
Atmosphere Escape Inferred from Modeling the Hα Transmission Spectrum of
WASP-121b

Dongdong Yan1,2,3 , Jianheng Guo1,2,3 , Chenliang Huang4 , and Lei Xing1,2,3
1 Yunnan Observatories, Chinese Academy of Sciences, P.O. Box 110, Kunming 650011, People’s Republic of China; guojh@ynao.ac.cn

2 School of Astronomy and Space Science, University of Chinese Academy of Sciences, Beijing, People’s Republic of China
3 Key Laboratory for the Structure and Evolution of Celestial Objects, CAS, Kunming 650011, People’s Republic of China

4 Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA
Received 2020 October 13; revised 2021 January 6; accepted 2021 January 7; published 2021 February 4

Abstract

The escaping atmospheres of hydrogen driven by stellar X-ray and extreme ultraviolet (XUV) have been detected
around some exoplanets by the excess absorption of Lyα in the far-ultraviolet band. In the optical band the excess
absorption of Hα is also found by ground-based instruments. However, it is not certain if the escape of the
atmosphere driven by XUV can result in such absorption. Here we present the XUV-driven hydrodynamic
simulation coupled with the calculation of detailed level population and the process of radiative transfer for WASP-
121b. Our fiducial model predicts a mass-loss rate of ∼1.28× 1012 g s−1 for WASP-121b. Due to the high
temperature and Lyα intensity predicted by the fiducial model, many hydrogen atoms are populated into the first
excited state. As a consequence, the transmission spectrum of Hα simulated by our model is broadly consistent
with the observation. Compared with the absorption of Hα at different observation times, the stellar XUV emission
varies in the range of 0.5–1.5 times fiducial value, which may reflect the variation of the stellar activity. Finally, we
find that the supersonic regions of the planetary wind contribute a prominent portion to the absorption of Hα by
comparing the equivalent width of Hα, which hints that a transonic outflow of the upper atmosphere driven by
XUV irradiation of the host star can be detected by a ground-based telescope and that Hα can be a good indicator
of escaping atmosphere.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Hot Jupiters (753); Exoplanet atmospheres (487);
Upper atmosphere (1748); Atmospheric composition (2120); Stellar spectral lines (1630); Stellar activity (1580)

1. Introduction

Planetary atmosphere is the key interacting layer between
planets and their host stars. The atmospheres close-in planets
can be photo-evaporated by the strong irradiation of the host
stars (Shaikhislamov et al. 2018, 2020; Yan & Guo 2019). The
escape of the atmosphere can potentially modify the atmo-
spheric composition and structure and further influence
planetary evolution and distribution (Owen & Wu 2013; Howe
& Burrows 2015; Fulton et al. 2017). Transmission spectrosc-
opy is a powerful method for the study of the atmosphere, the
spectra detected by which provide a lot of physical and
chemical information of the planetary atmosphere. Many atoms
and molecules, such as H, He, Na, Mg, Fe, and H2O, have been
detected in the planetary atmosphere using this method (Vidal-
Madjar et al. 2003; Tinetti et al. 2007; Lecavelier des Etangs
et al. 2010; Jensen et al. 2012; Ehrenreich et al. 2015; Allart
et al. 2018; Spake et al. 2018; Alonso-Floriano et al. 2019;
Hoeijmakers et al. 2020; Seidel et al. 2020; Stangret et al.
2020), which is crucial for studying the origin of planets.

By detecting the excess absorption of Lyα, the extended
hydrogen atmosphere has been found in HD 209458b, HD
189733b, and GJ 436b (Vidal-Madjar et al. 2003; Lecavelier
des Etangs et al. 2010; Jensen et al. 2012; Ehrenreich et al.
2015). The Lyα absorption is caused by the hydrogen atoms in
the ground state. Thus the absorption depth is relatively higher
compared to the line absorption caused by the hydrogen atoms
in excited states. However, the Lyα line can be quenched by
the hydrogen in the interstellar medium (ISM) and also affected
by the geoemissions, which limits its observations to the space.
Fortunately, the transmission spectroscopy in the optical band

provides an alternative way to study the atmosphere from the
ground. Ballester et al. (2007) first reported the detection of
Balmer edge absorption in HD 209458b, even though the
absorption was relatively low. After that, the Hα transmission
spectroscopy springs up for detecting hydrogen atmosphere
around the exoplanets. So far, the excess absorption of Hα
have been observed in seven exoplanet systems (HD 189733b,
KELT-9b, KELT-20b, WASP-12b, WASP-52b, WASP-121b,
and WASP-33b; Jensen et al. 2012, 2018; Casasayas-Barris
et al. 2018; Yan & Henning 2018; Cauley et al. 2019, 2020;
Cabot et al. 2020; Chen et al. 2020; Wyttenbach et al. 2020;
Borsa et al. 2021; Yan et al. 2021). All these detections of Hα
show the existence of hydrogen in the excited state, although
there are some controversies over the interpretations of the Hα
signal in HD 189733b (Barnes et al. 2016; Cauley et al.
2017a, 2017b).
Among the seven systems, different assumptions are applied

in explaining the Hα signals. For HD 189733b, which has a
high gravitational potential, Christie et al. (2013) and Huang
et al. (2017) applied a hydrostatic model to fit the excess
absorption. However, the hydrostatic assumption cannot be
applicable for planets with an expanding atmosphere and a low
mean density. For example, KELT-9b orbits a hot A-type star
at 0.03368 au (Borsa et al. 2019). Its equilibrium temperature is
higher than 4000 K so that many hydrogen atoms are in the first
excited state (H(2)). In this situation, the intense near-
ultraviolet (NUV) irradiation from its host star is the main
source of heating in the atmosphere (García Muñoz &
Schneider 2019). Although for hot stars, the irradiation of the
NUV could be dominant in driving the escape of the
atmosphere, the emission of the X-ray and extreme ultraviolet
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(XUV) should be more intense than that of NUV for late-type
stars (García Muñoz & Schneider 2019).

Therefore, this motivates us to explore the possibility that the
Hα transmission spectra are the signals of the escaping
atmosphere driven by XUV. To this end, WASP-121b is an
excellent target to study. Its mass and radius are 1.183 MJ and
1.865 RJ, respectively (Delrez et al. 2016). Therefore, one can
expect a relatively expanding atmosphere owing to its low
mean density and gravitational potential. In addition, WASP-
121b is a hot Jupiter orbiting around a F6V star at a distance of
0.02544 au. This means that the XUV irradiation received by
the planet is about 1500 times higher than that received at 1 au.
Using the European Southern Observatory’s High Accuracy
Radial velocity Planet Searcher (ESO-HARPS), Cabot et al.
(2020) found that in mid-transit the absorption of Hα at the line
center was about 1.87%, along with a 5.82 km s−1 redshift.
Subsequently, Borsa et al. (2021) detected about 1.4% and
1.7% absorption depth of Hα for 1-UT and 4-UT with ESO-
Echelle SPectrograph for Rocky Exoplanets and Stable
Spectroscopic Observations (ESPRESSO), respectively, both
of which exhibit a blueshift. In addition, other species, such as
Fe I, Fe II, Mg II, and H2O, have also been found in its
atmosphere (Evans et al. 2016; Sing et al. 2019; Gibson et al.
2020; Hoeijmakers et al. 2020; Mikal-Evans et al. 2020). An
expanding and potentially escaping hydrogen has been invoked
to explain the Hα absorption (Cabot et al. 2020; Borsa et al.
2021). However, a detailed model is still absent in explaining
the excess absorption of Hα. Thus, it is not clear if the
absorption in Hα can be attributed to an escaping atmosphere
driven by XUV irradiation of the host star. In this Letter, our
aim is to model the Hα transmission spectrum of WASP-121b.
In Section 2, we describe the method. In Section 3, we display
the results. In Section 4, we discuss the comparison with
observations. In Section 5, we summarize the work and state
our conclusions.

2. Method

2.1. Hydrodynamic Atmosphere Model

We used the hydrodynamic model (Yan & Guo 2019) to
simulate the atmospheric structure of WASP-121b and
obtained the atmospheric temperature, velocity, and particle
number densities. The planetary and stellar parameters are
based on the observations (Delrez et al. 2016; Cabot et al.
2020). The equilibrium temperature (Teq) is 2361 K, which is
also the temperature at the bottom boundary in our model. The
high temperature hints at the dissociation of H2. The chemical
composition of WASP-121b is assumed to be the same as that
of WASP-121, which is calculated by the solar abundance that
is modified by [Fe/H]= 0.13 (Delrez et al. 2016). The
integrated flux in the XUV band is an important input in the
simulations. Due to the lack of the stellar XUV observations,
we used the age–luminosity relation (Sanz-Forcada et al. 2011)
to calculate the FXUV received by the planet. WASP-121b is
about 1.5 Gigayear (Gyr), so the FXUV is about
37387 erg cm−2 s−1 at the orbital distance. In our calculation
the value is divided by a factor of 4, which accounts for the
uniform redistribution of the stellar radiation energy around the
planet. Finally, the XUV spectral energy distribution (SED) is
obtained by the XSPEC-APEC software (Arnaud 1996). In the
simulations the pressure at the bottom boundary is 1 μbar. The
upper boundary is 7.6 Rp, which covers the radius of the host

star. In this Letter, the above input values are called the fiducial
ones. In general, the escaping models assume that the photons
of Lyα can freely escape from the atmosphere (Murray-Clay
et al. 2009). In the process of resonant scattering, the number of
scattering that a Lyα photon takes to escape the atmosphere is
comparable to its line center optical depth τ. In the atmosphere
above ∼1.1–1.2 Rp where Lyα cooling is most efficient,
τ= 1/pabs, where pabs is the Lyα photon destroy probability
per scattering (Huang et al. 2017). Thus, the Lyα cooling is
included in the simulations. Furthermore, the stellar tidal force
is also considered in the model.

2.2. Hydrogen Populations in the Excited State

The Hα absorption is caused by the hydrogen atoms in the
first excited state (n= 2, where n is the principal quantum
number). Because of the coupling of spin and orbital angular
momentum, this state is split to 2s and 2p substate. In the upper
thermosphere, both the collisions among particles and the
radiation process affect the population of H(2). Thus, we used a
non-local thermal equilibrium scheme to calculate the hydro-
gen populations based on the hydrodynamic results. Assuming
that the atmosphere is in a stationary state, the production rates
of H(2) are equal to their loss rates. We find that the Lyα mean
intensity ( ¯ aJLy ) is dominant in determining the number density
of H(2p) (as shown by Equation (1)), which is consistent with
that of Christie et al. (2013) and Huang et al. (2017). Therefore,
it can be approximately expressed as
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where n(1s) and n(2p) are the number densities of H(1s) and
H(2p), B1s→2p and A2p→1s are the Einstein coefficients (Rybicki
& Lightman 2004). The number density of H(2s) is solved in
the meantime. The source of H(2s) is mainly from l-mixing;
and the sink of H(2s) is mostly due to the l-mixing (<2.5 Rp)
and photoionization (>2.5 Rp). Therefore, it can be approxi-
mately expressed as
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where C2p↔2s(p) and C2p↔2s(e) are the protons’ and electrons’
collisional transition rates (Seaton 1955) between 2p and 2s, np
and ne are the number densities of protons and electrons, and
Γ2s is the photoionization rate of H(2s). Although n2p and n2s
can be estimated by Equations (1) and (2) in the simulations we
solved the equation of rate equilibrium for H(2p) and H(2s) by
including the reactions of radiative excitation and de-excitation,
collision excitation and de-excitation, photoionization and
recombination, etc. The equations of rate equilibrium are the
same to that of Huang et al. (2017).
Because there is currently no available Lyα profile of the

host star, in our model we took the Lyα flux of ζ Dor (Linsky
et al. 2013) to replace that of WASP-121. ζ Dor is a F7V star
whose spectral type is similar to that of WASP-121 (F6V). The
Lyα profile of ζ Dor is referenced from Wood et al. (2005).
Based on this, we constructed a double Gaussian profile with
the full width at half maximum (FWHM)= 0.7Å, and the two
centers being 1215.5 and 1215.9Å (Lyα1, see the solid black
line in Figure 1(a)). The Lyα integrated flux is about 71,900
erg cm−2 s−1. The ¯ aJLy is then calculated by the Lyα resonant
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scattering method of Huang et al. (2017). Because the stellar
Lyα profile is an important physical input in calculating H(2p)
population but cannot be measured precisely, we investigated
another Lyα profile (Lyα2, see the dashed red line in
Figure 1(a)) with the same integrated flux and two centers

but with a different FWHM= 0.45Å. The Lyα intensity is
higher around the line center of Lyα2 profile, which leads to
higher Voigt line profile weighted mean intensity (see
Figure 1(b) for ¯ aJLy of Lyα1 and Lyα2). The Hα absorption
(see Figure 1(c); for more details, see the Method section
below) is slightly deeper for Lyα2 case compared to that of
Lyα1. The difference of absorption at the Hα line center is less
than 0.2% and it is indistinguishable at the line wings. Our
results show that the FWHM of Lyα input profile in the range
of 0.45–0.7Å has minor influence on the final results.
Therefore, we use Lyα1 in our models.
Finally, the ionization of H(2s) and H(2p) is an important

process that is caused by the photons in the wavelength range
of 912–3646Å. The spectrum in this wavelength range is taken
from the stellar atmosphere model of Castelli & Kurucz (2003).
The photoionization cross-sections of H(2s) and H(2p) are cited
from TOPbase of The Opacity Project (Cunto & Men-
doza 1992; Cunto et al. 1993).

2.3. Hα Radiative Transfer

After we obtained the hydrogen populations, we simulated
the Hα radiative transfer as the stellar Hα line travels along the
ray path in the planetary atmosphere during transit (Yan &
Guo 2019). The transmission spectrum is defined by
Equation (3) as a function of wavelength,

( ) ( ) ( )l l= -
F

F
TS 1.0 3IT

OT

and the excess absorption (not including the planet itself) is
“− TS(λ),” where FIT and FOT are the in-transit and out-of-
transit flux. Hα absorption is a bound-bound transition whose
line center is at 6562.8Å (in air). The calculation of cross
section of Hα absorption is similar to that of Lyα (Yan &
Guo 2019), and the oscillator strength is 0.64108 at 6562.8Å
taken from NIST Atomic Spectra Database.5

3. Results

3.1. The Fiducial Model

We define the model with the fiducial inputs as our fiducial
model. The mass-loss rate of WASP-121b is 1.28× 1012 g s−1

for the fiducial model. The number density of hydrogen atoms
is obtained from the hydrodynamic simulation. The atmo-
spheric structures are showed in Figures 2(a)–(c). As we can
see, the highest temperature is higher than 10,000 K. The
velocity becomes supersonic when the altitude is larger than
1.7 Rp, and reaches 100 km s−1 beyond 7 Rp. By solving a
detailed equation of statistical equilibrium, we obtained the
number densities of H(2s) and H(2p) (see Figure 2(a)). The
number density of H(2s) plus H(2p) is about a few 10−7 times
H(1s). The ratio of H(2p) to H(2s) changes significantly with
the increase of r/Rp, mainly due to the large photoionization of
the n= 2 state hydrogen, which especially affects H(2s). The
optical depth of Hα line center is shown in Figure 2(d), which
is larger than unity when r/Rp is less than 1.1.
We compared the simulated transmission spectrum with the

observation of Borsa et al. (2021, hereafter B21).6 In their

Figure 1. Properties of stellar Lyα. (a) The stellar Lyα profiles. The FWHM of
Lyα1 and Lyα2 are 0.7 Å and 0.45 Å, respectively. (b) The Lyα Voigt line
profile weighted mean intensity for Lyα1 and Lyα2. (c) The Hα transmission
spectrum for Lyα1 and Lyα2.

5 https://www.nist.gov/pml/atomic-spectra-database
6 Note the data of B21 used in this Letter was extracted from Figure 9 of
Borsa et al. (2021) by “WebPlotDigitizer,” a tool for extracting the data points
(https://automeris.io/WebPlotDigitizer/index.html).
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work, they reported the observations in 1-UT and 4-UT mode,
the observation time of which is 2019 January 6 and 2018
November 30. The Hα absorption depth was about 1.4% and
1.7% for 1-UT and 4-UT mode, with a blueshift of 4.64 and 3.9
km s−1, respectively. B20S is obtained by shifting the observed
transmission spectrum of Borsa et al. (2020) toward the red
side by the corresponding blueshift for 1-UT and 4-UT.

To investigate the contribution of different atmospheric
regions to the Hα absorption, we calculated the Hα absorption
for different altitudes of the atmosphere until the altitude
reaches 7.6 Rp. Figure 3(a) shows the results of the fiducial
model, in which the gray dots with error bars are B20S. The
light-gray and dark-gray points are for 1-UT and 4-UT,
respectively. The different lines represent the absorption of Hα
produced in different atmospheric altitudes. Our simulations
show that different altitudes of the atmosphere contribute
differently to the final transmission spectrum of Hα. The
increase of the altitude leads to a deeper absorption. From 3 Rp

to 4 Rp, the absorption at Hα line center only increases by

0.05%. The Hα absorption of WASP-121b by the atmosphere
above 4 Rp is negligible because the H(2) are sparse. In
addition, we compared the equivalent width (EW) of the model
transmission spectrum with that of the observations in the
passbands 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.6Å. We found that
the EW will decrease with the increase of the passbands when
the passbands are larger than 1.5Å for 1-UT, due to some
minus values of the absorption at the line wings. We also found
that the EW calculated by our model is lower than that of the
4-UT if the passband is greater than 1.5Å. Thus, we only
analyzed the EW in passbands 0.75, 1.0, and 1.5Å.
Figures 3(b)–(d) show the equivalent width calculated in the
three passbands as a function of the atmospheric altitude,
respectively. The black line represents the fiducial model, in
which the sonic point is marked by the purple cross. The
orange and cyan horizontal solid lines represent the mean EW
of 1-UT and 4-UT, respectively. The corresponding dashed
lines are the upper (+1σ) and lower (−1σ) limit of the
observations. One can see that the EW of the fiducial model

Figure 2. Atmospheric structures. This structure is plotted as a function of r/Rp, r is the distance from the planetary center and Rp is the planetary radius. (a) The
number density for H(1s), H(2p), and H(2s). (b) The atmospheric temperature. (c) The particles’ velocity. (d) Optical depth of Hα line center as a function of impact
parameter.
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increases with the increase of the atmospheric altitude. For
1-UT, an atmosphere higher than 1.7 Rp can fit the observation
in the three passbands. For 4-UT, a supersonic atmosphere
beyond the Roche lobe (1.86 Rp) is required to fit the EW in
0.75 and 1.0Å. For example, an atmosphere at least up to 6 Rp

can fit the lower limit of the observation in passband 1.0Å. The
EW of the model in passband 1.5Å, however, cannot reach the
lower limit of the 4-UT observation, because our model cannot
reproduce the relatively high absorption at the Hα line wings.

The results above show that the absorption of Hα close to
the line center can be well fitted by our model and the
contribution of supersonic regions cannot be neglected.
However, the strong absorption in the wings of Hα for 4-UT
should be investigated in the future. Furthermore, the 1D
simulation cannot reproduce the blueshift found by B21. A
blueshift or redshift has also been found in other absorption
lines in exoplanetary atmosphere (Allart et al. 2018; Casasayas-

Barris et al. 2018; Bourrier et al. 2020; Cabot et al. 2020;
Gibson et al. 2020), which can be led by the atmospheric winds
or the circulations from the day-side to night-side (Guo 2013).

3.2. XUV Integrated Flux

Because the XUV integrated flux was calculated by the age–
luminosity relation of Sanz-Forcada et al. (2011), there could
be some uncertainties due to the uncertainty of the stellar age
(Delrez et al. 2016). Here we investigated to what extent the
FXUV will influence the Hα transmission spectrum. We
adopted 0.5, 0.75, 1.5, 2.0, 3.0, and 4.0 times the value of
fiducial FXUV (F0), and the mass-loss rates are
8.20× 1011 g s−1, 1.07× 1012 g s−1, 1.58× 1012 g s−1,
1.84× 1012 g s−1, 2.29× 1012 g s−1 and 2.68× 1012 g s−1

accordingly. The energy-limited theory (Lammer et al. 2003;
Erkaev et al. 2007) proposes that the mass-loss rates of the
atmosphere are proportional to the FXUV. However, our results

Figure 3. Hα transmission spectrum and the EW. (a) Hα transmission spectrum. The gray dots with errors are the Hα transmission spectrum of B20S, with the light
gray for 1-UT and dark gray for 4-UT. The red dashed line represents the absorption within the sonic point (SP). Other lines represent the absorption within the labeled
atmosphere regions. (b) The EW calculated in passband 0.75 Å as a function of atmospheric altitude. The black line represents the EW of the fiducial model, in which
the sonic point is marked by the purple cross. The orange and cyan horizontal solid lines represent the mean EW of 1-UT and 4-UT, respectively. The corresponding
dashed lines are +1σ and −1σ of the mean EW. (c) and (d) are the same as (a), but for the passbands 1.0 and 1.5 Å, respectively.
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found that they do not increase linearly with the increase of the
FXUV because the escape of Lyα photons takes away a portion
of the heat from the atmosphere. The Hα absorption increases
moderately with FXUV (see Figure 4(a), the transmission
spectra are calculated within 7.6 Rp). For instance, an increase
of a factor of 8 in FXUV only increases the absorption at line
center by ∼0.5%. Two reasons can explain this phenomenon.
For higher FXUV, the corresponding temperature of the
atmosphere becomes higher at the bottom of the atmosphere
but will drop dramatically with the increase of atmospheric
altitude. The high temperature occurs in the relatively high
pressure and is close to the bottom of the atmosphere, so that
the Lyα photons will spend a longer time to be scattered out of
the atmosphere. Therefore, the ¯ aJLy will be more intense and
then will excite more hydrogen atoms into the n= 2 state.
However, the atoms can be ionized easily owing to higher
FXUV. The combined effect is to increase the Hα absorption
slightly. It is clear from Figure 4(a) that a higher FXUV is

needed to fit the 4-UT data, while a relatively lower FXUV is
preferable for the data of 1-UT. This can be verified by
Figure 4(b), which shows the χ2 as a function of FXUV. The χ

2

is calculated in passband 1.5 and 3.6Å for 1-UT and 4-UT,
respectively. The minimum χ2 for 1-UT and 4-UT occurs at
FXUV= F0 ∗ 0.5 and FXUV= F0 ∗ 1.5, respectively. B21
reported that log ¢RHK =−4.87± 0.01 and
log ¢RHK =−4.81± 0.01 for the 1-UT and 4-UT transits,
respectively, and proposed that the star was more active at
4-UT transit. Therefore, the different FXUV levels for 1-UT and
4-UT may reflect the different stellar activities of WASP-121 in
the two observations. A higher FXUV of 4-UT could probably
attributes to its higher activity level compared to that of 1-UT.
We also simulated the Hα transmission spectra for the cases

of FXUV= F0 ∗ 0.5 and FXUV= F0 ∗ 1.5 as a function of
different altitudes. Figure 5(a) shows the case of FXUV= F0 ∗
0.5. The absorption caused by the atmosphere below the sonic
point (1.7 Rp) is shallower compared with 1-UT of B20S.

Figure 4. Hα transmission spectrum and the comparison of models with observations. (a) Hα transmission spectrum. The gray dots with errors are the Hα
transmission spectrum of B20S, with the light gray for 1-UT and dark gray for 4-UT. Different lines represent models of different FXUV, calculated within 7.6 Rp. (b)
χ2 as a function of different FXUV. The black line represents the χ2 for 1-UT, calculated in passband 1.5 Å. The red line represents the χ2 for 4-UT, calculated in
passband 3.6 Å. (c) The same as (a), but for the models of different XUV SEDs while FXUV = F0, calculated within 7.6 Rp. Note that the black and green lines almost
overlap. (d) The same as (b), but for the models of different XUV SEDs while FXUV = F0.
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Figure 5(b) shows the equivalent width as a function of
different altitudes. It shows when WASP-121b receives 0.5
times the fiducial XUV irradiation of the host star, the EW
produced by the atmosphere lower than 2.5 Rp cannot reach the
lower limit of the observation. Above 2.5 Rp, the more the
atmosphere expands, the better the fit to the observation of
1-UT. Figures 5(c) and (d) are the same to Figures 5(a) and (b),
respectively, but for the case of FXUV= F0 ∗ 1.5 and in
comparison with 4-UT of B20S. The EW of the model cannot
reach the lower limit of the EW of 4-UT, because our model
cannot reproduce the relatively high absorption at the Hα line
wings.

3.3. XUV SEDs

XUV SEDs can also influence the photoionization process in
the atmosphere (Guo & Ben-Jaffel 2016). According to Owen
& Jackson (2012), X-ray can solely drive hydrodynamic escape

of planetary atmosphere. Here we study the effect of different
SEDs on the transmission spectra by introducing a modified
spectral index βm, defined as F(1–100Å)/F(1–912Å), where F
(1–100Å) is the integrated flux in the band of X-ray and F
(1–912Å) is the integrated flux of the whole XUV band. For
the fiducial model, the value is 0.1475. We tested the cases of
0.03 (almost no X-ray but all EUV), 0.103, 0.221, and 0.5 (half
X-ray and half EUV, which could be not real according to the
evolution of XUV radiation of late-type stars, and it is for
model experiment), while the XUV integrated flux FXUV= F0.
Figure 4(c) shows the transmission spectra (calculated within
7.6 Rp). One can see that a larger X-ray proportion will lead to
deeper Hα absorption. The main reason is that more hydrogen
atoms will be retained instead of being ionized, due to the
lower photoionization cross section (inversely proportional to
the cube of the frequency) in X-ray band in comparison with
that in EUV. To compare with the observations, Figure 4(d)

Figure 5. Hα transmission spectrum and the comparison of models with observations for FXUV = F0 ∗ 0.5 and FXUV = F0 ∗ 1.5. (a) Hα transmission spectrum as a
function of altitudes for FXUV = F0 ∗ 0.5, in comparison with the observation of 1-UT. (b) The equivalent width calculated in passband 1.5 Å as a function of
atmospheric altitude, in comparison with the observation of 1-UT. The orange horizontal solid line represents the mean EW of 1-UT and the dashed lines are +1σ and
−1σ of the mean EW. The sonic point is marked by the purple cross. (c) The same as (a), but for FXUV = F0 ∗ 1.5 and 4-UT. (d) The same as (b), but for
FXUV = F0 ∗ 1.5 and 4-UT.
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shows the χ2 as a function of βm. For 1-UT, the minimum χ2

appears at βm= 0.003. For 4-UT, the χ2 decreases with the
increase of βm. A higher βm is required to fit the absorption at
Hα line wings for 4-UT. However, the variation of χ2 is less
than 1 for βm from 0.103 to 0.5. In addition, for the case of
βm= 0.5 the absorption at Hα line center exceeds the upper
limit (+1σ) of the observation. Thus, a high βm cannot be
applicable for 4-UT although the value of the χ2 is smaller.
Thus, we suggest that βm should be confined to a relatively low
level in order to fit the observation at different times, which is
consistent with the evolution of XUV radiation of late-type
stars (Sanz-Forcada et al. 2011).

4. Discussion

In addition to the observation of Hα transmission spectrosc-
opy conducted by B21, there is another observation made by
Cabot et al. (2020, hereafter C20). According to C20, the
observed transmission spectrum can be fitted with a Gaussian
profile, of which the FWHM is 0.75Å and the line center is at
6562.93Å. C20S is the transmission spectrum obtained by
shifting the Gaussian fitted spectrum toward the blue side by
5.82 km s−1. The average absorption depths (ADs) in different
passbands are also shown in their work (see Table 3 of C20).

For comparison with C20, we calculated the ADs of the
simulated transmission spectra in different passbands as shown
in Figure 6. The passbands are 0.188, 0.375, 0.75, 1.5, and 3Å,
which are the same to that used in C20. In their work, they used
the photonoise and readout noise from the observed spectrum
to calculate the weight (Casasayas-Barris et al. 2017) for the
mean absorption depth. Here, we evaluated the ADs of C20S
for the above passbands by an equally weighted method (i.e.,
the spectral points are weighted equally despite different errors)
and found that the results did not deviate much from C20. We
also calculated the χ2 of the ADs in different passbands for the
models of different FXUV and XUV SEDs with respect to that
of C20.

Figure 6(a) shows the the χ2 as a function of FXUV for
different passbands. The minimum χ2 appears at 0.5, 0.75 and
1.0 F0 for the given passbands, indicating that the FXUV is not
larger than the fiducial value. The FXUV values in the range of
0.5–1.0 times F0 reflect that the stellar activity may be between
that of 1-UT and 4-UT of B21. We also simulated the Hα
transmission spectra for the cases of 0.5, 0.75, and 1.0 times F0

and found that the Hα absorption caused by the atmosphere
below the sonic points for the three FXUV cases is not enough
to match C20S, especially for the absorption at line center (see
Figure 6(b)), which shows that the supersonic regions are not
negligible in explaining the excess absorption of Hα of
WASP-121b.

Figure 6(c) shows the χ2 as a function of βm for different
passbands. For the cases of 0.188, 0.375 and 1.5Å, the
minimum χ2 appears at βm= 0.103; for the cases of 0.75 and
3.0Å, the model of βm= 0.03 is closest to the observation.
This is consistent with the conclusion of B20S that βm is
confined to a lower level.

5. Summary

In this Letter, we presented the XUV-driven hydrodynamic
simulation including the detailed hydrogen population calcul-
ation and the process of radiative transfer to model the Hα
transmission spectrum of WASP-121b. Our models are in

agreement with the observations. We found that the supersonic
regions of planetary wind contribute a prominent portion to the
absorption of Hα. We also performed a broad parameter study
to evaluate the affects of the input stellar XUV integrated flux

Figure 6. Comparison with C20. (a) χ2 as a function of different FXUV.
Different colors represent the χ2 calculated by using different passbands. (b)
Transmission spectrum for 0.5, 0.75, and 1.0 times F0. The Green solid line
represents C20S. Other solid lines are calculated within 7.6 Rp, and the dashed
lines are calculated within the sonic points. (c) χ2 as a function of different
XUV SEDs, which are characterized by βm.
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and SEDs. Our results showed that the variations of the stellar
FXUV can be in the range of 0.5–1.5 times the fiducial value
and the different FXUV level inferred from the independent
observations may reflect the stellar activities of the host star. It
also showed that the X-ray portion in the XUV radiation should
be at a low level, which is consistent with the evolution of
XUV radiation of late-type stars (Sanz-Forcada et al. 2011).
The parameter study enhanced the conclusion of the fiducial
model that the supersonic regions are indispensable in the
interpretation of the excess absorption of Hα for WASP-121b,
which clearly expresses the requirement of a transonic
hydrodynamic atmosphere. The consistence of our simulations
and the observation of Hα transmission spectrum suggested
that there is an expanding hydrogen atmosphere around this
planet. These findings are helpful for the future detection of the
escaping planetary atmosphere around F-type stars by using the
ground telescope.
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Priority Research Program of Chinese Academy of Sciences,
grant No. XDB 41000000 and from National Natural Science
Foundation of China though grants 11973082 to J.G.

ORCID iDs

Dongdong Yan https://orcid.org/0000-0002-8519-0514
Jianheng Guo https://orcid.org/0000-0002-8869-6510
Chenliang Huang https://orcid.org/0000-0001-9446-6853

References

Allart, R., Bourrier, V., Lovis, C., et al. 2018, Sci, 362, 1384
Alonso-Floriano, F. J., Sánchez-López, A., Snellen, I. A. G., et al. 2019, A&A,

621, A74
Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Data Analysis

Software and Systems V, ed. G. H. Jacoby & J. Barnes (San Francisco, CA:
ASP), 17

Ballester, G. E., Sing, D. K., & Herbert, F. 2007, Natur, 445, 511
Barnes, J. R., Haswell, C. A., Staab, D., et al. 2016, MNRAS, 462, 1012
Borsa, F., Allart, R., Casasayas-Barris, N., et al. 2021, A&A, 645, A24, (B21)
Borsa, F., Rainer, M., Bonomo, A. S., et al. 2019, A&A, 631, A34
Bourrier, V., Ehrenreich, D., Lendl, M., et al. 2020, A&A, 635, A205
Cabot, S. H. C., Madhusudhan, N., Welbanks, L., et al. 2020, MNRAS, 494,

363, (C20)
Casasayas-Barris, N., Palle, E., Nowak, G., et al. 2017, A&A, 608, A135

Casasayas-Barris, N., Pallé, E., Yan, F., et al. 2018, A&A, 616, A151
Castelli, F., & Kurucz, R. L. 2003, in IAU Symp. Proc. 210, Modelling of

Stellar Atmospheres, ed. N. Piskunov, W. W. Weiss, & D. F. Gray (San
Francisco, CA: ASP), A20

Cauley, P. W., Redfield, S., & Jensen, A. G. 2017a, AJ, 153, 185
Cauley, P. W., Redfield, S., & Jensen, A. G. 2017b, AJ, 153, 217
Cauley, P. W., Shkolnik, E. L., Ilyin, I., et al. 2019, AJ, 157, 69
Cauley, P. W., Wang, J., Shkolnik, E. L., et al. 2020, arXiv:2010.02118
Chen, G., Casasayas-Barris, N., Pallé, E., et al. 2020, A&A, 635, A171
Christie, D., Arras, P., & Li, Z.-Y. 2013, ApJ, 772, 144
Cunto, W., & Mendoza, C. 1992, RMxAA, 23, 107
Cunto, W., Mendoza, C., Ochsenbein, F., et al. 1993, A&A, 275, L5
Delrez, L., Santerne, A., Almenara, J.-M., et al. 2016, MNRAS, 458, 4025
Ehrenreich, D., Bourrier, V., Wheatley, P. J., et al. 2015, Natur, 522, 459
Erkaev, N. V., Kulikov, Y. N., Lammer, H., et al. 2007, A&A, 472, 329
Evans, T. M., Sing, D. K., Wakeford, H. R., et al. 2016, ApJL, 822, L4
Fulton, B. J., Petigura, E. A., Howard, A. W., et al. 2017, AJ, 154, 109
García Muñoz, A., & Schneider, P. C. 2019, ApJL, 884, L43
Gibson, N. P., Merritt, S., Nugroho, S. K., et al. 2020, MNRAS, 493, 2215
Guo, J. H. 2013, ApJ, 766, 102
Guo, J. H., & Ben-Jaffel, L. 2016, ApJ, 818, 107
Hoeijmakers, H. J., Seidel, J. V., Pino, L., et al. 2020, A&A, 641, A123
Howe, A. R., & Burrows, A. 2015, ApJ, 808, 150
Huang, C., Arras, P., Christie, D., & Li, Z.-Y. 2017, ApJ, 851, 150
Jensen, A. G., Cauley, P. W., Redfield, S., et al. 2018, AJ, 156, 154
Jensen, A. G., Redfield, S., Endl, M., et al. 2012, ApJ, 751, 86
Lammer, H., Selsis, F., Ribas, I., et al. 2003, ApJL, 598, L121
Lecavelier des Etangs, A., Ehrenreich, D., Vidal-Madjar, A., et al. 2010, A&A,

514, 72
Linsky, J. L., France, K., & Ayres, T. 2013, ApJ, 766, 69
Mikal-Evans, T., Sing, D. K., Kataria, T., et al. 2020, MNRAS, 496, 1638
Murray-Clay, R. A., Chiang, E. I., & Murray, N. 2009, ApJ, 693, 23
Owen, J. E., & Jackson, A. P. 2012, MNRAS, 425, 2931
Owen, J. E., & Wu, Y. 2013, ApJ, 775, 105
Rybicki, B. J., & Lightman, A. P. 2004, Radiative Processes in Astrophysics

(Weinheim: Wiley-VCH)
Sanz-Forcada, J., Micela, G., Ribas, I., et al. 2011, A&A, 532, A6
Seaton, M. J. 1955, PPSA, 68, 457
Seidel, J. V., Ehrenreich, D., Bourrier, V., et al. 2020, A&A, 641, L7
Shaikhislamov, I. F., Khodachenko, M. L., Lammer, H., et al. 2018, MNRAS,

481, 5315
Shaikhislamov, I. F., Khodachenko, M. L., Lammer, H., et al. 2020, MNRAS,

491, 3435
Sing, D. K., Lavvas, P., Ballester, G. E., et al. 2019, AJ, 158, 91
Spake, J. J., Sing, D. K., Evans, T. M., et al. 2018, Natur, 557, 68
Stangret, M., Casasayas-Barris, N., Pallé, E., et al. 2020, A&A, 638, A26
Tinetti, G., Vidal-Madjar, A., Liang, M.-C., et al. 2007, Natur, 448, 169
Vidal-Madjar, A., Lecavelier des Etangs, A., Désert, J. M., et al. 2003, Natur,

422, 143
Wood, B. E., Redfield, S., Linsky, J. L., et al. 2005, ApJS, 159, 118
Wyttenbach, A., Mollière, P., Ehrenreich, D., et al. 2020, A&A, 638, A87
Yan, D., & Guo, J. 2019, ApJ, 880, 90
Yan, F., & Henning, T. 2018, NatAs, 2, 714
Yan, F., Wyttenbach, A., Casasayas-Barris, N., et al. 2021, A&A, 645, A22

9

The Astrophysical Journal Letters, 907:L47 (9pp), 2021 February 1 Yan et al.

https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8519-0514
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0002-8869-6510
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://orcid.org/0000-0001-9446-6853
https://doi.org/10.1126/science.aat5879
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1384A/abstract
https://doi.org/10.1051/0004-6361/201834339
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..74A/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...621A..74A/abstract
https://ui.adsabs.harvard.edu/abs/1996ASPC..101...17A/abstract
https://doi.org/10.1038/nature05525
https://ui.adsabs.harvard.edu/abs/2007Natur.445..511B/abstract
https://doi.org/10.1093/mnras/stw1713
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462.1012B/abstract
https://doi.org/10.1051/0004-6361/202039344
https://ui.adsabs.harvard.edu/abs/2021A&A...645A..24B/abstract
https://doi.org/10.1051/0004-6361/201935718
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..34B/abstract
https://doi.org/10.1051/0004-6361/201936640
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.205B/abstract
https://doi.org/10.1093/mnras/staa748
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494..363C/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494..363C/abstract
https://doi.org/10.1051/0004-6361/201731956
https://ui.adsabs.harvard.edu/abs/2017A&A...608A.135C/abstract
https://doi.org/10.1051/0004-6361/201832963
https://ui.adsabs.harvard.edu/abs/2018A&A...616A.151C/abstract
https://ui.adsabs.harvard.edu/abs/2003IAUS..210P.A20C/abstract
https://doi.org/10.3847/1538-3881/aa64d3
https://ui.adsabs.harvard.edu/abs/2017AJ....153..185C/abstract
https://doi.org/10.3847/1538-3881/aa6a15
https://ui.adsabs.harvard.edu/abs/2017AJ....153..217C/abstract
https://doi.org/10.3847/1538-3881/aaf725
https://ui.adsabs.harvard.edu/abs/2019AJ....157...69C/abstract
http://arxiv.org/abs/2010.02118
https://doi.org/10.1051/0004-6361/201936986
https://ui.adsabs.harvard.edu/abs/2020A&A...635A.171C/abstract
https://doi.org/10.1088/0004-637X/772/2/144
https://ui.adsabs.harvard.edu/abs/2013ApJ...772..144C/abstract
https://ui.adsabs.harvard.edu/abs/1992RMxAA..23..107C/abstract
https://ui.adsabs.harvard.edu/abs/1993A&A...275L...5C/abstract
https://doi.org/10.1093/mnras/stw522
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.4025D/abstract
https://doi.org/10.1038/nature14501
https://ui.adsabs.harvard.edu/abs/2015Natur.522..459E/abstract
https://doi.org/10.1051/0004-6361:20066929
https://ui.adsabs.harvard.edu/abs/2007A&A...472..329E/abstract
https://doi.org/10.3847/2041-8205/822/1/L4
https://ui.adsabs.harvard.edu/abs/2016ApJ...822L...4E/abstract
https://doi.org/10.3847/1538-3881/aa80eb
https://ui.adsabs.harvard.edu/abs/2017AJ....154..109F/abstract
https://doi.org/10.3847/2041-8213/ab498d
https://ui.adsabs.harvard.edu/abs/2019ApJ...884L..43G/abstract
https://doi.org/10.1093/mnras/staa228
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.2215G/abstract
https://doi.org/10.1088/0004-637X/766/2/102
https://ui.adsabs.harvard.edu/abs/2013ApJ...766..102G/abstract
https://doi.org/10.3847/0004-637X/818/2/107
https://ui.adsabs.harvard.edu/abs/2016ApJ...818..107G/abstract
https://doi.org/10.1051/0004-6361/202038365
https://ui.adsabs.harvard.edu/abs/2020A&A...641A.123H/abstract
https://doi.org/10.1088/0004-637X/808/2/150
https://ui.adsabs.harvard.edu/abs/2015ApJ...808..150H/abstract
https://doi.org/10.3847/1538-4357/aa9b32
https://ui.adsabs.harvard.edu/abs/2017ApJ...851..150H/abstract
https://doi.org/10.3847/1538-3881/aadca7
https://ui.adsabs.harvard.edu/abs/2018AJ....156..154J/abstract
https://doi.org/10.1088/0004-637X/751/2/86
https://ui.adsabs.harvard.edu/abs/2012ApJ...751...86J/abstract
https://doi.org/10.1086/380815
https://ui.adsabs.harvard.edu/abs/2003ApJ...598L.121L/abstract
https://doi.org/10.1051/0004-6361/200913347
https://ui.adsabs.harvard.edu/abs/2010A&A...514A..72L/abstract
https://ui.adsabs.harvard.edu/abs/2010A&A...514A..72L/abstract
https://doi.org/10.1088/0004-637X/766/2/69
https://ui.adsabs.harvard.edu/abs/2013ApJ...766...69L/abstract
https://doi.org/10.1093/mnras/staa1628
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.1638M/abstract
https://doi.org/10.1088/0004-637X/693/1/23
https://ui.adsabs.harvard.edu/abs/2009ApJ...693...23M/abstract
https://doi.org/10.1111/j.1365-2966.2012.21481.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.425.2931O/abstract
https://doi.org/10.1088/0004-637X/775/2/105
https://ui.adsabs.harvard.edu/abs/2013ApJ...775..105O/abstract
https://doi.org/10.1051/0004-6361/201116594
https://ui.adsabs.harvard.edu/abs/2011A&A...532A...6S/abstract
https://doi.org/10.1088/0370-1298/68/6/301
https://ui.adsabs.harvard.edu/abs/1955PPSA...68..457S/abstract
https://doi.org/10.1051/0004-6361/202038497
https://ui.adsabs.harvard.edu/abs/2020A&A...641L...7S/abstract
https://doi.org/10.1093/mnras/sty2652
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.5315S/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.5315S/abstract
https://doi.org/10.1093/mnras/stz3211
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.3435S/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.491.3435S/abstract
https://doi.org/10.3847/1538-3881/ab2986
https://ui.adsabs.harvard.edu/abs/2019AJ....158...91S/abstract
https://doi.org/10.1038/s41586-018-0067-5
https://ui.adsabs.harvard.edu/abs/2018Natur.557...68S/abstract
https://doi.org/10.1051/0004-6361/202037541
https://ui.adsabs.harvard.edu/abs/2020A&A...638A..26S/abstract
https://doi.org/10.1038/nature06002
https://ui.adsabs.harvard.edu/abs/2007Natur.448..169T/abstract
https://doi.org/10.1038/nature01448
https://ui.adsabs.harvard.edu/abs/2003Natur.422..143V/abstract
https://ui.adsabs.harvard.edu/abs/2003Natur.422..143V/abstract
https://doi.org/10.1086/430523
https://ui.adsabs.harvard.edu/abs/2005ApJS..159..118W/abstract
https://doi.org/10.1051/0004-6361/201937316
https://ui.adsabs.harvard.edu/abs/2020A&A...638A..87W/abstract
https://doi.org/10.3847/1538-4357/ab29f3
https://ui.adsabs.harvard.edu/abs/2019ApJ...880...90Y/abstract
https://doi.org/10.1038/s41550-018-0503-3
https://ui.adsabs.harvard.edu/abs/2018NatAs...2..714Y/abstract
https://doi.org/10.1051/0004-6361/202039302
https://ui.adsabs.harvard.edu/abs/2021A&A...645A..22Y/abstract

	1. Introduction
	2. Method
	2.1. Hydrodynamic Atmosphere Model
	2.2. Hydrogen Populations in the Excited State
	2.3. Hα Radiative Transfer

	3. Results
	3.1. The Fiducial Model
	3.2. XUV Integrated Flux
	3.3. XUV SEDs

	4. Discussion
	5. Summary
	References



