect: for example, the transiting of a planetary disc over
quiet stellar regions, which are regions with below-average HeI
absorption, can mimic a pseudo-absorption at the position of
the helium triplet. Conversely, the occultation of active regions
by the transiting exoplanet could produce an emission signal in
the transmission spectrum that could reduce the absorption sig-
nal related to the planetary atmosphere. In their study focused
on HD 189733 b,Salz et al.(2018) discussed how these pseudo-
signals, which are due to stellar activity, can interfere with the
atmospheric absorption signal, but without a clear evaluation of
these effects and how they can be distinguished. However, the
analogy with the Sun suggests that the HeI 1083.3 nm line in
active, solar-like stars is much more sensitive to the presence
of plage-like regions or stellar prominences than to starspots.
This raises the possibility that a better understanding of the rela-
tive contribution to observed helium absorption features could
be gleaned by combined analyses of the HeI line and other
activity-sensitive spectral diagnostics.

In this paper we present a new investigation of the extended
atmosphere of the hot Jupiter HD 189733 b at high spectral res-
olution both in the optical and nIR using simultaneous observa-
tions gathered with the GIANO-B and the High Accuracy Radial
velocity Planet Searcher for the Northern emisphere (HARPS-N)
spectrographs (Sect.2). We employ a multi-technique approach
to conÞrm the recent detection of helium in the planetÕs extended
atmosphere (Sect.3), and describe a new methodology to con-
sistently evaluate the impact of stellar activity pseudo-signals on
the true absorption by circumplanetary material (Sect.4). We
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Table 1.HD 189733 b GIARPS observations log.

Night Transit number Programme Nobs Exposure time S/NAVE
(a)

HARPS-N GIANO-B HARPS-N GIANO-B HARPS-N GIANO-B

30 May 2017 1 GAPS 46 88 300 s 100 s 133 58
19 June 2017 2 A35TAC_14 44 56 300 s 200 s 106 116
20 July 2017 3 GAPS 55 48 300 s 300 s 147 131
29 July 2017 4 A35TAC_14 40 44 300 s 200 s 129 101

18 October 2018 5 GAPS 15 48 900 s 200 s 186 76

Notes. (a)Time-averaged signal to noise ratio of the order containing the HeI triplet (for GIANO-B spectra) and the H" line (for HARPS-N spectra).

Fig. 1. Airmass during the GIARPS observations. The colour and sym-
bol coding presented here will be adopted consistently throughout the
work. The contact pointst1 andt4 are marked with vertical dashed lines.

then interpret the helium absorption observations that are not
signiÞcantly affected by stellar contamination in terms of effec-
tive mass loss, using detailed 3D simulations of the atmosphere
of HD 189733 b (Sect.5). Finally, we summarize our results and
conclude (Sect.6) by highlighting possible future applications of
this method to put more constraints on real planetary absorption.

2. Observations

We observed the system HD 189733 using the GIANO-B +
HARPS-N (GIARPS) observing mode of the Telescopio
NazionaleGalileo (TNG) telescope (Claudi et al.2017), which,
by obtaining high-resolution spectra with the HARPS-N (resolv-
ing power R ! 115 000) and GIANO-B (R ! 50 000) spectro-
graphs, allows for simultaneous coverage over the optical (0.39Ð
0.69µm for HARPS-N) and nIR (& 0.95Ð2.45µm for GIANO-
B) wavelength ranges. The full dataset encompasses a total of
Þve primary transit events of HD 189733 b, three observed on
UT 30 May 2017, UT 20 July 2017, and UT 18 October 2018,
within the context of the Global Architecture of Planetary Sys-
tems (GAPS). Project, and two scheduled on UT 19 June 2017
and UT 9 July 2017 as part of programme AOT35_14 (P.I.: V.
Andretta). A log of the observations with the number of col-
lected spectra, exposure times, and achieved signal-to-noise ratio
(S/N) is given in Table1. The target was observed at airmass as
low as 1.005 and as high as 2.004 (Fig.1). Table2 lists the system
parameters adopted in this work.

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

Parameters Value Reference

Planetary and transit parameters
KP 152.5+1.3

" 1.8 km s" 1 Brogi et al.(2018)
T0 [BJDUTC] 2 454 279.436714(15) Agol et al.(2010)
P 2.21857567(15)d Agol et al.(2010)
i 85.710(24)deg Agol et al.(2010)
b 0.6631(23) Agol et al.(2010)
$P 0.943(24) g cm" 3 Agol et al.(2010)
RP/R# 0.155313(188) Agol et al.(2010)
a/R# 8.863(20) Agol et al.(2010)

Stellar parameters
Ks 201.96+1.07

" 0.63 m s" 1 Triaud et al.(2009)

Vsys " 2.361(3)km s" 1 Bouchy et al.(2005)
B" V 0.930 Koen et al.(2010)

2.1. GIANO-B data

In order to be operated in GIARPS mode, the nIR high-
resolution spectrograph GIANO (Oliva et al.2006) was recently
moved at the Nasmyth-B focal station of the TNG (Carleo et al.
2018), and re-named GIANO-B. The GIANO-B echellogram has
a Þxed format and includes 50 orders. The spectra are imaged
on a HAWAII-2 2048$ 2048 detector. The data consist of a
sequence of nodded observations, with the target observed at
predeÞned A and B positions on the slit, following an ABAB
pattern (Claudi et al.2017). For each nodding sequence, the
thermal background and telluric emission lines are monitored
at the slit position that is not illuminated by the target, and are
subsequently subtracted. The GIANO-B spectra are extracted,
blaze corrected, and wavelength calibrated using the GOFIO
data reduction pipeline (Rainer et al.2018).

2.2. HARPS-N data

HARPS-N is the high-resolution, Þbre-fed, cross-dispersed
echelle spectrograph mounted at the Nasmyth-B focus of the
TNG (Cosentino et al.2012). The observations were carried out
using theobjAB observational setup, with Þbre A on the tar-
get and Þbre B on the sky. The Þbre entrance is reimaged onto
a 4k$ 4k charge-coupled device (CCD), where echelle spec-
tra of 69 orders are formed for each Þbre. The HARPS-N data
are reduced with the standard Data Reduction Software (DRS),
version 3.7 (DRS,Cosentino et al.2012).
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3. Data analysis of the He I 1083.3 nm triplet

In the following section we discuss the steps we perform to
analyse the HeI 1083.3 nm triplet.

3.1. Further treatment of GIANO-B data

For the purpose of our scientiÞc analysis, the GIANO-B spec-
tra reduced by the GOFIO pipeline require additional processing
steps, as follows.

3.1.1. Wavelength calibration reÞnement

Temporal variations in the wavelength solution due to a non-
optimal stability of the GIANO-B spectrograph are removed
using the approach described inBrogi et al. (2018), which is
based on a spline interpolation procedure. The initial wave-
length calibration, obtained using an U-Ne lamp, is then reÞned
employing a telluric spectrum as inBrogi et al. (2018). The
magnitude of these wavelength calibration reÞnements, for the
considered nights and in the region around the HeI triplet, is
! 1.3 km s" 1, lower than an individual GIANO-B resolution
element (1 pixel = 2.7 km s" 1).

3.1.2. Telluric lines removal

When working with ground-based spectra, we must take into
account that they are contaminated by the imprints of the EarthÕs
atmosphere. Therefore, our data must be corrected by remov-
ing telluric features. First of all, for each night, we normalize
the spectra by dividing them by the average ßux computed in
two intervals on the blue (1082.6Ð1082.8 nm) and red (1083.9Ð
1084.0 nm) sides of the HeI triplet lines. To take into account
possible variations between the two nodding positions, the spec-
tra acquired in nodding position A (A-spectra) are treated sep-
arately from those acquired in position B (B-spectra). In order
to recognize and remove the telluric contamination, we follow
the methods implemented bySnellen et al.(2008), Vidal-Madjar
et al. (2010), andAstudillo-Defru & Rojo (2013). These tech-
niques consider that the logarithm of the strength of the telluric
lines increases linearly with the airmass. This is a consequence
of the solution of the radiative transfer equation assuming only
absorption. The total intensity at a certain wavelengthI0%, reach-
ing the top of the atmosphere, is converted into an observed
spectrumI%according to the formula (Vidal-Madjar et al.2010)

I%= T(%)a $ I0%, (1)

whereT(%) is the vertical atmospheric transmittance (the tel-
luric spectrum) anda is the airmass. For each night and nodding
position, we deriveT(%), modelling the relationship in Eq. (1)
via linear regression (Wyttenbach et al.2015). This operation
is performed using only the out-of-transit spectra because dur-
ing transit the presence of the planetary atmosphere could leave
detectable imprints inI%. The only exception is transit 2 for
which, due to the lack of a sufÞcient number of observations
before the transit, we also have to use the in-transit spectra to
compute a high-quality telluric spectrum (see e.g.Wyttenbach
et al.2015). In Fig. 2 we show the telluric spectrum built for the
night with the highest S/N (20 July 2017) considering only the
A-spectra. This is consistent with the telluric spectrum generated
via the ESO Sky Model Calculator2.

2 https://www.eso.org/observing/etc/bin/gen/form?INS.
MODE=swspectr+INS.NAME=SKYCALC
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Fig. 2. Telluric absorptions spectrum built for the highest S/N night
considering only the GIANO-B A-spectra. As a comparison, the telluric
spectrum generated via the ESO SKy Model Calculator is shown in blue
with an offset of" 0.3. The two spectra are consistent. In our telluric
spectrum the fringing pattern affecting GIANO-B spectra is also visible.

Each stellar spectrum is then corrected from telluric contam-
ination by dividing it byT(%)a. We note that some strong telluric
features are not fully removed. This might be due to either short
timescale variations in telluric species content or second-order
deviations from the linear dependence on the airmass (Astudillo-
Defru & Rojo 2013). However, since these telluric residuals do
not fall into the wavelength ranges used in the presented analysis,
our results are not affected.

Generally, observations from the ground are also contam-
inated by telluric emission lines. In particular, in the spectral
region of interest, there are three OH emission lines that fall near
the HeI triplet (more precisely at%1083.21 nm,%1083.24 nm,
and%1083.43nm). However, as the GIANO-B observations are
acquired with a nodding pattern that allows for substraction of
the thermal background and emission lines at the level of the
standard data extraction pipeline (see Sect.2.1), at this stage of
the analysis we no longer need to manually correct for the OH
lines, as has been done in other works (e.g.Salz et al.2018; Allart
et al.2019; Nortmann et al.2018).

3.1.3. Fringing correction

The telluric spectrum in Fig.2 clearly shows a sinusoidal fring-
ing pattern, which is known to affect high S/N GIANO-B spectra
in the central and red part of the blue orders3. The effect
is caused by the sapphire substrate (! 0.38 mm thick) placed
above the sensitive part of the detector which, behaving like a
Fabry-PŽrot, generates interference fringing with a peak-to-peak
distance approximately equal to0.75 (wl/ 1000)2 nm, wherewl
is the wavelength expressed in nanometres. Such fringing pat-
terns must be corrected for if we want to study the HeI triplet.
In this work, we mitigate fringing effects by adopting two dif-
ferent approaches, one implemented at the level of the original
spectra (Sect.4.3), and the second when working with the trans-
mission spectra (Sects.3.2 and3.3). In AppendixA we discuss
the impact of these two techniques on the determination of the
HeI absorption levels.

The GIANO-B spectra, subjected to wavelength calibra-
tion reÞnement and telluric line removal, are then used to

3 https://atreides.tng.iac.es/monica.rainer/gofio/
blob/master/GOFIO_manual.pdf
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Fig. 3. Transmission spectra shown in tomography in the planetary (left) and stellar (right) rest frame, as a function of the wavelength and the
orbital phase (transmission spectra are binned both in wavelength and in phase). An excess absorption (in blue) is present during the transit, the
three helium triplet lines are indicated with vertical black lines. The contact pointt1, t2, t3 andt4 are marked with horizontal white lines.

investigate the extended atmosphere of HD 189733 b, search-
ing for planetary helium absorption in correspondence with the
1083.3 nm triplet using a multi-technique approach: transmission
spectroscopy and tomography, transmission spectra equivalent
widths, and light-curve analysis.

3.2. Transmission spectroscopy and tomography

When the planet passes in front of its host star, a transmission
spectrum can be measured. This represents the fractional area of
the stellar disc covered by the planetary atmosphere as a func-
tion of wavelength, and can used to investigate the optically
thin regions of the planetary atmosphere. We compute trans-
mission spectra as follows. The telluric-corrected GIANO-B
spectra are initially shifted into the stellar rest frame by account-
ing for the barycentric Earth radial velocity, the stellar reßex
motion induced by the planet, and the systemic velocity. Then,
by averaging the out-of-transit A-spectra (B-spectra), a master-
out spectrumMA (MB) is created. All the A-spectra (B-spectra)
are successively divided byMA (MB) to create the transmission
spectraTA (TB), which are then corrected for fringing effects
using Method #1 described in AppendixA.

The two panels of Fig.3 show a two-dimensional map of
the full time series of the fringing-corrected transmission spectra
of HD 189733 b in wavelength-orbital phase space in the neigh-
bourhood of the HeI triplet lines. The tomographic representa-
tion is routinely used to highlight the true reference frame of each
absorption and emission signal (e.g.Borsa & Zannoni2018).
When applying the tomography in the stellar reference frame
(right panel of Fig.3), during the transit an excess of absorption
is clearly present at the position of the stellar helium lines. The
signal follows the planetary radial velocity, revealing its plane-
tary origin4. At this point, we shift the transmission spectra in
the planetary rest frame (left panel of Fig.3) and, for the two
nodding positions, we build a mean transmission spectrum using

4 Given the negligible impact of the Rossiter-McLaughlin effect
(RME) during transit on the analysis and interpretation of the plane-
tary helium absorption signal (see Sect.5 andSalz et al.2018), we do
not correct for it.

Table 3. Average peak absorption in the strongest HeI component in
each individual night.

Date HeI absorption peak [%]

Transit 1 0.64± 0.10
Transit 2 0.76± 0.06
Transit 3 0.96± 0.07
Transit 4 0.76± 0.05
Transit 5 0.85± 0.10

the average of theTA (TB) between the second (t2) and the third
(t3) contact points. Then, for every night, by averaging these two
mean transmission spectra we obtain a single master transmis-
sion spectrumTAB. The meanTAB of the Þve observed transits
is shown in Fig.4. We clearly identify an absorption feature
with a full width half maximum = 0.091± 0.005 nm. The peak
of the excess absorption is measured to be0.75± 0.03% (25! ),
evaluated by Þtting a Gaussian (with a local non-linear least-
squares method based on the Levenberg-Marquardt algorithm) in
the core of the strongest HeI component. The measured absorp-
tion levels in individual nights are shown in Table3. We note
that the helium feature has a net blueshift of" 3.0 ± 0.6 km s" 1.
This is in agreement with the Þndings bySalz et al.(2018), who
reported a blueshift of" 3.5± 0.4 km s" 1.

Figure3 highlights that the helium transmission signal seems
to start aftert1, and close tot2. This is compatible with an
extended atmosphere with a compact structure, meaning the
helium atmosphere is not so elongated as already to give a sig-
nal at Þrst contact, but it becomes detectable when the planet is
completely inside the stellar disc. This is in agreement with the
results of our 3D simulations (see Sect.5) and with Þndings by
Salz et al.(2018).

3.3. Transmission spectra equivalent widths and light-curve
analysis

Once the series ofTA andTB have been computed, we evalu-
ate the excess in-transit absorption in the helium triplet lines by
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Fig. 4. MeanTAB of the Þve observed nights in the planetary rest frame. We detect an average absorption signal of0.75± 0.03%(25! ) in the
strongest component of the helium triplet. A Gaussian Þt is shown as the red line. Vertical dashed lines indicate the three helium triplet lines.

using the methodology proposed byCauley et al.(2015, 2016,
2017a,b), and Yan & Henning (2018) for the analysis of the
Balmer lines. For every night, the absorption is calculated as the
equivalent width of the transmission spectrum at the position of
the helium line,

EWi
A =

vmax!

v=vmin

1 " TA(v)i ! %v, (2)

whereEWi
A is the equivalent width corresponding to the trans-

mission spectrumTi
A, at the orbital phasei, for the nodding

position A, and! %v is the wavelength difference at velocity
v. We then computeEWi

B in a similar way for nodding posi-
tion B. We measure the absorption of the helium triplet across
a 40 km s" 1 band, from" 20 km s" 1 (%min ! 1083.22 nm) to
+20 km s" 1 (%max ! 1083.36 nm), centred on the strongest com-
ponent of the triplet. The interval is chosen to avoid possible
contamination from the nearby telluric line at 1083.51 nm.

All the Þve nights exhibit an extra absorption during the tran-
sit, while the out-of-transit EW values are compatible with zero.
The mean in-transit HeI extra absorption due to the extended
planetary atmosphere, calculated by merging the two nodding
positions and averaging the EW values between contact points
t2 and t3, is EW= 6.5± 0.6 m• , which corresponds to a 11!
detection (the error bar on this value is evaluated as the standard
deviation of the mean).

Starting from theTA (TB) shifted into the planetary rest
frame, for each night we subsequently compute a light curve of
the HeI lines as a function of time (e.g.Charbonneau et al.2002;
Snellen et al.2008). For every orbital phase, we average the cor-
respondingTA (TB) over a velocity range from Ð20 to +20 km s" 1

centred on the strongest HeI component, analogously to the
equivalent width method. In Fig.5 we show the derived light
curves binned into intervals of 0.005 in phase. Table4 lists the
average nightly HeI transit depths in the light curves calculated
between contact pointst2 andt3.

4. Planetary absorption versus stellar activity
effects

Our multi-technique analysis of the GIANO-B transmission
spectra of HD 189733 b conÞrms the absorption feature at the

Table 4. Averaged HeI transit depths in each individual night between
contact pointst2 andt3 in the transmission light curves.

Date Average HeI transit depth [%]

Transit 1 " 0.36± 0.03
Transit 2 " 0.51± 0.03
Transit 3 " 0.67± 0.03
Transit 4 " 0.50± 0.03
Transit 5 " 0.47± 0.06

wavelength of the HeI nIR triplet. By looking at the tomog-
raphy map, we have shown that the signal is at rest in the
planetary reference frame, and by using different approaches
(i.e. transmission-spectra equivalent-widths technique and light-
curve analysis) we have shown that the signal is present in
all Þve transits. The strength of the average absorption signal
is measured to be slightly lower (a 2.6! difference) than that
(0.88± 0.04%) reported bySalz et al.(2018) in their analysis of
CARMENES primary transit spectra of HD 189733 b. However,
by looking at the left panel of Fig.5 and Table4, the night-to-
night variability of the HeI absorption levels appears rather clear
(a 3.3! and 4! departure for night 1 and 3, respectively, with
respect to the quasi-constant values for the other three nights).

A likely origin for this variability could be the planetary
transit on an inhomogeneous stellar surface. The occultation
of active and quiescent regions by the transiting planet can
indeed alter the planetary helium absorption signal. The effect
on high-resolution transit signatures seen in chromospheric lines
is sometimes referred to as the Òcontrast effectÓ, and has been
extensively studied in the case of HD 189733b, for instance by
Barnes et al.(2016) and Cauley et al.(2017a, 2018). The lat-
ter paper, in particular, discusses the contrast effect for several
chromospheric lines in addition to the HeI line.

4.1. Fractional area of active regions on HD 189733

The contrast effect on the transit signal clearly depends on the
type and extent of non-quiescent (active) regions on the stellar
surface. FollowingAndretta & Giampapa(1995) and assum-
ing that the active regions are similar to solar plage regions,
it is possible to obtain a lower limit for the active region area
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Fig. 5. Left panel: transmission light curve of the HeI lines in the planetary rest frame from the Þve transits. Contact pointst1, t2, t3, andt4 are
marked with vertical dashed lines.Right panel: transmission light curve, binned in phase, obtained for the Þve nights combined. Contact pointst1,
t2, t3, andt4 are marked with dashed lines. The continuum behaviour is indicated by the horizontal dashed line.

coverage,f , through a measurement of the equivalent width of
the stellar HeI 1083.3 nm line alone, using the relation

f %
Wobs" Wq

Wmax " Wq
, (3)

where Wq is the intrinsic equivalent width in the quiescent
region,Wmax is the maximum intrinsic equivalent width in the
active region, andWobs is the observed equivalent width of
the line5. We measure the equivalent widths for the off-transit
HeI proÞles for all the transit dates by means of multi-line Þts
including the three components of the helium triplet and the
main stellar and telluric blends, as discussed byAndretta et al.
(2017). We obtain values forWobs ranging from 320 to 350 m•.
Adopting the valuesWq = 40 m• and Wmax= 410m• given by
Andretta et al.(2017), we therefore estimate that at least 75%
of the stellar surface of HD 189733 is covered by plage-like
active regions. A better estimate of the fractional active region
coverage could be obtained by additionally measuring the HeI
587.6 nm line (observed in the HARPS-N range) and comput-
ing the HeI 1083.3 nm and 587.6 nm intrinsic equivalent widths
from active regions; in the case of HD 189733 this would be over
a grid of non-local thermodynamic equilibrium (NLTE) radia-
tive transfer calculations. Such calculations are outside the scope
of this work, although we do plan to include them in a follow-up
analysis.

4.2. Signature of the contrast effect in chromospheric lines

Here we follow instead a different approach; we look for sig-
natures of the contrast effect in other chromospheric lines in
addition to the HeI lines. One of the most prominent chromo-
spheric lines in our dataset is the H" 656.3 nm line. To illustrate
the different effect of stellar surface inhomogeneities on the
HeI and the H" lines. In Fig.6 we show a typical solar image
of central line intensity in the two lines. The HeI 1083.3 nm
map was obtained from the File Transfer Protocol (FTP) archive
of the National Solar Observatory Integrated Synoptic Program
(NISP6). The near simultaneous HI 656.3 nm map is from the
5 We adopt here the following deÞnition for the equivalent width mea-
sured in the stellar spectra:W%=

"
(1" (F(%)/ Fcont)d%whereF(%) is the

ßux line proÞle andFcont is the ßux in the adjacent stellar continuum;
the equivalent width thus deÞned is a positive quantity for absorption
lines.
6 https://www.nso.edu/telescopes/nisp

Kanzelhšhe Observatory and was obtained from the FTP site
of the Big Bear Solar Observatory FTP archive of the Global
H" Network7. Those maps clearly show that plage-like active
regions appear darker than the rest of the stellar disc in HeI, and
brighter in H" . We also note that, on the other hand, Þlaments
appear darker in both lines. This is typical behaviour of those
lines in the Sun and, by extension, in solar-like active stars such
as HD 189733.

Considering the HeI line alone, a planet transiting over
quiescent areas of the star would increase the weight of
active regions in the observed ßux, thus producing a stronger
1083.3 nm absorption. Viceversa, if the planet occults an active
region, the net effect is a reduced HeI absorption. These varia-
tions induced by the contrast effect in the in-transit spectropho-
tometry are very difÞcult to distinguish from the intrinsic signal
due to the planet atmosphere.Salz et al.(2018) tried to distin-
guish between these two contributions but did not obtain clear
results.

On the other hand, the signal perturbations in the H" line
due to the contrast effect have an opposite sign: when the planet
occults quiescent regions, the total ßux in the line increases,
while occultation of active regions produces a decrease of
the line ßux (assuming that the dominant inhomogeneities are
plage-like regions). We also note that the other prominent chro-
mospheric lines in the HARPS-N range, the NaI D doublet at
589.6 nm (D1) and 589.0 nm (D2), behave very much like the
H" line (e.g.Cauley et al.2018).

Therefore, if we Þnd evidence that the perturbations in the
HeI 1083.3 nm and the H" signals are anti-correlated, we could
reasonably infer that the source of the signal is due to the con-
trast effect. For this reason, we performed a comparative analysis
with the H" line to determine the extent to which our HeI plan-
etary detection is contaminated by stellar activity, Þrst analysing
the out-of-transit line proÞles, then the perturbations during the
transit of HD 189733b.

4.3. Stellar variability across different nights

In order to estimate the role of stellar activity in the observed
HeI transit signal, we analyse the average stellar spectra outside
the transit as a function of stellar activity. In the case of GIANO-
B data, we remove the fringing pattern around the HeI line

7 http://www.bbso.njit.edu/Research/FDHA
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