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Outline

● Exo-atmospheric modelling of chemical composition

● Helium triplet abundance modelling

● Radiative transfer modelling 

● He triplet absorption

● High dispersion spectroscopy (HDS) (molecular detection)

● Earth’s atmospheric studies (OH for the He absorption 
correction, Temp., Rot. NLTE)
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1D Composition modelling
GJ 436b-like planet (0.07MJ, 0.372 RJ)

● Thermochemical equilibrium ● Non-equilibrium composition 
(photochemistry+vertical diffusion)
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1D modelling of He triplet
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).

● Processes included:  
Φ1: He + hv => He+ + e-

α3: He+ + e- => He(23S) 
q13: He + e- => He(23S) + e-

Φ3: He(23S) + hv => He+ + e-

q31: He(23S) + e- => He(21P,1S)+ e-

A31: He(23S) => He + hv

Q31: He(23S) + H => He + H

He+
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1D escape modeling of He and H exosphere

The different models/steps:

1. Hydrodynamics. Spherically symmetric. Parker-wind approx. T=cte. 

Ø Calculation of density (H (90%)+ He (10%)), v_escape

Ø Inputs: Mp, Rp, T, Mass Loss Rate, Mean mol weight

2. Photoionization of H => [H], [H+], [e-]. UV stellar flux

Ø H + hv => H+ + e-

3. Helium I triplet concentration; UV stellar flux

• Stellar flux from 0.1 to 300 nm (Sanz-Forcada, priv. comm., + 
Castelli and Kurucz models).
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Radiative transfer modelling

● We can compute high resolution molecular transmission (1er transit) and 

emission (in LTE) (eclipse) spectra with KOPRA (adapted to exo-

atmospheres).

Ø Includes molecular transitions, Rayleigh scattering, Mie scattering (aerosols), 

atmospheric refraction, CIA, line-mixing, Lorentz, Doppler and Voigt line shapes, 

continuum, etc.

Ø Spectral range: visible + near-IR.  

Ø Can accommodate atmospheric winds

Ø Apply the CARMENES LSF

Ø Still to be implemented high temp line-lists (CH4, TiO, VO, hazes, …)

Ø Some examples for CARMENES
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Transmission, primary eclipse
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sets of data with big error bars spanning a broad spectral region
(Burrows 2014). Moreover, some of these magnitudes present
spurious crosstalk effects and correlations, as is the case for tem-
perature profiles and abundances (Swain et al. 2009), and the
reference pressure level with abundance (Kreidberg et al. 2014).
The data obtained with current instruments can many times be fit
using different possible values for both magnitudes, which trans-
lates in important uncertainty intervals.

Even in the case of acceptable confidence levels in the
temperatures, compositions and abundances obtained by any
method, there are still sources of uncertainty. Some of them arise
from the fact that we are not able to know if the parameters we
extract from our data are representative of the whole atmosphere
or if it is giving us local information e.g. about a certain limb
region when working in transmission, as there could exist local-
ized regions of higher abundance of a certain molecular species,
possible variations of the abundance in time scales bigger than
the transit duration, etc. (Madhusudhan & Seager 2009).

In fact, since exoplanets such as Hot Jupiters orbit far closer
to their host star than Mercury does to our Sun, it is common that
the exoplanet is tidally locked. Hence, even in the presence of an
efficient atmospheric circulation, there is a relevant temperature
gradient between the dayside and the nightside of the exoplanet
(Brogi et al. 2016). Given that transmission spectroscopy probes
the terminator region, which is the interval between the dayside
and the nightside of the exoplanet, compounds passing from the
dayside to the nightside could condensate and the spectral in-
formation we would obtain would not be representative of the
exoplanetary atmosphere in its whole (Burrows 2014).

For the sake of simplicity, in this work we focus on one of the
most studied Hot Jupiters to date, HD 189733b (Table 1 shows
some relevant parameters of this Hot Jupiter). This option is also
convenient, as there are recent HST/WFC3 transit measurements
available (McCullough et al. 2014)) and it is currently being ob-
served with CARMENES. Here we aim to:

ORIGINAL AIMS AND TESTS WE HAD BEFORE
STARTING WRITING THIS PAPER

(a) Finding which atmospheric layers contribute the most to
which spectral regions covered by instruments such as
the HST/WFC3 and CARMENES. (EVEN IF POSSIBLE
WITH SYNTHETIC SPECTRA, IT MIGHT BE DIF-
FICULT TO USE IT TO ANALYZE REAL DATA OF
HOT JUPITERS THAT WE KNOW HAVE CLOUDS
OBSCURING THE LOWER ATMOSPHERE.).

(b) Studying which spectral regions are more sensitive to
changes in the temperature profile or in the volume mixing
ratio of the main NIR absorber in these exoplanets, which is
typically H2O.

(c) (COULD WE USE POINTS (a) AND (b) TO GIVE ANY
INTERESTING INFO ON THE CROSSTALK?) Per-
form sensitivity studies that can help disentangle the infor-
mation in a spectrum regarding temperature and abundance
in the exoatmosphere.

(d) Reanalyze of some of the latest HST/WFC3 data on HD
189733b. (CAN WE APPLY WHAT WE LEARN AND
EXTRACT ANY NEW INFO OF THE MEASURED
SPECTRA? COULD IT BE USEFUL WHEN WE
HAVE HIGHER RESOLUTION DATA (CARMENES
OR JWST))

(e) POSSIBLE ADDITIONAL POINTS OR DIRECTIONS
OF THIS PAPER? Study how we would observe in our
synthetic spectra possible temperature inversions. It is a con-
troversial topic. This could be the case of HD 189733b as

there is ver limited knowledge of the upper atmosphere of
the exoplanet (Brogi et al. 2016), and it could be the case
of HD 209458b too, even though there is strong evidence
against it in (Line et al. 2016). In this paper they also sug-
gest that inversions in Hot Jupiters may not be common at
all.
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Fig. 1. Basic sketch (not at scale) of the side view (top) and front view
(bottom) of the typical geometry of the primary transit.

2. Methodology: Calculation of Transmittances

As the planet transits, in addition to the complete absorption
of the stellar light at all wavelengths by the ‘solid’ planet, the
planet’s atmospheric layers also absorb stellar light at differ-
ent wavelengths imprinting in this way its atmospheric signa-
tures. The extra-absorption caused by the planet’s atmosphere
(see Fig. 1 (bottom), commonly referred to as the change in tran-
sit depth, can be calculated as follows. The transmission, Tν(z),
along the line of sight (LOS) x at a tangent height z over the
planet ‘solid’ surface for an infinitesimal field of view (FOV) of
the planet atmosphere (see Fig. 1, top) at frequency ν, can be
written by (see, e.g., López-Puertas & Taylor 2001, p. 64)

Tν(z) = exp

!

−

" TOA

−TOA

kν(x) n(x) dx

#

(1)

where kν is the absorption coefficient of the radiative transition
and n(x) is the concentration of the absorbing gas.

In order to get the total absorption of the whole atmosphere,
we first obtained the absorption for the area covered by an in-
finitesimal spherical ring, of thickness dz, and then integrate over
all tangent heights of the atmosphere, i.e., over the whole pro-
jected area of the planetary atmosphere,

Aν = 2 π

" TOA

Rp

(Rp + z) [1 − Tν(z)] dz, (2)
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Transmission spectra. 

HD 189733 b

Alonso-Floriano et al., 2019
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Emission spec. (LTE) Tau-Bootis

Tau Bootis b. Res=CARmenes. Nadir rad. Φ=45o
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● H2O=1e-6

● CO=1e-4

● H2O=1e-4

● CO=1e-4
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Transmission simulations of He I triplet

Inputs: 
Ø Cross-sections (NIST)

Ø Concentration of He (23S) triplet from previous model.

Assumptions:
Ø Only Gaussian (Doppler + turbulence) broadening. T constant. No Lorentz broad.

Ø Angle-integrated transmission assuming simple atmospheric (“winds”) fields

Ø CARMENES LSF applied

Fitting parameters:
Ø Scaling He I (23S) conc. prof.

Ø Temperature, Turbulence(Yes/No)

Ø v_blue, v_red, 

Ø Area_blue,  Area_red

The Astrophysical Journal, 762:24 (20pp), 2013 January 1 Showman et al.

Next consider HD 189733b (Figure 6(c)). The model again
exhibits a super-rotating equatorial jet, which is fast across most
of the nightside—achieving eastward speeds of 4 km s−1—but
slows down considerably over the dayside, reaching zero speed
near the substellar point. Despite this variation, the zonal winds
within the jet (latitudes equatorward of 60◦) are eastward
along both terminators. In contrast, the high-latitude zonal
wind (poleward of 60◦ latitude) is westward along the western
terminator and eastward along the eastern terminator,16 as
expected for day-to-night flow. As seen during transit, along
the trailing limb, the zonal winds flow toward Earth. Along the
leading limb, they flow toward Earth poleward of 60◦ latitude
and away from Earth equatorward of 60◦ latitude. Spectral lines
would thus exhibit a broadened or bimodal character, with the
blueshifted component considerably stronger than the redshifted
component (Figure 7(c)). HD 189733b is thus a transitional case
between the two regimes discussed in Section 2.

In the case of HD 209458b (Figure 6(d)), the strong super-
rotating jet continues to exist, but at and west of the western
terminator it is confined substantially closer to the equator than
in our GJ 436b or HD 189733b models. Poleward of ∼ 30◦

latitude on the western terminator, and everywhere along the
eastern terminator, the airflow direction is from day to night.
This implies that, as seen during transit, the trailing limb exhibits
zonal winds toward Earth. The leading limb exhibits zonal winds
that are toward Earth poleward of ∼ 30◦ latitude and away from
Earth equatorward of ∼ 30◦ latitude. This would lead to Doppler
shifts that are almost entirely blueshifted (Figure 7(d)).

To summarize, these models exhibit a transition from a
circulation dominated by zonal jets at modest insolation
(GJ 436b) to one dominated by day–night flow at high inso-
lation (HD 209458b). Qualitatively, this transition matches well
the predictions from our theory in Section 2—as the stellar in-
solation increases, the effective radiative timescale decreases,
and this damps the standing planetary-scale Rossby and Kelvin
waves, limiting their ability to drive a dominant zonal flow
and leading to a circulation comprised primarily of day-to-
night flow at low pressure. We emphasize that the models in
Figures 6 and 7 do not contain frictional drag at the low pres-
sures sensed by remote measurements, and so the only source
of damping is the radiation (as well as the Shapiro filter, which
exerts minimal effect at large scales). The models show that
the regime transition occurs very gradually as stellar insolation
is varied (Figures 6(a)–(d)). This is also consistent with the-
oretical expectations; as shown in Figure 5, when large-scale
drag is absent, the radiative time constant must be decreased
by over a factor of ∼ 30 (from ∼ 3 days to less than 0.1 day)
to force the flow from the jet-dominated to eddy-dominated
regime. Moreover, as discussed in Section 2, damping through
radiation alone can inhibit differential zonal propagation of the
planetary-scale waves, but the multi-way horizontal force bal-
ance between pressure-gradient, Coriolis, and advective forces
can still produce prograde phase tilts near the equator. Thus,
we still expect a narrow equatorial jet over at least some longi-
tudes. This can be seen in the nonlinear shallow-water solutions
(see Figure 3(d)) and also explains the continuing existence of
a narrow equatorial jet even for extreme radiative forcing in the
3D models (Figure 6(d)).

This regime transition manifests clearly in plots of termina-
tor winds. Figure 8 shows the wind component projected along

16 Eastern and western terminators refer here to the terminators 90◦ of
longitude east and west, respectively, of the substellar point.

Figure 8. Winds toward or away from Earth (color scale, m s−1) along the full,
360◦ terminator in a sequence of models as viewed during the center of transit.
Color scale is such that red (positive) represents redshifted velocities while blue
(negative) represents blueshifted velocities. The radial coordinate represents log
pressure, and the plotted range is from 200 bars at the inside to 2 µbar at the
outside. The first, second, and third rows show our solar-metallicity nominal
models of GJ 436b, HD 189733b, and HD 209458b, respectively. The fourth
row shows our model of HD 209458b where frictional drag is imposed with
a drag time constant of 104 s. For each model, the left panel shows the winds
alone, and the right panel shows the sum of the winds and the planet’s rotation.
From top to bottom, the transition from high-altitude velocities that have both
blueshifted and redshifted components to velocities that are entirely blueshifted
is clearly evident.
(A color version of this figure is available in the online journal.)

the line of sight to Earth at the terminator for a sequence of
models. Red represents velocities away from Earth (hence red-
shifted) while blue represents velocities toward Earth (hence
blueshifted). The first, second, and third rows of Figure 8 show
our nominal models of GJ 436b, HD 189733b, and HD 209458b,
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He triplet absorption analysis: WASP 69b

Helium transit light curve
(Nortmann et al., 2018)

• 2 Blue components (no Red)
• Tail: -22 km/s (55%) +
• Inner atmos: -11 km/s (40%)
• He_fac=0.5

Helium modelling
● Helium triplet con. from 1-D 

model (T=10000K; 
MLR=5e10g/s; Mw=0.7; 10Rp) 

● Turbulence broadening

• Blue + Red
absorptions

• -8 km/s (50%) 
• +4 km/s (20%)
• He_fac=1.16
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● [HeI triplet] compressed: 1e3cm-3 in 0.25Rp 

● Doppler T=10000K + No Turb. 

● Blue-winds v=-8 km/s; Frac=45%

● Red winds v=+6 km/s, Frac=30%

Ø Able to reproduce very well both lines!

Helium. HD189733b. Mid-transit
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vb=-- 8.0; vr=+ 6.0km/s. Fracblue= 45%; Fracred= 30%  χ2: 2.4; r:0.9578

He triplet absorption analysis: HD 189733 b
He I (23S) densities
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He triplet absorption analysis
● Helium triplet from the 1-D model. 

He I (23S) densities. mw: 0p72. MLR= 1p0e09
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Alonso-Floriano, A. Sánchez-López, et al., A&A, 2019

- First CARMENES NIR multiband detection of H2O in the exo-
atmosphere of the hot jupiter HD 189733 b.

- Evidence of strong winds flowing from the dayside to the nightside.

~ 2

~ 4 ~ 4

< 1

HDS: H2O detection in HD 189733 b
● A major achievement. 
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Sánchez-López et al., in prep. 

HDS: H2O detection

● Good S/N H2O signal ~5 =>
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Sánchez-López et al., in prep. 

HDS: H2O detection

● However, the signal from 
the 1.4 µm band (where 
we expect the larger 
signal) is very noisy, large 
residuals ! 

All H2O bands Without 1.4 µm band
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OH atmospheric emission correction for He absorption
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The OH lines
car-20181209T23h05m26s-sci-czeS-nir B

Telluric emission lines of OH with line identifications as specified by Oliva 2015

Wavelength Line Wavelength Line
[Å] identification [Å] identification
10832.412 (5-2)Q2(0.5)e 10832.103 (5-2)Q2(0.5)f
10834.338 (5-2)Q1(1.5)e 10834.241 (5-2)Q1(1.5)f From Stefan Czesla

OH atmospheric emission correction for He absorption
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Relation between Q1 and Q2 components
Blue Q2 component vs. Q1 doublet

Based on 1638 CARMENES sky spectra:

@Q2,blue

@Q1
= 0.0451 ± 0.00030.0531+/-0.0003 => T=184 K

From Stefan Czesla

OH atmospheric emission correction for He absorption
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KOPRA simul. of OH emission
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New OH lines

● The stronger OH lines of the P-branch seem to give a better estimate of the temperature (and 
hence of the OH correction) than from the Q1 & Q2.

● Extent the study to more spectra

Current New Lines
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large variability of the OH and O2 temperatures
along the night which imposes a strict temporal
criterion to make the comparison meaningful.

SABER and SATI temperatures as function of
the day of the year at altitudes of 87 and 95 km are
shown in Figs. 7 and 8, respectively. Due to the
strict coincidence criterion the number of tempera-
ture pairs is not large (79 coincidences in total).
However, it is very interesting to see that, for most

of the days, SATI and SABER temperatures at 87
and 95 km seem to follow a similar variation from
day to day for all years and seasons.

The temperatures of both instruments for all the
coincidences of the whole period and their differ-
ences are shown in Figs. 9 and 10. Those
temperatures are very similar, with a mean differ-
ence of 6:8! 9K at 87 km, with SABER tempera-
tures being colder, and a mean difference of
2:1! 10K at 95 km, with SABER temperatures

ARTICLE IN PRESS

Fig. 6. SATI (dots) and SABER 1.06 (circles) night temperatures during 2002. Black: from OH; grey: from O2; black: at 87 km; grey:
at 95 km.

M.J. López-González et al. / Journal of Atmospheric and Solar-Terrestrial Physics 69 (2007) 2379–23902386

Temp. Variability of the OH layer over OSN

López-González et al., 2007
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the inclusion of a realistic tropospheric upwelling flux)
leading to more realistic vibrational temperatures in the
non-LTE region.

13. Hydroxyl radical (OH)

The setup for the calculation of the 16OH populations
includes 11 vibrational levels up to v¼10 (see Table S.21).
The energy of the vibrational levels has been taken from
Refs. [121,122]. Rotational, spin–orbit, and L-doublet

non-LTE is considered in the whole atmosphere for all
vibrational levels (including J states up to 40.5). The OH
levels are connected by 27 vibrational bands each includ-
ing four spin components (see Table S.22) and 11 pure
rotational bands. Spectroscopic data for the OH ro-vibra-
tional transitions have been taken from the HITRAN 2008
database [24].

The calculations for OH are performed on the first
place in the sequence of molecules and consist of one
single SEE calculation for the whole state vector build of

Table 13
Collisional processes included in the OH model.

No. Process Rate (cm3 s"1) Ref.

1 HþO3-OHðv,J,O,AÞþO2
a 1.4 & 10"10 exp("470/T); Fðv¼ 0210Þð%Þ ¼ 4, 0.5, 0.5, 1, 1, 2, 4, 19, 28, 38, 2 [123,124]

2 OHðv,J,O,AÞþN2"OHðv"1,J0 ,O0 ,A0ÞþN2
b (0.058, 0.10, 0.17, 0.30, 0.52, 0.91, 1.6, 11, 4.8, 6) & 10"13 for v¼1–10 [124]

3 OHðv,J,O,AÞþO2"OHðv"1,J0 ,O0 ,A0ÞþO2
b (0.13, 2.7, 5.2, 8.8, 17, 30, 54, 98, 170, 300) & 10"13 for v¼1–10 [124]

4 OHðv,J,O,AÞþOð3PÞ-HþO2 2.2 & 10"10 (for all v’s; 10% larger than in [124]) [124]

5 OHðv,J,O,AÞþM"OHðv,J0 ,O0 ,A0ÞþM a0¼6.6 & 10"10, a3¼2.7, b¼ 1, B0¼46.71; a1 ¼ a2 ¼ cð0Þ ¼ cð1Þ ¼ d¼ 0 [123]

a TnscðJÞðv¼ 0210Þ ¼ 22 000, 17 000, 12 000, 11 000, 9000, 7000, 3000, 1940, 1230, 760, 200 K. TnscðOÞðv¼ 0210Þ ¼ 14 000, 13 000, 12 000, 11 000,
9000, 7000, 3000, 1940, 1230, 760, 200 K. TnscðAÞðv¼ 0210Þ ¼ 60 K.

b TnscðJÞ ¼ TnscðOÞ ¼ TnscðAÞ ¼ Tk for all v’s.
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Fig. 40. Number densities for the OH levels for the four reference atmospheres: (a) day, (b) ngt, (c) sum and (d) win.

B. Funke et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 113 (2012) 1771–1817 1809

OH rot and vibrational NLTE

Funke et al., 2012
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Future work/science
● Molecules detections with HDS

Ø Water detection in the VIS channel 

Ø Molecular features (TiO, VO, H2O+other) of planets in red giant stars. 

Ø Molecules detection in other (fainter) target? 

Ø New potential targets (TESS)?

● He triplet 
Ø 1D analysis of other targets

Ø He triplet 3D model. 

Ø Adapt the RT model to cope with 3D T and 2D winds along LOS

● Atmospheric OH lines:
Ø Study the OH emission variability => to derive a better correction for He absorp.

Ø Atmospheric temperature studies (waves?) + OH rotational non-LTE


