
Characterisation of the hydrodynamic atmospheric escape 
of HD 209458 b, HD 189733 b and GJ 3470 b

M. Lampón, M. López-Puertas, A. Sánchez-López, S. Czesla, J. Sanz-Forcada and the CARMENES Consortium
IAA-CSIC, Granada, Spain (mlampon@iaa.es)

Hydrodynamic escape is the most efficient atmospheric mechanism of planetary mass loss
and has a large impact on planetary evolution. However, the lack of observations remained
this mechanism poorly understood. Therefore, new observations of the He I triplet at
10830Å provide key information to advance hydrodynamic escape knowledge. In this work,
we analyse the hydrodynamic escape of three exoplanets, HD209458 b, HD189733 b, and
GJ 3470 b via an analysis of He triplet absorptions recently observed by the CARMENES
high-resolution spectrograph, and their available Ly-alpha measurements, involving a 1D
hydrodynamic model. We characterise the main upper atmospheric parameters, e.g., the
mass-loss rate, the temperature, the composition (H/He ratio), and the radial outflow
velocity. We also study their hydrodynamic regime and show that HD209458 b is in the
energy-limited regime, HD189733 b is in the recombination-limited regime, and GJ 3470 b
is in the photon-limited regime. Details of this work can be found in Lampón et al. (2020,
2021a,b).
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Introduction
The He triplet absorption at 10830Å, 
He(23S), offers a new window for 
studying the atmospheric escape of exo-
atmospheres (Nortmann et al., 2018).

Atmospheric hydrogen and helium gases 
of exoplanets that orbit close to their 
host stars can escape after suffering 
strong irradiation at XUV. 

So far the evaporation has been studied 
using the H Ly-⍺ in the UV. The He NIR 
line provides more information since its 
directly probes the region where the 
escape is originating (see Figure).

Brogi, 2018
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Observations and Modelling
• We analyse the observations of the He(23S) 

absorption of HD209458b, HD189733b, and GJ3470b  
measured with the high-resolution spectrograph 
CARMENES at the 3.5m Calar Alto Telescope (Alonso-
Floriano et al., 2019; Salz et al., 2018; and Pallé et 
al., 2020). 

• We developed a 1D hydrodynamic model of the 
thermosphere, with spherical symmetry, and coupled 
with a non-LTE model that calculates the density 
profiles of H, H+, He, He+ and He(23S).

• Hydrodynamic continuity equations are solved 
assuming a constant speed of sound, similar to the 
isothermal Parker wind model (Parker, 1958).

• The inputs of the model are temperature (T), mass-
loss rate (MLR) and the H/He composition.

2 Oklopčić & Hirata

1. INTRODUCTION

Close-in exoplanets give us a new insight into the
mechanisms of atmospheric escape and mass loss. In
highly irradiated planets, atmospheric escape can be
very e�cient and act collectively on the atmosphere
as a fluid (e.g. Owen & Jackson 2012), instead of on
a particle-by-particle basis. This hydrodynamic escape
may be important for the planetary evolution, especially
in low-mass planets which are more vulnerable to pho-
toevaporation compared to massive planets with deep
gravitational wells. This process has been proposed
as an explanation for the observed paucity of short-
period sub-Jupiter planets and the bimodal distribution
of planet radii (Owen & Wu 2013; Lundkvist et al. 2016;
Fulton et al. 2017). Improving our knowledge of how
hydrodynamic escape works and how it a↵ects a broad
range of atmospheres is therefore necessary for better
understanding the demographics of planetary systems
and their evolution.
Observational evidence for atmospheric escape has

been obtained for a handful of exoplanets to date in the
form of a strong absorption signal detected in the wings
of the hydrogen Ly↵ line, but also in some UV lines of
metals (Vidal-Madjar et al. 2003, 2004; Lecavelier Des
Etangs et al. 2010; Linsky et al. 2010; Fossati et al. 2010;
Kulow et al. 2014). The first observations of this kind
were obtained for a transiting hot Jupiter HD 209458b
by Vidal-Madjar et al. (2003). Strong absorption in the
wings of the Ly↵ line resulted in transit depth about
an order of magnitude greater than the optical transit,
suggesting that the observed cloud of hydrogen extends
far away from the planet. Even greater transit depths
in the wings of Ly↵ have been reported for a warm Nep-
tune GJ 436b (Kulow et al. 2014; Ehrenreich et al. 2015;
Lavie et al. 2017).
Several groups have developed theoretical models of

escaping atmospheres (e.g. Lammer et al. 2003; Yelle
2004; Garćıa Muñoz 2007; Murray-Clay, Chiang & Mur-
ray 2009; Koskinen et al. 2010; Bourrier & Lecavelier
des Etangs 2013; Tripathi et al. 2015; Salz et al. 2016;
Carroll-Nellenback et al. 2017). The methodology and
the complexity varies greatly between these models, and
hence their predictions, such as the expected mass loss
rate, can di↵er by orders of magnitude. More detailed
observations are required to place more stringent con-
straints on theoretical models.
Ly↵ observations have been immensely valuable for

providing evidence of atmospheric escape. However,
there are inherent limitations of using this line. Ly↵
su↵ers from extinction by the ISM and contamination
from geocoronal emission, rendering the signal from the

Figure 1. Structure of the helium atom, indicating the
radiative and collisional transitions included in our analysis.
The transition shown in red depicts the 10830 Å absorption
line.

Ly↵ line core—and the valuable information content it
might carry—irretrievable (e.g. Ehrenreich et al. 2015).
Here we investigate the possibility of probing the es-

caping atmospheres of exoplanets with the absorption
line of helium at 10830 Å. This line may provide a new
wavelength window for studying the hydrodynamic es-
cape and atmospheric mass loss. Its main advantages
over the UV lines include weaker interstellar absorption1

and the possibility of ground-based observations.

2. HELIUM METASTABLE STATE AND THE
10830 Å LINE

The helium atom can exist in two configurations based
on the relative orientation of its electrons’ spin, singlet
(anti-parallel) and triplet (parallel). The lowest-lying
triplet level (23S) is almost decoupled from the sin-
glet ground state (11S) because radiative transitions be-
tween them are strongly suppressed. Due to relativistic
and finite-wavelength corrections to the magnetic dipole
transition formula, the 23S triplet helium can radiatively
decay into the singlet ground state with an exceptionally
long lifetime of 2.2 hours (Drake 1971).
The 23S state can be populated by recombination2

or by collisional excitation from the ground state (see
Figure 1). Depopulation of this state progresses slowly
making it metastable, and hence a promising origin of

1 Indriolo et al. (2009) measured the column density of
metastable helium through di↵use interstellar clouds and obtained
an upper limit of N . 109 cm�2, which is roughly three orders
of magnitude lower than our prediction for escaping exoplanet at-
mospheres (see Figure 3, bottom panel).

2 Around 75% of helium recombinations result in the triplet
configuration (Osterbrock & Ferland 2006).

Oklopcic & Hirata, 2018

• The production and loss processes of He(23S) are sketched in the figure. 
• With the He(23S) density, we computed synthetic spectra and compared to that measured.
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Results and Discussion (1)

Spectral transmission of the He(23S) at mid-transit 
(black lines and error bars) and the synthetic 
spectrum (red lines). 

Ranges of T-MLR and H/He ratios derived for the three 
planets. Dotted lines show extended T-MLR ranges, and 
symbols the derived T-MLR. 
Our results also suggest an H/He composition > 97/3, 
higher than the solar 90/10. 
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Results and Discussion (2)

• To differentiate the hydrodynamic escape regimes, we 
use two criteria, a) ratios of recombination to the 
advection of H and b) heating efficiency.

• a) Top figures: Ratios of recombination to the 
advection of H, derived from the measured He(23S)
absorption spectra. The vertical dashed orange lines 
indicate the mean Roche lobes.

• b) Right figure: Heating efficiency versus MLR derived 
for the three planets. Dotted lines show extended T-
MLR ranges, and thick lines the derived T-MLR.
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Conclusions
• HD 189733 b has a rather compressed and hot upper atmosphere, almost fully ionized, 

and with low radial velocities.

• GJ 3470 b, with smaller gravitational potential, exhibits a very extended atmosphere, 
relatively cold, not strongly ionized and with large radial outflow velocities. Its MLR is 
comparable to that of HD 189733 b, despite it is much less XUV-irradiated.

• HD 209458 b is in between those exoplanets, with temperature, density, ionization 
profile, and gas radial velocities with intermediate values. However, its MLR is comparable.

• Our results suggest that the upper atmosphere of giant planets undergoing hydrodynamic 
escape tend to have a very low mean molecular mass (H/He > 97/3), significantly 
higher than the solar 90/10 ratio.  

• We have found observational evidence of the three escape regimes theoretically 
predicted in giant planet H/He atmospheres: energy-limited (HD 209458 b), 
recombination-limited (HD 189733 b) and photon-limited (GJ 3470 b).


