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What is the relevance of a planetary atmosphere?
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Do habitable worlds exist? 

Presence of atmosphere: fundamental for 
planet to develop life 

How do exoplanets evolve? 

Atmospheric loss sculpts planet and changes 
mass-radius distribution

planetary radius (R⊕)
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How do we know exoplanetas 
are evaporating? And why do 
they evaporate?

The evolution of stellar radiation 
& winds (mostly focused on 
early ages)

Stellar wind interaction with 
atmospheres of exoplanets

Outline
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For small exoplanets with Porb<100 d

Indirectly: evaporation through population studies
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4. Isochrone parallax. For each star, we computed an
“isochrone parallax” based on Teff , glog , [Fe/H], and mK

(see Section 3.7). We removed stars where the Gaia and
isochrone parallaxes differed by more than 4σ, due to
likely flux contamination by unresolved binaries.

5. Stellar dilution (Gaia). Dilution from nearby stars can
also alter the apparent planetary radii. For each target, we
queried all Gaia sources within 8arcsec (2 Kepler pixels)
and computed the sum of their G-band fluxes. The ratio
between this cumulative flux and the target flux r8
approximates the Kp-band dilution for each transiting
planet. We required that r8<1.1.

6. Stellar dilution (imaging). Furlan et al. (2017) compiled
high-resolution imaging observations performed by several
groups. When a nearby star is detected, Furlan et al. (2017)
computed a radius correction factor (RCF), which accounts
for dilution assuming the planet transits the brightest star.
We do not apply this correction factor, but conservatively
exclude KOIs where the RCF exceeds 5%.

7. Planet false positive designation. We excluded candi-
dates that are identified as false positives according
to P17.

8. Planets with grazing transits. We excluded stars having
grazing transits (b> 0.9), which have suspect radii due to
covariances with the planet size and stellar limb-
darkening during the light curve fitting.

After applying these cuts, we are left with 907 planets.
Where possible, we applied the same filters on stellar

properties to the Kepler field star population. For the stellar
radius and temperature filters, we used the Gaia DR2
parameters. We could not apply the imaging cut to the parent
stellar population because it relies on follow-up resources
directed specifically at KOIs not at the parent parent
population. After filtering, 24981 stars remain.
We calculated planet occurrence using the inverse detection

efficiency methodology IDEM of F17. In brief, we account for
the detection sensitivity of the survey using the injection-
recovery tests performed by Christiansen et al. (2015). We
calculated planet occurrence as the number of planets per star
in discrete bins as
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where Nå=24981 and wi is the product of the inverse pipeline
detection efficiency pdet and the inverse transit probability ptr
for each detected planet. Values of wi, pdet, ptr are listed in
Table 4.
Computing these weights requires knowledge of the

distribution of radii and noise properties of stars in the parent
stellar sample. As in F17, we used the Combined Differential
Photometric Precision computed by the Kepler project (Mathur
et al. 2017) as our noise metric. Unlike F17, we used the R�
from Gaia DR2 as opposed to photometric R� to characterize
the distribution of parent stellar radii. F17 found that plausible
statistical and systematic errors of 40% and 25%, respectively,
in the photometric radii of the parent stellar population led to
errors in planet occurrence of up to a factor of two at 1.0R�.
Our new occurrence measurements have the major advantage
that there are negligible differences between the radii of the
field stars and planet hosts; thus, our occurrence measurements
are up to twice as precise.
The IDEM has been used in a number of previous works

(e.g., Howard et al. 2010, 2012; Morton & Swift 2014;
Fulton et al. 2017). While our results depend on the relative

Table 4
Planet Detection Statistics

Planet S/N Detection probability Transit probability Weight
candidate mi pdet ptr 1/wi

K00958.01 186.24 0.97 0.02 49.24
K04053.01 21.03 0.77 0.17 7.71
K04212.02 8.77 0.81 0.05 22.85
K04212.01 16.53 0.93 0.08 13.79
K01001.01 37.27 0.99 0.03 32.14
K01001.02 15.49 0.96 0.01 75.81
K02534.01 22.64 0.94 0.11 9.37
K02534.02 11.91 0.84 0.08 15.49
K02403.01 17.98 0.79 0.04 29.89
K00988.01 60.03 0.97 0.04 28.79

Note. This table contains only the subset of planet detections that passed the
filters described in Section 4.

(This table is available in its entirety in machine-readable form.)

Figure 5. The distribution of close-in planet sizes. The top panel shows the
distribution from Fulton et al. (2017) and the bottom panel is the updated
distribution from this work. The solid line shows the number of planets per star
with orbital periods less than 100days as a function of planet size. A deep
trough in the radius distribution separates two populations of planets with
Rp>1.7 R� and Rp<1.7R�. As a point of reference, the dotted line shows
the size distribution of detected planets, before completeness corrections are
made arbitrarily scaled for visual comparison.
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The Astronomical Journal, 156:264 (13pp), 2018 December Fulton & Petigura

Fulton & Petigura 2018

Radius Valley

credit: Leo dos Santos
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Possible interpretation:
•Planets born as big, volatile rich planets 
•Too much evaporation → atmosphere is lost very 

quickly: Big planets become small rocky cores
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Directly: through transmission spectroscopy
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Transmission spectroscopy 
During transit, stellar radiation 
is transmitted through the 
exoplanet’s atmosphere

broadband optical:  
shallow transit

Lyman-α:  
deep transit
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1. Take a spectrum of the star at out-of-transit time

2. Take a spectrum of the star during transit

3. Divide the two to find % of absorption by the 

planetary atmosphere
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Escaping atmosphere of GJ436b (Ly-α)
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Lavie et al 2017
also: Kulow et al 2014; Ehrenreich et al 2015

Transit depth ~ 60% (!)

Escape rates ≈ 2 x 108 — 109 g/s

Bourrier et al 2016
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Atmospheric evaporation in Helium lines
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https://doi.org/10.1038/s41586-018-0067-5

Helium in the eroding atmosphere of an exoplanet
J. J. Spake1*, D. K. Sing1,2, T. M. Evans1, A. Oklopčić3, V. Bourrier4, L. Kreidberg5,6, B. V. Rackham7, J. Irwin6, D. Ehrenreich4,  
A. Wyttenbach4, H. R. Wakeford8, Y. Zhou7, K. L. Chubb9, N. Nikolov1, J. M. Goyal1, G. W. Henry10, M. H. Williamson10,  
S. Blumenthal1, D. R. Anderson11, C. Hellier11, D. Charbonneau6, S. Udry4 & N. Madhusudhan12

Helium is the second-most abundant element in the Universe after 
hydrogen and is one of the main constituents of gas-giant planets 
in our Solar System. Early theoretical models predicted helium to 
be among the most readily detectable species in the atmospheres 
of exoplanets, especially in extended and escaping atmospheres1. 
Searches for helium, however, have hitherto been unsuccessful2. 
Here we report observations of helium on an exoplanet, at a 
confidence level of 4.5 standard deviations. We measured the near-
infrared transmission spectrum of the warm gas giant3 WASP-107b 
and identified the narrow absorption feature of excited metastable 
helium at 10,833 angstroms. The amplitude of the feature, in transit 
depth, is 0.049 ± 0.011 per cent in a bandpass of 98 angstroms, 
which is more than five times greater than what could be caused 
by nominal stellar chromospheric activity. This large absorption 
signal suggests that WASP-107b has an extended atmosphere that is 
eroding at a total rate of 1010 to 3 × 1011 grams per second (0.1–4 per 
cent of its total mass per billion years), and may have a comet-like 
tail of gas shaped by radiation pressure.

WASP-107b is one of the lowest-density planets known, with a 
radius (0.94 ± 0.02)RJ similar to that of Jupiter but a much lower 
mass3, (0.12 ± 0.01)MJ; RJ and MJ are the radius and mass of Jupiter, 
respectively. It orbits an active K6 dwarf every 5.7 days at a distance of 
0.055 ± 0.001 astronomical units. On 31 May 2017, we observed a pri-
mary transit of WASP-107b with Wide Field Camera 3 (WFC3), which 
is onboard the Hubble Space Telescope (HST). Our observations lasted 
7 h and we acquired 84 time-series spectra with the G102 grism, which 
covers the 8,000–11,000 Å wavelength range. Further details about the 
observations and data reduction can be found in Methods.

Each spectrum was integrated along the wavelength axis to first 
produce a ‘white’ light curve (Extended Data Fig. 1). In addition to 
the planetary transit signal, the resulting time series was affected by 
instrumental systematic errors caused by electron trapping in the 
WFC3 detector5. We fitted the white-light curve with a planetary transit 
model4 multiplied by a linear baseline trend and a physically motivated 
WFC3 systematics model5. For the planetary transit model, we allowed 
the planet-to-star radius ratio (Rp/Rs) and the mid-transit time (t0) to 
vary as a free parameter, while holding the ratio of the orbital distance 
to the stellar radius (a/Rs), the inclination (i), the eccentricity (e) and 
the period (P) fixed to previously determined values6,7. We assumed a 
quadratic limb-darkening profile for the star, holding the coefficients 
fixed to values determined from a model stellar spectrum8. Further 
details about this fit are provided in Methods. The results of the fit are 
reported in Extended Data Table 1 and Extended Data Fig. 1.

Two sets of spectroscopic light curves were constructed by summing 
each spectrum into broad- and narrowband bins. The first set consisted 
of 9 broadband channels spanning the 8,770–11,360 Å wavelength 
range, and the second set comprised 20 overlapping, narrowband chan-
nels spanning the 10,580–11,070 Å wavelength range. The narrowband 
channels covered the helium absorption triplet at 10,833 Å (vacuum 

wavelength; the air wavelength of this line is 10,830 Å). The widths 
of the broadband and narrowband channels were 294 Å (12-pixel  
columns) and 98 Å (4-pixel columns), respectively. We fitted both sets 
of spectroscopic light curves using the approach described above for 
the white-light curve. However, for the planetary transit signals, we only 
allowed Rp/Rs to vary as a free parameter, while holding t0, a/Rs, i, e and 
P fixed to the values reported in Extended Data Table 1. We fixed the 
limb-darkening coefficients in a similar way to the white-light curve 
fit. Additional details of the fitting procedure are given in Methods. 
The inferred values for the transit depth, (Rp/Rs)2, in each wavelength 
channel are shown in Fig. 1 and Extended Data Table 2. These results 
constitute the atmospheric transmission spectrum.

The broadband transmission spectrum is consistent with a previous 
transmission spectrum for WASP-107b, obtained using the WFC3 G141 
grism, which covers the 11,000–16,000 Å wavelength range9. The latter 
exhibits a muted water absorption band centred at 14,000 Å, with an 
otherwise flat spectrum implying an opaque cloud deck. After applying 
a correction for stellar activity variations between the G102 and G141 
observation epochs (see Methods), the G102 spectrum aligns with the 
cloud deck level inferred from the G141 spectrum (Fig. 1).

1Department of Physics and Astronomy, University of Exeter, Exeter, UK. 2Department of Earth and Planetary Sciences, Johns Hopkins University, Baltimore, MD, USA. 3Institute for Theory and 
Computation, Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA. 4Observatoire de l’Universite ́ de Genève, 51 chemin des Maillettes, Versoix, Switzerland. 5Harvard Society of 
Fellows, Cambridge, MA, USA. 6Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA. 7Department of Astronomy/Steward Observatory, University of Arizona, Tucson, AZ, USA. 
8Space Telescope Science Institute, Baltimore, MD, USA. 9Department of Physics and Astronomy, University College London, London, UK. 10Center of Excellence in Information Systems, Tennessee 
State University, Nashville, TN, USA. 11Astrophysics Group, Keele University, Keele, UK. 12Institute of Astronomy, University of Cambridge, Cambridge, UK. *e-mail: jspake@astro.ex.ac.uk
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Fig. 1 | Combined near-infrared transmission spectrum for WASP-107b 
with the helium absorption feature. a, Data are plotted on a linear scale. 
Points, with 1σ error bars, are from a previous study (black)9 and this work 
(light and dark blue), both corrected for stellar activity (see Methods). The 
solid purple line is the best fit obtained with a lower-atmosphere retrieval 
model based on the Markov chain Monte Carlo technique, and the pink-
shaded area encompasses 99.7% of the Markov chain Monte Carlo samples. 
The gold line is the best-fitting absorption profile for the 10,830-Å helium 
line, obtained by our 1D escaping-atmosphere model. b, Same as a, on a 
logarithmic scale. The dashed blue line shows the Roche radius.
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The helium triplet has an expected width of approximately 3 Å, 
whereas the resolution of the G102 grism is 67 Å (about 3 pixels)10 
at 10,400 Å. Therefore, to make a finely sampled transmission  
spectrum, we shifted each of the 20 narrowband channels by one pixel 
with respect to the adjacent channel along the wavelength axis. The 
narrowband transmission spectrum peaked at the channel most closely 
centred at 10,833 Å (Fig. 2), as would be expected if helium absorption 
in the planetary atmosphere were responsible for the signal. To estimate  
the amplitude of the absorption feature, we focused on five non- 
overlapping channels centred on 10,833 Å. All but one of these channels 
were consistent with a baseline transit-depth level of 2.056% ± 0.005%. 
The single exception was the channel centred on the 10,833-Å helium  
triplet, where the transit depth was visibly larger than for the surrounding  
channels (Fig. 3), and we obtained (Rp/Rs)2 = 2.105% ± 0.010%. We 
ruled out various alternative explanations for the signal, including 
other absorbing species, helium in Earth’s atmosphere, and occultation  
of inhomogeneities in the stellar chromosphere and photosphere 
(see Methods).

The metastable helium probed by 10,833-Å line absorption forms 
high up in planetary atmospheres, at microbar- to nanobar-level pres-
sures, where stellar extreme-ultraviolet radiation is absorbed11. On the 
other hand, absorption of the neighbouring continuum occurs deeper in 
planetary atmospheres, at millibar- to bar-level pressures. Therefore, to 
interpret the broadband (continuum) and narrowband (about 10,833 Å) 
transmission spectra, we used separate lower- and upper-atmosphere 
models. For the combined G102 and G141 broadband spectrum (with 
the 10,775–10,873 Å range removed), we performed an atmospheric 
retrieval analysis using our one-dimensional (1D) radiative transfer  
code, ATMO12,13 (see Methods and Extended Data Table 3). We found 
that the broadband data were well explained by a grey absorbing  
cloud deck across the full 8,780–11,370 Å wavelength range, in 
addition to H2O absorption. We obtained a volume mixing ratio of 
5 × 10−3–4 × 10−2 for H2O, consistent with previous estimations9.

We investigated the narrowband transmission spectrum using 
two numerical models for the upper atmosphere of WASP-107b 
(see Methods). The first, a 1D model14, solves for the level popula-
tions of a H/He Parker wind, and suggests that WASP-107b is losing 
its atmosphere at a rate of 1010–3 × 1011 g s−1, corresponding to about 
0.1%–4% of its total mass every billion years. The second, a three- 
dimensional (3D) model16,77 obtains an escape rate of 106–107 g s−1 for 
metastable helium (for comparison, the 1D model gives an escape rate 
of about 105 g s−1 for 23S helium). It also suggests that stellar radiation 

pressure blows the escaping helium atoms away from the planet so 
swiftly that they form a tail nearly aligned with the star–planet axis; 
this could explain the lack of post-transit occultation detected in our 
data (Fig. 3). The radiation pressure may also blue-shift the absorption 
signature over velocities of hundreds of kilometres per second, which 
would be observable at higher spectral resolution (Fig. 4).

Atmospheric mass loss can substantially alter the bulk composition 
of a planet. For example, there is evidence that atmospheric escape is 
responsible for the observed dearth of highly irradiated super-Earth 
and sub-Neptune exoplanets with sizes between 1.6 and 2 Earth 
radii17–21. To evaluate planet formation theories and assess whether 
these planets have substantial H/He envelopes, it is necessary to  
understand how atmospheric mass loss affects the subsequent evolution 
of bodies that start with sizeable atmospheres. Empirical constraints, 
such as that presented here for WASP-107b, are therefore crucial for 
retracing evolutionary pathways and interpreting the present-day  
population of planets22.

Until now, extended atmospheres have been detected on three  
exoplanets by targeting the Lyα line in the ultraviolet15,23,24 and on one 
exoplanet using the optical Hα line25. Our observations of WASP-107b 
using the 10,833-Å line provide not only the first detection of helium 
on an exoplanet, but also the first detection of an extended exoplanet 
atmosphere at infrared wavelengths. Our results demonstrate the  
feasibility of a new method for studying extended atmospheres that is 
complementary to those using the two hydrogen lines.

We note that ground observations targeting the 10,833-Å helium 
triplet are possible with existing high-resolution infrared spectro-
graphs. In the near future, high-signal-to-noise observations will also 

Fig. 2 | Narrowband transmission spectrum of WASP-107b, centred 
on 10,833 Å. Each spectroscopic channel has been shifted one pixel away 
from the next one. Non-overlapping bins are shown by blue symbols. All 
error bars are 1σ. The peak of the spectrum coincides with the 23S helium 
absorption line at 10,833 Å.
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line; gold and light-blue points are from the two adjacent channels. All 
data points have 1σ error bars. Solid lines are best-fit light-curve model 
results. The transit depth of the dark-blue curve is visibly the largest. 
b, Binned difference between the light curves of the 10,775-Å and 
10,873-Å channels, and the average of the two adjacent channels (blue 
points, 1σ errors), highlighting the excess absorption. This difference is 
well explained by both our 1D (green line) and 3D (red line) escaping-
atmosphere models. Green and red points are binned model results.
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standard analysis methods (1, 15). The resulting
residual spectra contain the exoplanet absorp-
tion signal (fig. S2). We shifted them into the
planetary rest frame and computed the trans-
mission spectrum by co-adding all residual
in-transit spectra (Fin/Fout) obtained between
second and third contact (Fig. 1), i.e., when the
planet disk was fully in front of the stellar disk.
The combined transmission spectrum for the

two nights is shown in Fig. 2. An excess ab-
sorption in the He I line at the level of 3.59 ±
0.19% was detected. The given uncertainty cor-
responds to 1 standard deviation (1s) of the
continuum flux. The signal was detected sepa-
rately in each visit at 3.96 ± 0.25% (1s) and
3.00% ± 0.31% (1s) for nights 1 and 2, respec-
tively (fig. S3). We modeled the transmission
spectrum with three Gaussian functions with
fixed amplitude ratios and relative wavelengths
according to theoretical values for the He I

triplet (18, 19). We fitted a common line width,
Doppler shift, and intensity of the lines (17)
and determined parameter uncertainties by
Markov chain Monte Carlo sampling (fig. S4).
The best-fitting model indicates a net blueshift
of −3.58 ± 0.23 km s−1 (where the uncertainty
corresponds to the standard deviation of the
posterior probability distribution).
To examine the behavior of the helium ab-

sorption over time, we constructed a light curve
by summing the flux within a 0.04-nm-wide
passband centered on the blueshifted core of
the He I feature for each residual spectrum in the
planet rest frame (15). The resulting light curves
for each of the two nights are shown in Fig. 3. The
helium absorption began shortly after the plan-
et ingress, with no observable pretransit ab-
sorption, and lasted for 22 ± 3 min after the
transit ended (fig. S5). This light curve behav-
ior does not depend on the width of the chosen
passband. By fitting the Rossiter-McLaughlin
effect (RME), a deformation of the stellar lines
caused by the planet occulting different parts
of the rotating stellar surface during transit, for
our visible channel radial velocity data (17)
(fig. S6), we obtained midtransit times con-
sistent with the known planet orbit. The signal
of the RME corresponded with the predicted
broadband transit duration of 2.23 hours (14),
so we can be confident that the observed post-
transit helium absorption is real. We used the
RME curve to estimate the potential contam-
ination of the transmission spectrum by the
corresponding deformation of the stellar lines
during transit; we found that the impact was
negligible (17) (fig. S7). The He I D3 line at 587.6 nm
and the Ca II infrared triplet (IRT) at 849.8,
854.2, and 866.2 nm, both indicators of stellar
activity, showed no sign of active regions (17)
(fig. S8). The time delay of the helium ingress
and egress indicates that the distribution of
helium around the planet is asymmetrical and
that a cloud of gas is trailing the planet along
its orbit (Fig. 1). We calculated the length of
this tail as ~170,000 km, i.e., 2.2 times the
planet radius (longer if tilted with respect to
the planet’s orbit). Acceleration of the tail ma-

terial away from the planet could be the cause
of the blueshifted absorption. This hypothesis
is supported by the larger measured net blue-
shift of −10.69 ± 1.00 km s−1 when only the
helium tail is occulting the stellar disk (fig. S9).
The tail length and velocities suggest that he-
lium is escaping the planet (17).
We also analyzed CARMENES transit obser-

vations of the hot Jupiter-mass exoplanets
HD 189733b and HD 209458b, the extremely hot
planet KELT-9b, and the warm Neptune-sized
exoplanet GJ 436b (fig. S10). GJ 436b and
HD 209458b both show evaporation of hydrogen
in the Lya line (20, 21), and KELT-9b is sur-
rounded by a large cloud of evaporating hy-
drogen absorbing in the Balmer Ha line at
656.28 nm (22). GJ 436b and HD 209458b are
predicted to have large absorption depths in
the He I line (~8% and ~2%, respectively) (9),
although a previous study of HD 209458b did
not detect any absorption (23). We did not de-
tect He I absorption for most of these planets,
with 90% confidence upper limits of 0.41%
for GJ 436b, 0.84% for HD 209458b [i.e., in
disagreement with the predicted levels (9)],
and 0.33% for KELT-9b (fig. S10). However, we
did detect helium absorption in HD 189733b

at the level of 1.04 ± 0.09% (24). A companion
paper reports a similar detection of helium ab-
sorption for the warm Neptune-sized planet
HAT-P-11b (25). For our detections, we calculated
the equivalent height of the He I atmosphere
dRp, i.e., the height of an opaque atmospheric
layer that would produce the observed absorp-
tion signal (table S2). For both WASP-69b and
HD 189733b, we found dRp to be ~80 times as
large as the atmospheric scale height Heq cal-
culated for the respective planet’s deep atmo-
sphere, i.e., in hydrostatic equilibrium (17).
For the other three planets, our upper limits
correspond to no detections of features above
~40 Heq.
Why do similar hot gas exoplanets show such

a range of helium absorption values? The ex-
pansion of the escaping planetary atmosphere
depends on parameters like the EUV irradiation
and the planetary density (26), but the population
of the helium triplet state depends on the ir-
radiation at wavelengths <50.4 nm (9). Whereas
GJ 436b and HD 209458b orbit very quiet stars
(27, 28), the hosts of the planets in which he-
lium is detected, i.e., WASP-69, HD 189733,
HAT-P-11, and WASP-107, are all relatively active
stars (14, 15, 29, 30). For Fig. 4A, we plotted the

Nortmann et al., Science 362, 1388–1391 (2018) 21 December 2018 2 of 4

Fig. 2. Transmission spectrum between the second and third contacts of WASP-69b,
showing planetary absorption in the He I triplet at 1083 nm. (A) The excess absorption of
helium in the weighted-mean averaged transmission spectrum (black points) from two transit
observations of WASP-69b (22 August 2017 and 22 September 2017) (see Fig. 1). The
best-fitting model (red line) shows a net blueshift of −3.58 ± 0.23 km s−1. The predicted positions
of the helium triplet lines (1082.909 nm, 1083.025 nm, and 1083.034 nm) are indicated as
vertical dashed blue lines. (B) The residuals of the data after subtraction of the model are
shown in black, and the red line indicates the zero level.
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standard analysis methods (1, 15). The resulting
residual spectra contain the exoplanet absorp-
tion signal (fig. S2). We shifted them into the
planetary rest frame and computed the trans-
mission spectrum by co-adding all residual
in-transit spectra (Fin/Fout) obtained between
second and third contact (Fig. 1), i.e., when the
planet disk was fully in front of the stellar disk.
The combined transmission spectrum for the

two nights is shown in Fig. 2. An excess ab-
sorption in the He I line at the level of 3.59 ±
0.19% was detected. The given uncertainty cor-
responds to 1 standard deviation (1s) of the
continuum flux. The signal was detected sepa-
rately in each visit at 3.96 ± 0.25% (1s) and
3.00% ± 0.31% (1s) for nights 1 and 2, respec-
tively (fig. S3). We modeled the transmission
spectrum with three Gaussian functions with
fixed amplitude ratios and relative wavelengths
according to theoretical values for the He I

triplet (18, 19). We fitted a common line width,
Doppler shift, and intensity of the lines (17)
and determined parameter uncertainties by
Markov chain Monte Carlo sampling (fig. S4).
The best-fitting model indicates a net blueshift
of −3.58 ± 0.23 km s−1 (where the uncertainty
corresponds to the standard deviation of the
posterior probability distribution).
To examine the behavior of the helium ab-

sorption over time, we constructed a light curve
by summing the flux within a 0.04-nm-wide
passband centered on the blueshifted core of
the He I feature for each residual spectrum in the
planet rest frame (15). The resulting light curves
for each of the two nights are shown in Fig. 3. The
helium absorption began shortly after the plan-
et ingress, with no observable pretransit ab-
sorption, and lasted for 22 ± 3 min after the
transit ended (fig. S5). This light curve behav-
ior does not depend on the width of the chosen
passband. By fitting the Rossiter-McLaughlin
effect (RME), a deformation of the stellar lines
caused by the planet occulting different parts
of the rotating stellar surface during transit, for
our visible channel radial velocity data (17)
(fig. S6), we obtained midtransit times con-
sistent with the known planet orbit. The signal
of the RME corresponded with the predicted
broadband transit duration of 2.23 hours (14),
so we can be confident that the observed post-
transit helium absorption is real. We used the
RME curve to estimate the potential contam-
ination of the transmission spectrum by the
corresponding deformation of the stellar lines
during transit; we found that the impact was
negligible (17) (fig. S7). The He I D3 line at 587.6 nm
and the Ca II infrared triplet (IRT) at 849.8,
854.2, and 866.2 nm, both indicators of stellar
activity, showed no sign of active regions (17)
(fig. S8). The time delay of the helium ingress
and egress indicates that the distribution of
helium around the planet is asymmetrical and
that a cloud of gas is trailing the planet along
its orbit (Fig. 1). We calculated the length of
this tail as ~170,000 km, i.e., 2.2 times the
planet radius (longer if tilted with respect to
the planet’s orbit). Acceleration of the tail ma-

terial away from the planet could be the cause
of the blueshifted absorption. This hypothesis
is supported by the larger measured net blue-
shift of −10.69 ± 1.00 km s−1 when only the
helium tail is occulting the stellar disk (fig. S9).
The tail length and velocities suggest that he-
lium is escaping the planet (17).
We also analyzed CARMENES transit obser-

vations of the hot Jupiter-mass exoplanets
HD 189733b and HD 209458b, the extremely hot
planet KELT-9b, and the warm Neptune-sized
exoplanet GJ 436b (fig. S10). GJ 436b and
HD 209458b both show evaporation of hydrogen
in the Lya line (20, 21), and KELT-9b is sur-
rounded by a large cloud of evaporating hy-
drogen absorbing in the Balmer Ha line at
656.28 nm (22). GJ 436b and HD 209458b are
predicted to have large absorption depths in
the He I line (~8% and ~2%, respectively) (9),
although a previous study of HD 209458b did
not detect any absorption (23). We did not de-
tect He I absorption for most of these planets,
with 90% confidence upper limits of 0.41%
for GJ 436b, 0.84% for HD 209458b [i.e., in
disagreement with the predicted levels (9)],
and 0.33% for KELT-9b (fig. S10). However, we
did detect helium absorption in HD 189733b

at the level of 1.04 ± 0.09% (24). A companion
paper reports a similar detection of helium ab-
sorption for the warm Neptune-sized planet
HAT-P-11b (25). For our detections, we calculated
the equivalent height of the He I atmosphere
dRp, i.e., the height of an opaque atmospheric
layer that would produce the observed absorp-
tion signal (table S2). For both WASP-69b and
HD 189733b, we found dRp to be ~80 times as
large as the atmospheric scale height Heq cal-
culated for the respective planet’s deep atmo-
sphere, i.e., in hydrostatic equilibrium (17).
For the other three planets, our upper limits
correspond to no detections of features above
~40 Heq.
Why do similar hot gas exoplanets show such

a range of helium absorption values? The ex-
pansion of the escaping planetary atmosphere
depends on parameters like the EUV irradiation
and the planetary density (26), but the population
of the helium triplet state depends on the ir-
radiation at wavelengths <50.4 nm (9). Whereas
GJ 436b and HD 209458b orbit very quiet stars
(27, 28), the hosts of the planets in which he-
lium is detected, i.e., WASP-69, HD 189733,
HAT-P-11, and WASP-107, are all relatively active
stars (14, 15, 29, 30). For Fig. 4A, we plotted the
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Fig. 2. Transmission spectrum between the second and third contacts of WASP-69b,
showing planetary absorption in the He I triplet at 1083 nm. (A) The excess absorption of
helium in the weighted-mean averaged transmission spectrum (black points) from two transit
observations of WASP-69b (22 August 2017 and 22 September 2017) (see Fig. 1). The
best-fitting model (red line) shows a net blueshift of −3.58 ± 0.23 km s−1. The predicted positions
of the helium triplet lines (1082.909 nm, 1083.025 nm, and 1083.034 nm) are indicated as
vertical dashed blue lines. (B) The residuals of the data after subtraction of the model are
shown in black, and the red line indicates the zero level.

RESEARCH | REPORT

on February 11, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

WASP-69b

EXOPLANET ATMOSPHERES

Ground-based detection of an
extended helium atmosphere in the
Saturn-mass exoplanet WASP-69b
Lisa Nortmann1,2*, Enric Pallé1,2, Michael Salz3, Jorge Sanz-Forcada4,
Evangelos Nagel3, F. Javier Alonso-Floriano5, Stefan Czesla3, Fei Yan6, Guo Chen1,2,7,
Ignas A. G. Snellen5, Mathias Zechmeister8, Jürgen H. M. M. Schmitt3,
Manuel López-Puertas9, Núria Casasayas-Barris1,2, Florian F. Bauer8,9,
Pedro J. Amado9, José A. Caballero4, Stefan Dreizler8, Thomas Henning6,
Manuel Lampón9, David Montes10, Karan Molaverdikhani6, Andreas Quirrenbach11,
Ansgar Reiners8, Ignasi Ribas12,13, Alejandro Sánchez-López9,
P. Christian Schneider3, María R. Zapatero Osorio14

Hot gas giant exoplanets can lose part of their atmosphere due to strong stellar irradiation,
and these losses can affect their physical and chemical evolution. Studies of atmospheric
escape from exoplanets have mostly relied on space-based observations of the hydrogen
Lyman-a line in the far ultraviolet region, which is strongly affected by interstellar
absorption. Using ground-based high-resolution spectroscopy, we detected excess
absorption in the helium triplet at 1083 nanometers during the transit of the Saturn-mass
exoplanet WASP-69b, at a signal-to-noise ratio of 18. We measured line blueshifts of
several kilometers per second and posttransit absorption, which we interpret as the escape
of part of the atmosphere trailing behind the planet in comet-like form.

I
n recent years, high-resolution spectroscopy
has become a frequently used tool for inves-
tigating exoplanet atmospheres (1–4). Numer-
ous stable high-resolution spectrographs have
been deployed on telescopes specifically for

exoplanetary science (5–8). One of these spectro-
graphs is CARMENES (Calar Alto high-Resolution
search for M dwarfs with Exoearths with Near-
infrared and optical Échelle Spectrographs) (8)
at the 3.5-m telescope of the Calar Alto Ob-
servatory. The spectrograph simultaneously
covers the visible wavelength range from 0.52 to
0.96 mm and the near-infrared range from 0.96

to 1.71 mm. The near-infrared coverage provides
access to exoplanet atmospheric features that
cannot be observed in the visible range, includ-
ing the triplet of metastable He I lines around
1083 nm. This feature has been proposed as a
tracer for atmospheric evaporation (9), a pro-
cess whereby intense x-ray (~0.5 to 10.0 nm)
and extreme ultraviolet (EUV) (10.0 to 92.0 nm)
irradiation from a host star causes atmospheres
of hot gas exoplanets to expand, resulting in a
bulk mass flow away from the planet. The con-
tinuous mass loss most strongly affects small
sub-Neptune–sized planets and may be capable

of removing their entire volatile atmosphere
(10). Helium absorption at 1083 nm is sensitive
to the low-density gas in an evaporating atmo-
sphere (9, 11, 12), and its observation is not
affected by absorption in the foreground in-
terstellar medium, which hampers studies of
the neutral hydrogen Lyman-a (Lya) line (9).
He I absorption has been detected in a trans-
mission spectrum of the exoplanet WASP-107b
using data from the Hubble Space Telescope
(13). However, the low resolution prevented a
detailed study of the line triplet, including its
shape, depth, and temporal behavior.
The Saturn-mass exoplanet WASP-69b orbits

an active star with a period of 3.868 days (14).
It is a suitable target for atmospheric studies,
due to its large atmospheric scale height and
high planet-to-star radius ratio, facilitating the
detection of 5.8 ± 0.3% excess absorption in
the Na D line (15). We used the CARMENES spec-
trograph to observe two transits of WASP-69b
on 22 August 2017 and 22 September 2017
(night 1 and night 2, respectively) (see table
S1 for the observing log). The observations
spanned approximately 4 hours for each epoch,
which covered the full transit and provided
a before- and after-transit baseline. In total, 66
spectra were recorded, 31 of them out-of-
transit spectra.
The wavelength region surrounding the He I

feature is affected by emission and water vapor
absorption lines originating from within Earth’s
atmosphere (fig. S1). Although these lines are
spectrally separated from the He I triplet, we
corrected for the effect of water absorption using
the European Southern Observatory (ESO) tool
Molecfit (16) and for the sky emission lines using
an empirical model derived from the data (17).
After this correction, we performed continuum
normalization and brought the spectra to the
stellar velocity rest frame. We then computed
a master out-of-transit spectrum (Fout), which
was used to normalize all spectra, following
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Fig. 1. Illustration of the exoplanet WASP-69b (black) and its extended helium atmosphere (gray-blue) at the different contact points. Shown
are the first (T1), second (T2), third (T3), and fourth (T4) contacts of the broadband planet transit and also the moment when the tail has passed the
stellar disk, T4, helium, 22 ± 3 min after T4.
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Common feature: relatively active stars: 
needs EUV to lift the atmospheres

Infrared: Carmenes, HST



What are the physical causes of evaporation in these close-in 
planets?
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Atmospheric Loss processes 
• Several loss processes, divided 

into “kinetic” and “fluid” types

‣ kinetic: individual particles are 

lost

‣ fluid (or hydrodynamic): bulk 

outflow

• Simple “assessment”

‣ bloated planet (ie, low gravity) 

and highly irradiated (ie, close-
in or active star): bulk outflow


‣ bulk outflow is very important 
for youngish / close-in 
exoplanets!


‣ 2 suggested “avenues” of 
evaporation for these planets:

➡photo-evaporation (external)

➡core heating (internal)

9

*Plus: stellar wind stripping (due to ram pressure), impacts that can blast 
atmosphere into space, condensation of atmosphere, stellar tidal forces (Roche 
lobe overflow), etc

Gronoff et al 2020
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Hydrodynamic escape via photo-evaporation: how does it happen?

10

XUV photon


(E>13.6eV)

Ionises Hydrogen

… and excess energy 
converted into thermal 
motions

planet

XUV photon


(E>13.6eV)

Hydrogen-ric
h 


atmosphere

uses 13.6eV…

Outcome: increase 
atmospheric temperature 
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Hydrodynamic escape via core luminosity: how does it happen?

11

… gravitational energy of 
the contracting core is 
being released

after formation: planet 
is contracting…

Outcome: increase 
atmospheric temperature 

planet

atm
osp

he
re



2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres Aline Vidotto

Why is the high temperature so important?

12

atm
osp

he
re

planet

High T generates a gradient 
of pressure → force that 
drives the planetary outflow

ρu
du
dr

= −
ρGMp

r2
+

3ρGM⋆r
a3

−
dP
dr

ρa = planet gravity + tidal + thermal forces

*in fluid dynamics, mass is replaced by density and forces are given per unit volume.. 

** eqs assume 1D geometry, spherical symmetry and steady state

tid
al 

for
ce

gra
vit

y

the
rm

al

Momentum equation does not care 
what is causing the gradient of 
pressure (core heating, stellar 
photoionisation, or something else!)


This distinction enters in the energy 
equation.Interested in the derivation?                                https://rdcu.be/cjs9q


Check Section 5.2.1 of Vidotto 2021, Living Reviews in Solar Physics
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Energy-limit escape: a particular limit of hydrodynamic escape

13

Eirradiation,input = Ekinetic,output

ϵFEUV(πR2
eff) =

·Mu2
term

2

cross-section: 
πReff2

FEUV at 
distance a

a fraction ε of the 
energy flux is 
intercepted by the 
planet cross-section…

… and is used to 
accelerate the 

outflow to its 
terminal velocity

evaporation rate (g/s)

vesc = (
2GMp

Rp )
1/2The terminal velocity is 

on the order of the 
surface escape velocity

·ME = ϵ
FEUV(πR2

eff)
GMp/Rp

Reff

Allan & Vidotto 2019

1as
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m
pt
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Energy-limit escape: a particular limit of hydrodynamic escape

14

cross-section: 
πReff2

FEUV at 
distance a

FEUV =
LEUV

4πa2

·ME = ϵ
FEUV(πR2

eff)
GMp/Rp

Reff

·ME =
ϵ
4

LEUV(Reff /a)2

GMp/Rp

·ME ≃
3ϵ
16

LEUV/a2

Gπρ̄

ρ̄ =
Mp

4
3 πR3

p

• Evaporation rate is larger for planets:

‣ orbiting at close distances (small a)

‣ smaller average densities (e.g., gas giants)

‣ orbiting stars that are active (large high-energy 

luminosities): usually young(er) stars

• Important form of escape in hot Jupiters & planets 

orbiting young stars
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Mass loss estimates for exoplanets

15
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433 exoplanets orbiting low-mass stars - Energy limit
© Maeve Upton
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photo-evaporation

The evolution of stellar radiation 
& winds (mostly focused on 
early ages)2

EUV+X-rays irradiation

stellar winds

©Garlick/U.of Warwick

Stellar irradiation and stellar wind erosion 
shape atmospheric evaporation
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The BIG picture: evolution of winds/activity of cool dwarf stars

17

1. Wind removes 
angular momentum

4. Evolution of 
magnetism/activity

2. Rotational 
evolution of stars

Seismology of stars

 activity & 
planet detection

3. Interior properties

Age of stars 
(& planets)

Effects on planets

Dynamo
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How do winds, activity & planets evolve?

•How has the solar wind evolved in 
the past 4 billion years? 

•What is the implication for young 
exoplanetary systems? 

•How do stellar winds affect 
exoplanets (magnetosphere and 
atmosphere)?

18

Open questions

Vidotto 2021, Living Reviews in Solar Physics

ageold stars young stars

solar-like stars (MS) 
M dwarfs/evolved stars 
Sun 
upper limits

for solar-like stars only
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Planetary evaporation in evolutionary timescales: stellar X/EUV flux

19

OD OD 

(a) (b)
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(a) (b)Gallet et al 2015
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Observations of stellar 
rotation at different ages

Tu et al 2015
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The extreme ultraviolet and X-ray Sun in Time: evaporation of 
planetary atmosphere

20

slow

fast

Atmospheric evaporation of a 0.5M⊕ planet @ 1au

Tu et al 2015

H content of the planetary 
atmosphere is very different if 
orbiting:


• slowly rotating star: 45% 
retention of initial atmosphere


• rapidly rotating star: entire 
atmosphere is lost < 100 Myr

Matm,initial=0.5% M⊕
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Escape affects the internal structure of the planet

21

no escape

energy limit

hydrodynamics

Kubyshkina et al 2020,  Kubyshkina & Vidotto 2021

If you don’t have access to a 
hydrodynamical model, python interpolator 

tools from Daria Kubyshkina available at 

doi.org/10.5281/zenodo.4643823

Free tools!

Planetary evolution with MESA & 
atmospheric escape  

* Run your own model! inlists publicly 
available    

 
https://doi.org/10.5281/zenodo.4022393
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Predicted observational signatures of atmospheres of close-in planets

22

Allan & Vidotto 2019

Evaporation rates higher 
at young ages 

planet @  
0.045au

Ly-α H-α

• Hα transits with depths 
~3 - 4% in excess of 
geometric transit

At younger ages: 
• broader (& saturated) 

mid-transit Lyα line at 
line-centre

Symmetric profiles: 
lack of stellar wind 

interactions

~20% mass

lost through

evolution



photo-evaporation

Stellar wind interaction with 
atmospheres of exoplanets3

EUV+X-rays irradiation

stellar winds

©Garlick/U.of Warwick
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planet’s 
shadow 

(nightside)star

orbital motion

ste
llar

 wind

Carolan, Vidotto et al 
in prep.

tail shaped by the stellar 
wind interaction + orbital 

motion

bow shock

Stellar wind 
stripping



How can stellar 
winds affect 

atmospheres of close-in 
exoplanets?

Do nothing?

Create atmospheres 
(HD219134, Vidotto+2018)

Erode 
atmospheres 

(young Mars, 
Kulikov+2007)

Prevent escape  
(Vidotto & Cleary 2020, 

next slides)



2021 Sagan Summer Workshop - Effects of stellar irradiation and erosion on planetary atmospheres Aline Vidotto

How stellar outflows influence planetary mass loss

26

Stellar wind shapes planetary outflow, affecting 
observational signatures, but not escape rates

interface  
between outflows

sonic radius

stellar 
wind

Stellar wind squashes planetary outflow, 
reducing/preventing atmospheric escape

stellar wind “would-be” 
sonic radius

interface  
between outflows

Stellar winds can reduce or even suppress mass loss from their exoplanets

Vidotto & Cleary 2020
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Stellar winds confine atmospheric escape of close-in planets

27

Vidotto & Cleary 2020

Models that do not 
consider the effects of 
stellar winds can over-
predict atmospheric 

escape rates.

Not confined

Confined

π Men c

π Men c: expected strong 
atmospheric escape, but 
none was detected!  
(Garcia-Munoz et al 19)  
 
Confined by stellar wind?
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Studies of stellar wind confinement in 3D

• Vidotto & Cleary 2020: 1D radiative 
hydrodynamics simulations → 
cannot include stellar wind effects


• 3D hydrodynamic simulations of 
typical hot Jupiter & warm Neptune

28

Carolan, Vidotto et al 2020b 

density 
(amu/cm3)

sonic 
surface

stellar wind 
being injected in 

the grid

HD209458b

GJ3470b
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planet

2x solar wind 10x solar wind  20x solar wind

Lower escape rates after disruption of sonic surface 

Stronger stellar winds:

• lower volume occupied 

by planetary 
atmosphere


• for open sonic surfaces: 
lower planetary escape 
rates 

29

Increasing stellar wind mass-loss rate
sonic 

surface sonic 
surface

How does this affect 
observational signatures?3 4 5 6 7 8 9

log(density[amu/cm3])

Carolan, Vidotto et al 2020b 

Closed (undisturbed sonic surface) Open (disrupted sonic surface)
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The effects of stellar winds on Lyα synthetic observations

• Observational signatures strongly 
affected by the presence of 
stellar winds even when 
planetary escape rates are not!

30

Increasing stellar wind mass-loss rate

Hot 
Jupiter

Observational signatures 

no
 wind

2x
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Lyα absorption (blue + red wings) [%]
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Carolan, Vidotto et al 2020b 
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The dichotomy of AU Mic b
• AU Mic b: Neptune-size planet orbiting a 22 Myr-old, pre-main sequence M dwarf (Plavchan et al 2020)

31

High EUV flux from the star causes 
strong evaporation in AU Mic b

Strong wind of AU Mic (10 to 1000x 
the solar wind mass-loss rate) 
prevents/reduces evaporation

stellar wind: 10x solar stellar wind: 1000x solar

Ly
α 

ab
so

rp
tio

n 
in

 b
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e 
an

d 
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d 
w
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gs

 (%
)

Stellar wind mass-loss rate (x solar)evaporation rate: reduced by 50%

Transit signatures 
“erased” by 

stellar winds → 
transits to probe 

stellar wind

Carolan, Vidotto et al 2020a 
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Effects of stellar activity on planetary escape

32

Transit
Flare

Possible scenarios:

1.Change of stellar wind properties (passing of a 
Coronal Mass Ejection) 


2.Increase of stellar energy input into the planet’s 
upper atmosphere

time (hours)
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Lecavelier +12, 
Bourrier +13

Temporal variations in the exosphere of HD189733b 



Hazra, Vidotto et al, submitted



Case 1: Quiescent

(“normal” Stellar wind 

+ “normal” Fxuv) 

Case 2: Flare 

(“normal” SW + high Fxuv)

Case 3: CME 

(“strong” SW + Fxuv)

Case 4: CME and Flare 

(“strong” SW + high Fxuv)

Hazra, Vidotto et al, 
submitted
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Simulated Ly-alpha transits of HD189733b

• Flare alone does not change evaporation significantly

• CMEs are more effective at removing planetary material

35
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Hazra, Vidotto et al, 
submitted

signature within 
the full line

signature only  
considering the  
blue wing

data from Bourrier et al 2013
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What’s next? Effects of magnetic fields on evaporation

36

“Local” escape simulations of  
magnetised hot Jupiters (© Carolan)



Variation in stellar outflows (quiescent 
wind vs CMEs) can affect planetary 

evaporation momentarily 

Stellar wind can “erase” Ly-α transit 
signatures in young systems 

Conclusions

@AlineVidotto

Atmospheric escape and the evolution 
of planets depends on the XUV history 

of the host star.

Stellar winds play important role in 
atmospheric evaporation: from 

retention to stripping of atmospheres


