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How do winds and high-E radiation evolve?
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Vidotto 2021, Living Reviews in Solar Physics
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also: Ribas et al 2005, Sanz Forcada et al 2011



Lesson #1: the younger the star is, in general, 
the higher its rotation rate and activity (e.g., 
high-E radiation)
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Interplanetary medium: stellar wind particles + magnetic fields
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HD189733b’s orbit

Simulations by A. Vidotto

Earth 
1AU≈215Rsun

hot-Jupiter 
0.05AU≈6Rstar

© Vidotto

‣ higher density external environment

‣ higher ambient magnetic fields

‣ higher radiative flux

Close-in planets 
experience overall 



Lesson #2: the closer the planet is from the star, 
in general, the stronger the interaction with 
particles and radiation



Stellar high-E effects on evolution 
of planetary atmospheres

Outline

1 Stellar wind and high-E 
(counter)effects on planetary 
atmospheres2

©Garlick/U.of Warwick



photo-evaporation 

©Garlick/U.of Warwick

EUV+X-rays irradiation

Very dense outflows: 
hydrodynamic escape 
(*EUV flux is also important 
for non-thermal escape)

Stellar high-E effects on evolution 
of planetary atmospheres1
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For small exoplanets with Porb<100 d

Indirect detection of evaporation through exoplanet population studies

9

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

vo
lat

ile
 ri

ch
  

 ro
ck

y 

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 detecting (evaporating) atmospheres of exoplanets
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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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Observations of escaping atmospheres

11

also: Spake et al 2018; Allart et al 2019

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.
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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.
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HeI observations

Nortmann et al 
2018 (WASP 69b)

Observations of 
escaping metals

also: Fossati et al 2010,

Cubillos et al 2020

Lavie et al 2017 (GJ436b)
also: Kulow et al 2014; Ehrenreich et al 2015

Ly-alpha observations

Sreejith et al 2023 (WASP-189b)
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Hydrodynamic escape via photo-evaporation: how does it happen?
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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 
→ atmosphere “expands” 
& more easily evaporates 
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Survival of atmospheres depend on the XUV history of the host star
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slow rotator

fast

rotator

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⊕

Un-magnetised planet!
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XUV history of star affects evolution of escape, which changes the 
internal structure of planet
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no escape

energy limit
hydrodynamics = 

photoevaporation

Kubyshkina et al 2020

Kubyshkina & Vidotto 2021

Kubyshkina & Fossati 2022

python interpolator hydrodynamical model


doi.org/10.5281/zenodo.4643823

Free tools from Daria Kubyshkina! 

MESA inlists    
 

https://doi.org/10.5281/zenodo.4022393

Un-magnetised planet!
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Predicted observational signatures of atmospheres of close-in planets
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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

~20% mass

lost through

evolution
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Evolution of atmospheric escape as seen through the HeI line
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Allan et al (under review)
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How stellar winds can 
affect atmospheres of 
close-in exoplanets

Do nothing?

Create atmospheres 
(HD219134, Vidotto+2018)

Erode 
atmospheres 

(young Mars, 
Kulikov+2007)

Affect observational 
signatures  

(Carolan et al 2020, 2021a,b)

Prevent escape  
(Vidotto & Cleary 2020)



photo-evaporation

Stellar wind and high-E 
(counter)effects on planetary 
atmospheres2

EUV+X-rays irradiation

stellar winds

©Garlick/U.of Warwick



planet’s 
shadow 
(nightside)

star

orbital motion
ste

llar
 wind

tail shaped by the 
stellar wind interaction 
+ orbital motion

bow shock

density (g/cc)

Carolan et al (20,21a,b)

Hazra et al (2022)

Kubyshkina et al (2022)

Stellar irradiation and stellar wind erosion 
shape atmospheric evaporation



sonic 
surface

Carolan, Vidotto et al 2021a 

planetary 
outflow


(attention just 
one comet-like 

tail)

Stellar 
wind

Stellar irradiation plus 
stellar wind shape 
atmospheric evaporation
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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 

21

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 2021a

Closed (undisturbed sonic surface) Open (disrupted sonic surface)
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The effects of stellar winds on Lyα synthetic observations
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Increasing stellar wind mass-loss rate

Hot 
Jupiter

Observational signatures 
strongly affected by the 
presence of stellar winds 
even when planetary escape 
rates are not!
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Carolan, Vidotto et al 2021a 
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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)
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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
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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 2020 
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Magnetic field effects on atmospheric escape in hot Jupiters

• Radiation magneto-hydrodynamic 
escape simulations (in Hot 
Jupiters)

‣ B changes the dynamics of the 

escaping atmosphere

‣ formation of two “tails”

24

Carolan, Vidotto et al 2021b

polar flow

deadzone
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Magnetic field effects on atmospheric escape of close-in exoplanets

25

Carolan, Vidotto et al 2021b

weak increase in escape rate with increase in Bpl… … but strong effect on observational signature!
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The Ly-alpha degeneracy problem: 
Is evaporation confined by the stellar wind or by the planetary B?

26

centreblue red

Strong stellar wind, varying planetary magnetic field No planetary magnetic field, varying stellar winds

Degeneracy between stellar wind confinement and planetary magnetic 
field effects can be removed with multi-line observations

Carolan, Vidotto et al 2021b Credit: Vidotto



Conclusions

background image: ©Garlick/U.of Warwick

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

of the host star.

Stellar wind & planetary magnetic field 
can confine atmospheres: distinguish 

between effects with multi-λ obs.

Aline Vidotto

Planetary magnetism can change the 
dynamics of the escaping atmosphere 

→ affects observables.

Stellar wind can reduce atmospheric 
escape & “erase” Ly-α transit 
signatures in young systems 
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