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ABSTRACT

Transmission spectroscopy is a prime method to study the atmospheres of extrasolar planets. We obtained a high-resolution spec-
tral transit time series of the hot Jupiter WASP-121b with CRIRES* to study its atmosphere via transmission spectroscopy of the
He 1410833 triplet lines. Our analysis shows a prominent He 1110833 absorption feature moving along with the planetary orbital
motion, which shows an observed, transit-averaged equivalent width of approximately 30 mA, a slight redshift, and a depth of about
2%, which can only be explained by an atmosphere overflowing its Roche lobe. We carried out 3D hydrodynamic modeling to reproduce
the observations, which favors asymmetric mass loss with a more pronounced leading tidal tail, possibly also explaining observational
evidence for additional absorption stationary in the stellar rest frame. A trailing tail is not detectable. From our modeling, we derived
estimates of >2 x 103 gs~! for the stellar and 5.4 x 10'?> gs~! for the planetary mass loss rate, which is consistent with X-ray and

extreme-ultraviolet (XUV) driven mass loss in WASP-121 b.

Key words. techniques: spectroscopic — planets and satellites: atmospheres — planets and satellites: individual: WASP-121 —

X-rays: stars

1. Introduction

The ultra-hot Jupiter WASP-121 b revolves around an F6V type
star (Delrez et al. 2016). Its orbit is highly misaligned, nearly
polar, and puts the planet only about 15% above the Roche limit,
close to the regime of tidal disruption (Delrez et al. 2016; Seidel
et al. 2023). The planet WASP-121b fills 59% of its Roche lobe
volume and is aspherical owing to tidal forces (Delrez et al.
2016). In Table 1, we list the relevant system parameters.
WASP-121b has become a coveted target for follow-up
observations of all kinds. Specifically, the spectral signatures
of numerous atomic and molecular species were detected in the
atmosphere of WASP-121 b (Sing et al. 2019; Hoeijmakers et al.
2020; Borsa et al. 2021; Merritt et al. 2021; Gibson et al. 2022;
Azevedo Silva et al. 2022; Maguire et al. 2023; Ouyang et al.
2023). Time variability of the atmospheric signal, potentially
attributable to planetary weather patterns (Changeat et al. 2024),
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has been suggested in several studies (e.g., Wilson et al. 2021;
Ouyang et al. 2023), whereas other studies report no evidence
for such variation (e.g., Maguire et al. 2023).

The atmosphere of WASP-121 b is thought to undergo Roche
lobe overflow driven by optical and infrared light (Huang et al.
2023). Salz et al. (2019) find evidence for an extended atmo-
sphere by means of excess in-transit ultraviolet absorption, and
Maguire et al. (2023) report blue-shifted planetary absorption
features of neutral hydrogen, Fell, and Call with strengths
inconsistent with the material being confined to within the Roche
lobe. Likewise, WASP-121b shows Na1D absorption with a
variable blueshift, which increases from —3.8 kms™! during the
first half to —6.6 kms™' during the second half of the transit
and shows a resolution-corrected full width at half maximum
(FWHM) of about 13 kms™! (Seidel et al. 2023). Atmospheric
modeling constrained by the observed He line absorption feature
yields an estimate of 1.3 x 10'? gs~! for the planetary mass loss
rate (Yan et al. 2021).
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Table 1. Relevant system parameters of WASP-121.

Parameter Value Source @
Teirn (K) 6460 + 140 D16
M, (My) 1.358+0075 D16
R, (Ro) 1.458+003 D16
d (pc) 263.2407 DR3
a (au) 0.02596 400043, B20
Ty (BJD1pR) 2458 119.72074 + 0.00017 B20
Poi (d) 127492504 15107 B20
o (deg) 88.49 + 0.16 B20
vsin(iy) (kms™')  13.567062 D16
R, R, 0.12355 555855, B20
M, (My) 1.157 £ 0.070 B20
q® 8.135 x 104 B20
y© (kms™) 38.350 + 0.021 D16
Rp (Ryup) 1.753 + 0.036 B20
Rsige (Ryup) 1.770 ™
Roote (Ryup) 1.735 ™W

Notes. “D16: Delrez et al. (2016), B20: Bourrier et al. (2020), DR3:
Gaia Data Release 3 (Gaia Collaboration 2023), TW: This work.
(»Ratio of planetary and stellar mass. ’Systemic radial velocity.

The infrared phase curve observed with the Spitzer tele-
scope leads to brightness temperature estimates of about 2700 K
and 700-1100 K on the planetary day- and nightside, respec-
tively (Morello et al. 2023). While the analysis by Morello et al.
(2023) indicates a westward offset of the hotspot with respect
to the substellar point, the study by Mikal-Evans et al. (2023),
who used observations with NIRSpec onboard the James Webb
Space Telescope, favors an eastward shift. Further evidence
of the dynamic state of WASP-121b’s atmosphere is reported
by Mikal-Evans et al. (2022), whose results indicate day-side
warming and night-side cooling in its stratosphere. The analy-
sis of Hubble Space Telescope (HST) observations by Changeat
et al. (2024) is consistent with a day-side temperature inversion,
starting at a pressure level of 0.1 bar, and Hoeijmakers et al.
(2024) find evidence for night-side condensation of titanium.
Although many studies of WASP-121b’s atmosphere exist, no
high-resolution observations of the important He 1110833 line
have been published as of yet, which is precisely the point of the
paper at hand.

2. Observations and data reduction
2.1. High-resolution spectroscopy with CRIRES*

During the night from 21 to 22 Feb. 2023, we used CRIRES™*
(Dorn et al. 2023) mounted at the Very Large Telescope (VLT)
to observe a spectral transit time series of WASP-121, which con-
sists of 40 consecutive exposures with an individual integration
time of 450 s. The observations were taken in the Y-band with
the Y1029 wavelength setting. Using the 0.2” slit, we obtained
a nominal spectral resolution of about 100 000. We adopted an
ABBA nodding pattern, which places the target in a sequence
of distinct A and B positions on the slit. This allowed us to
efficiently remove the sky background as well as to remedy
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Fig. 1. Mean S/N per spectral bin (blue squares) in the 10 830-10 840 A
range and the airmass (red circles) for the spectral time series. Vertical
dotted lines indicate the optical first to fourth contact.

instrumental effects. In Fig. 1, we show the mean S/N in the
vicinity of the He 1410833 lines along with the evolution of the
airmass.

The data were reduced using the CRIRES* pipeline cr2res
available from ESO!. In a first step, the associated raw calibra-
tion frames, taken as part of the observatory’s daily calibration
routine, were processed using the standard calibration cascade
as described in the CRIRES™ Pipeline User Manual. This step
produces the so-called processed calibrations, that is, the bad
pixel mask, the normalized flat field, and the trace-wave file con-
taining the wavelength solution and detector location for each
spectral order. In a second step, the raw science frames were
reduced using the cr2res_obs_nodding recipe, which applies
the processed calibrations to the science frames, subtracts the
B from the A frames in each AB (or BA) nodding sequence,
and uses optimal extraction to produce one-dimensional science
spectra, to which, finally, the wavelength solution is applied.

We carried out a telluric correction with molecfit (Smette
et al. 2015; Kausch et al. 2015). The models were also used to
refine the wavelength solution. In Fig. A.1, we show the shift
of the best-fit wavelength solution obtained by molecfit with
respect to that of the pipeline. Overall, a slight blueshift of about
0.1 kms~! and a nodding-dependent pattern with about the same
semi-amplitude is observed. From the molecfit solution, we
estimated a value of 101 900 + 660 for the instrumental spectral
resolution (Fig. A.2); the value and methodology are similar to
that reported by Yan et al. (2023). While the small formal statis-
tical uncertainty of the spectral resolution may be too optimistic
given possible variation across the detector, no evidence for any
change in time was found during our observing run. Taking into
account the phase smearing caused by the finite exposure time
of 451 s per integration, we estimated an effective spectral reso-
lution of 61 600 for a planetary signal moving along on the orbit
(see Czesla et al. 2022; Boldt-Christmas et al. 2024).

2.2. High-energy stellar spectrum

The population of the metastable helium level, giving rise to
the He 1410833 triplet transitions, is intimately related to the
high-energy extreme ultraviolet and X-ray radiation field, which
makes the latter a crucial ingredient in the interpretation of any
He 1110833 transmission signal (e.g., Sect. 3.5).

The stellar spectral energy distribution (SED, Figure 2) used
in our analysis has been observed and constructed as part of HST
program 16701. The SED was constructed in a similar routine to

! https://www.eso.org/sci/software/pipelines/index.
html#pipelines_table
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Fig. 2. Spectra energy distribution of WASP-121, with the sources of each wavelength region labeled at the top. The SED is compared with that of

the Sun scaled to the same bolometric luminosity.

those of the MUSCLES program Loyd et al. (2016), with some
differences which we describe here.

The ultraviolet and optical regions combine G140L data
from Program 16701 with archival E230M, G430L and G750L
observations obtained as part of the Panchromatic Compara-
tive Exoplanetology (PanCET) program (Evans et al. 2018). The
G140L data was obtained on 2022 December 06 over 3 HST
orbits with the G140L grating with a total exposure time of
6680 s. For the G140L and E230M observations we combined all
available spectra with an error-weighted coadd. The orders of the
E230M spectra were combined by coadding each overlap region.
Multiple emission lines are detected in the G140M spectrum,
along with stellar continuum flux at wavelengths 21400 A.

Unfortunately, no flux is detected at Lyman « due to ISM
absorption. We therefore used the reconstructed Lyman a line
of Procyon from Cruz Aguirre et al. (2023), which has similar
stellar parameters to WASP-121. The line profile was scaled to
the squared radius and distance ratios of the two stars.

For the optical data we selected the spectra with the longer
exposure times from Evans et al. (2018) and combined them,
coadding 12 G430L datasets and 5 G750L datasets. We did not
exclude the in-transit spectra as the overall flux difference is only
~1%. The red end of the G750L spectra were strongly affected by
fringing, which was removed using the STISTOOLS.DEFRINGE
routine.

For the X-ray region WASP-121 was observed with XMM-
Newton for 9 ks (Obs. ID 0804790601, PI Sanz-Forcada) and
fit with an Astrophysical Plasma Emission Code (APEC) model
(Smith et al. 2001); a preliminary analysis of the data is also
presented in Evans et al. (2018). With the FUV and X-ray
combined, we filled in the currently unobservable extreme-
ultraviolet (EUV) range (~100-1000 A) using a method based on
the differential emission measure (DEM, Duvvuri et al. 2021).
Longer Wavelengths not covered by STIS spectra (1720-2280 A,
>10230 A) use a PHOENIX BT-Settl (CIFIST) model (Allard
2016) retrieved from the SVO Theoretical spectra web server?
converted into vacuum wavelengths. Stellar parameters used to
produce and scale the model (7 4, log(g), radius, and distance)
were taken from Delrez et al. (2016).

2 http://svo2.cab.inta-csic.es/theory/newov2/

Table 2. Stellar luminosities of WASP-121 and fluxes at the planetary
orbital separation of WASP-121 b for various spectral bands.

Band Luminosity  Flux at orbit
(ergs™) (ergem™2 s71)

<100A 13x10®° 66200

<504 A 45%x10®° 235800

<920 A 63x10%° 330900

By integrating the reconstructed SED, we found the stellar
luminosities and corresponding fluxes at the planetary distance
listed in Table 2. Adopting the bolometric brightness of (3.3 +
0.3) Ly (Delrez et al. 2016) and the flux at wavelengths shorter
than 100 A for the X-ray luminosity, we found a loglO(LXLI;}l)
value of —4.99 + 0.04 for WASP-121. The X-ray luminosity of
WASP-121 is consistent with emission at the empirical X-ray
saturation limit for F-type stars (Pizzocaro et al. 2019), which
is expected given the short stellar rotation period of <1.13 d
(Bourrier et al. 2020).

3. Results
3.1. Roche geometry

As WASP-121b orbits at close orbital distance, the shape of the
planet and its Roche lobe deviate considerably from the spheri-
cal approximation (Delrez et al. 2016). The planetary radius, Rp,
listed in Table 1 was derived from photometry obtained by the
Transiting Exoplanet Survey Satellite (TESS) and corresponds
to the effective radius of a spherical planetary disk. Adopt-
ing a Roche model (available through PyAstronomy, Czesla
et al. 2019), we computed the planetary geometry. For the radii
of the first and second Lagrange points, situated along the
axis connecting the star and the planet, we found values of
3.43 Ry and 3.59 Ry,p, respectively. Further, we estimated a
value of 1.77 Ry, for the planetary radius as seen within the
orbital plane (Rgqg.) and 1.735 Ry, perpendicularly out of the
plane (Rpq1e), which define the appearance of the planet during
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Fig. 3. Out-of-transit master spectrum of WASP-121 around the
He 1110833 triplet lines in the stellar rest frame (blue) along with syn-
thetic model (red). The wavelengths of the He 1110833 triplet lines are
indicated by dotted green lines.

conjunction. These values are consistent with those given by
Delrez et al. (2016)°. We further found 2.31 Ryyp for the extent of
the Roche lobe along the side and 2.21 Ry, for its height above
the orbital plane. The entirety of the Roche lobe covers 2.5% of
the stellar disk during conjunction, but only 1% is left for the
approximately annulus-shaped region not blocked by the opaque
planetary body, which is available for transmission by a gravi-
tationally bound atmosphere. Therefore, any transmission signal
deeper than that during conjunction cannot be caused by material
confined to within the Roche lobe.

3.2. Systemic radial velocity

Delrez et al. (2016) report a value of 38.350 + 0.021 kms~! for
the systemic velocity of WASP-121 (Table 1). This value is con-
sistent with the less precise measurement of 38.36 + 0.43 kms~!
by Gaia (Gaia Collaboration 2023). As a cross-check, we deter-
mined the systemic radial velocity from our own data. Specifi-
cally, we fit the spectral region between 10780 A and 10828 A
using a synthetic PHOENIX spectrum (T.gq = 6500K, logg =
4.50, solar metallicity, Husser et al. 2013). In the fit, we assumed
the projected rotational speed of 13.56kms~' determined by
Delrez et al. (2016) and included a free normalization by a first-
order polynomial, the coefficients of which we treat as nuisance
parameters. The resulting estimate is 38.4 + 0.3kms~!, which is
consistent with the more precise value by Delrez et al. (2016),
which we adopt in our analysis.

3.3. The stellar He 1 110833 lines

The He1110833 triplet lines are regularly observed primarily
in active stars (e.g., Sanz-Forcada & Dupree 2008; Fuhrmeister
et al. 2019). In Fig. 3, we show the out-of-transit master spec-
trum of WASP-121 along with the PHOENIX model used in
Sect. 3.2 for reference. Although the model does not perfectly
reproduce the observation, in particular, the strong silicon line at
about 10832 A, the comparison clearly indicates excess absorp-
tion at the wavelengths of the He 1110833 triplet lines, which are
not included in the PHOENIX model.

Using a model consisting of four Gaussian component to rep-
resent the silicon as well as all of the three He 1110833 triplet
lines, we estimated an EW of 115 + 5 mA for the blended two
stronger components of the He 1410833 triplet lines. Yet, the
blend is additionally contaminated by photospheric lines at a

3 Delrez et al. (2016) apparently used the mean radius of Jupiter as
length unit, while we use the equatorial radius.
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Fig. 4. Maps of transmission spectra and residuals (smoothed) of the
He 1110833 region in the stellar reference frame. The top panel shows
the observed transmission spectra and the bottom panel the residuals
after subtraction of the best-fit model (color coded). The horizontal lines
(black dashed) indicate the optical first to fourth contact times, dotted
yellow lines (vertical) show the location of the telluric OH line com-
ponents, the dash-dotted magenta line indicates the wavelength of the
stellar He 1410833 line, and the dashed red line (diagonal) shows the
radial velocity track of the planetary orbit.

wavelength of about 10832.5 10%, which include an FelI line.
These lines are reproduced by the PHOENIX model. Subtracting
the latter prior to the fit, we obtained a contamination-corrected
estimate of 96+ 5 mA. In combination with a log,o(Lx L)) value
of about —5 (Sect. 2.2), the result is entirely consistent with the
properties of the dwarf sample presented by Sanz-Forcada &
Dupree (2008).

3.4. Transmission spectroscopy

To construct an out-of-transit reference spectrum, frf, we first
shifted all spectra into the stellar reference frame and obtained an
error-weighted average of the spectra with the running numbers
1-10 and 36-40 (Appendix A). We then generated transmission
spectra, by dividing the individual spectra by the reference. In
Fig. 4, we show the thus obtained map of transmission spec-
tra, T(4,1), as a function of wavelength, A, and time, ¢. The
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map shows a pronounced absorption signal mostly following the
radial velocity track of the planetary orbit. Moreover, the map
indicates that potential additional absorption components, appar-
ently stationary in the stellar rest frame during the first half of
the transit, may exist. To study the signals more quantitatively,
we proceeded to construct empirical and physical models of the
transmission spectrum.

3.4.1. Empirical modeling of the time-dependent transmission
spectrum

We modeled the time-dependent transmission spectrum, 7°(4, ),
shown in Fig. 4 using an empirical model similar to the one
applied by Salz et al. (2018) and Czesla et al. (2022). In par-
ticular, we approximate the planetary atmosphere as a slab of
constant column density, and use the ansatz

T, 1) = (1 = fu0) + fa(t) &™) "

to model the transmission spectrum, where f,(f) denotes the
time-dependent disk filling factor of the model atmosphere,
which is the fraction of the stellar disk covered by it, and 7(4, )
is the optical depth, given by

nc
(4,0 = ) Nitern T
n=1
3
W
G (AHW x (1 + UT()) o2+ o'gys). @)

J=1

Here, nc is the number of assumed He 1110833 absorbing com-
ponents within the slab with distinct column densities of helium
in the metastable 3S; state, Nie 1n» velocity shifts, v,(¢), and
intrinsic widths, oy, ,, which summarizes all remaining broaden-
ing, e.g., caused by thermal motion or velocity dispersion. The
absorption cross section is given by ope;.The index j enumer-
ates the three lines forming the He 1110833 triplet, G represents
a Gaussian profile centered on the Doppler-shifted wavelength
of the respective triplet line, Ayey,j. Its width is determined by
the quadratic sum of the intrinsic width, oy, ,, and a system-
atic term, oy, representing the effects of phase smearing and
the instrumental resolution. Although instrumental broadening
and phase smearing affect the spectrum rather than the opti-
cal depth, this approximation is usually viable (see Czesla et al.
2022, Appendix G).

In our modeling, we found a single absorption component
(nc = 1) to be sufficient to explain the bulk of the observed
signal (Fig. 4). This component is set up such that it moves along
with the planetary orbital velocity, vy, but may show a velocity
offset, Av, so that

v(t) = Vo (t) + Av. 3)

Here and in the following, we drop the index n = 1 for improved
readability. The remaining free parameters of the model are the
column density of the atmosphere, Ny.; and the intrinsic width
of the absorption profile, o,, which are both considered as inde-
pendent of time. As the filling factor and the column density
are strongly correlated, they cannot be determined independently
here. Therefore, we implement only a time-dependent filling fac-
tor, f,(¢), by adopting one free parameter, f,; with 1 < k < 40,
for the time-averaged filling factor valid for the time intervals
covered by each of our 40 spectra. Altogether, we are left with
a total of 43 free parameters. The use of a single absorption

component is certainly a strong simplification of the true atmo-
spheric structure (Sect. 3.5), but is nonetheless justifiable if the
bulk of absorption occurs in an outer, optically thin region pro-
ducing weak line saturation (e.g., Wang & Dai 2021) and the
overall velocity structure results in an approximately Gaussian
line profile.

In models based on Egs. (1) and (2), the disk filling factor
and the optical depth, or equivalently, the column density of
absorbers, are highly degenerated in the optically thin regime
defined by the validity of the approximation exp(—7(4,7)) =
1 — 7(4,1). If assumed to hold, only the product of the filling
factor and the absorber column density can be determined. This
also means that no reliable estimate for the upper limit of the
atmospheric extent can be obtained from such a model; some
constraints may be derived though from the transit duration (see
Sect. 3.4.2). To mediate the impact of this degeneracy on the
model fitting, we implemented the model using a reference fill-
ing factor, fr, and defined shape parameters, 0 < f; < 1, which
define the shape of the transmission light curve, such that

Jfak = R X fog 4

To find the optimal parameters for the model, we carried out
a maximum likelihood fit to the data shown in the top panel of
Fig. 4 using Powell’s method (Powell 1964). During the fit, we
fixed the reference filling factor, fr, to a value of 10% to avoid
the aforementioned strong correlation with the column density.
Meaningful values for the velocity shift, the broadening, and
the shape parameters can be derived in this fashion. The max-
imum likelihood parameters are listed in Table 3 and a map of
the remaining residuals after subtraction of the best-fit model is
shown in the bottom panel of Fig. 4.

We then used the emcee package (Foreman-Mackey et al.
2013) to derive uncertainties by Markov-Chain Monte-Carlo
(MCMC) sampling from the posterior, adopting uniform priors
for all values within their natural limits. To mitigate the impact
of parameter degeneracy, the sampling was done in a two-step
approach. Firstly, we fixed all shape parameters to their best-
fit values and sampled from the posteriors for the broadening
parameter, velocity shift, reference filling factor, and column
density. In Table 3, we give the 68% highest probability density
(HPD) credibility intervals along with the maximum likelihood
estimates. As the reference filling factor and column density are
strongly correlated in the model, we only consider their product.
Filling factors smaller than 2.5% are disfavored by the model,
but this result strongly hinges on the adopted slab geometry. Sec-
ondly, we fixed all variables but the shape parameters to their
best-fit values and sampled from their posteriors. Through an
analysis of the autocorrelation function of the individual chains,
we ensured that for each parameter 100 or more independent
samples were obtained (e.g., Sharma 2017).

3.4.2. Transmission light curves in the planetary frame

In the top panel of Fig. 5, we show the temporal evolution of
the shape parameters (Table 3), which represent the strength of
He 1410833 absorption. The bottom panel of the same figure
shows the light curve extracted from a narrow, +0.25 A wide
band, centered in the wavelength of the stronger doublet of the
He 1410833 triplet in the planetary reference frame. This region
is the most sensitive to absorption in the planetary frame. The
shape of these curves is reminiscent of typical optical transit light
curves.

In principle, the duration of the transit event constrains the
extent of the atmosphere along the direction of planet motion. To
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Table 3. Best-fit parameters and uncertainties for our empirical
modeling.

Value
134251
0.047+.004

Parameter
b (kms™)
Nier X fr (102 cm™2)

Av (kms™) 26704
Shape parameters
fu 0043513
fir 0.0*¢1¢
fes 0.074%
fia 0.1625:13
fis 0.0
fse 0.04'_%909
X 0.0t%?()l
fos 0.21+4:17
fio 0.0*%%
Ss.10 0-0077i8;(1)8%§
fonn 0.07%Y
fn 025318
fu3 0471518
fora 0.32+0:19
firs 0.44+0.12
Js.16 O.29f8;}§
forr 0.46+939
L 0.74+9-1%
fito L0200
Js20 0.47+)32
fs21 0.49f0:%g
Js22 0.985:0%7
fs23 0.919:397
Ss24 0-922t81%g
Js2s 0-75t81%
Js26 0-55t825?
Js27 0.78’:8;%2
Js2s8 O.SOfg;}g
fi20 0.701313
fs.30 0.969*0%3
Js31 0.78:913
fs32 1.029%
fi33 0.54133
fiaa 0.3513:1
Js3s 0.261313
Js36 0.0%%18
fix 0.058:5335
fs38 0.0%%19
fs.39 0.0+
fs40 0.0%%

Notes. ““The Doppler parameter b is V2 times the velocity dispersion
of the Gaussian.
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Fig. 5. Time evolution of He 1 110833 transmission. The temporal evolu-
tion of the shape parameters (top panel) and the narrow-band, £0.25 A
He 1410833 transmission light curve in the bottom panel. Solid lines
indicate transit models for an annulus-shaped atmosphere with various
outer radii and the vertical dotted lines mark the optical contact point.

study this aspect, we approximated the atmosphere by an annulus
with inner radius, Rj,, taken to be identical to the effective plane-
tary radius, R, (Table 1). For the sake of the transit modeling, the
inner part of the annulus was treated as transparent and the outer
radius, Ry, was considered as a free parameter. To model the
transit of the annulus-shaped atmosphere, we adopted the light
curve solutions published by Mandel & Agol (2002) and used
a linear limb darkening coefficient of 0.4, suitable for F-type
stars in the Y-band (e.g., Claret et al. 1995). As the models by
Mandel & Agol (2002) are valid for a completely opaque body,
we introduced an additional scaling factor to fit the data.

In Fig. 5, we show model light curve for an assumed outer
radius of 2.7, 4, and 8 Jovian radii with the scaling factor adapted
to best match the data. In the case of the transmission light curve
in the lower panel, the scale factor represents the atmospheric
transparency. Evidently, the transit duration of the atmosphere
must be longer than that of the opaque planetary body, how-
ever, the effect is not particularly pronounced compared to the
temporal sampling of our spectral time series. While the narrow-
band He 1 110833 light curve provides some evidence for an early
ingress of the signal of potentially physical origin (Sect. 3.5), this
effect is less pronounced when looking at the evolution of the
values of the shape parameters. We found no evidence for signif-
icant post-transit absorption in our data. Altogether, this favors
an atmosphere with the bulk of He 1110833 absorption remain-
ing constrained to within a region close to the planet, although
the weak relation between extent (i.e., outer radius in our model)
and transit duration does not allow us to strongly constrain this
volume.

3.4.3. Light curves in the stellar frame

The discovery of giant tidal tails in the exoplanet HAT-P-32b
(Czesla et al. 2022; Zhang et al. 2023) is largely based on
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Fig. 6. Light curve extracted from a +0.5 A region around the rest wave-
length of the He 1110833 line before (solid red) and after (dashed blue)
subtraction of the best-fit empirical model.

variability of the He1410833 line in the stellar frame. While
the bottom panel of Fig. 4 does not show pronounced residu-
als at the wavelength of the He 1410833 line in the stellar rest
frame, some residuals are present particularly in the first half of
the transit. Because the pre- and post-transit spectra were used to
construct the reference spectrum by which the individual spec-
tra were divided, an absorption component in the stellar frame
invariant on the timescale of the observation would not show
up in the residuals. Yet, a change in the absorption of such a
He 1410833 line would still be visible. In Fig. 6, we show a light
curve extracted from a £0.5 A region (+14 kms™") around the
wavelength of the He 1 110833 line before and after the subtrac-
tion of our best-fit empirical model, corresponding to the data in
the upper and lower panel of Fig. 4.

Prior to the subtraction of the model, the light curve promi-
nently shows the transit of He 1 110833 absorbing material being
dragged along with the planet. This signal is strongly reduced
by the model subtraction. The light curve after subtraction still
shows a relatively short (~20 min) dip about centered on the
first optical contact point, as suggested by Fig. 6, and a poten-
tial slight overall increase toward the end of the time series. The
variability in the light curve reflects changes in the center of the
He 1410833 line profile during the observation, which may be
caused by stellar activity, a change in the atmospheric absorbing
column, or unphysical effects such as the data reduction.

To assess the impact of the Rossiter-McLaughlin effect and
the center-to-limb variation on the result (Yan et al. 2015; Czesla
et al. 2015), we used a simulation. In particular, we constructed
a synthetic spectral transit time series based on limb-angle
resolved stellar spectra and a discretized, rotating stellar surface
eclipsed by the opaque planetary disk (for details see Czesla et al.
2022). This setup accounts for both the effects of the Rossiter-
McLaughlin effect and the center-to-limb variation. As the
He 1110833 triplet lines are produced in the chromosphere, they
are not reproduced by synthetic photospheric spectra. To incor-
porate the effect of the stellar He 1110833 lines nonetheless, we
included an ad-hoc He 1110833 line, whose disk-averaged prop-
erties match those observed in WASP-121 (Sect. 3.3). The details
of the center-to-limb variation of the He 1110833 triplet lines in
WASP-121 remain unknown. Therefore, we used the quiet Sun
as an inspiration, in which the triplet becomes weaker toward
the limb. To estimate the maximum interference, we assumed
extreme limb darkening for the triplet lines, so that they van-
ish at the limb. For the specific case of the light curve shown
in Fig. 6, the variation caused by these effects remains below
about 8 x 107*, which is negligible compared to other factors of
variation.

10830 10831 10832 10833 10834 10835 10836 10837 10838
Wavelength [A]

Fig. 7. Averaged transmission spectrum between optical second and
third contact. The red lines show three best-fit empirical models with
5% filling factor and one (dashed) and two (solid) absorbing compo-
nents. The vertical dotted lines show the wavelengths of the He 1 110833
triplet lines.

3.4.4. Time-averaged transmission spectrum

In Fig. 7, we show the time-averaged transmission spectrum
obtained between the optical second and third contacts (spectra
with nos. 16-32). The transmission spectrum shows a promi-
nent signal at about the wavelength of the He 1410833 line and
a potential secondary signal, which shows significant redshift
in the planetary rest frame. This latter component is related
to the residual structure, approximately stationary in the stel-
lar rest frame, shown in the bottom panel of Fig. 4. Using the
synthetic spectra introduced in Sect. 3.4.3, we estimated that
the spectral effects introduced into the transmission spectrum
by the center-to-limb variation and the Rossiter-McLaughlin
effect remain below 1073 in the vicinity of the He 1110833 line.
While this effect is, therefore, not a plausible explanation for the
secondary absorption component, stellar activity can affect the
stellar He 1 110833 line cores.

We approximated the transmission spectrum using the same
model as used in Sect. 3.4.1. Here, we specifically adopted a
filling factor of 5% for the atmosphere, which is large enough
to put it into the optically thin regime and remains fixed in
our modeling. We assumed either one or two absorption com-
ponents to approximate the data and show the best-fit models
in Fig. 7. In the model with one component, the absorption is
approximately centered on the wavelength of the He 1110833
triplet. The optional second component is redshifted by about
40 kms~!'. Adding the second component improved the Bayesian
Information Criterion (BIC, e.g., Jeffreys 1932; Kass & Raftery
1995) of the fit by 46, which constitutes strong formal evidence
in favor of additional absorption in the red flank of the line. A
possible physical explanation for its presence is provided by our
three-dimensional modeling.

3.5. Three-dimensional modeling of the outflow

As demonstrated in Sect. 3.4, the planetary atmosphere over-
fills the Roche lobe, so that the escaping gas is possibly dragged
into an orbital shear, which can lead to the formation of tail-like
outflows leading and trailing the planet. To simulate the plane-
tary outflow and its interaction with the host star’s stellar wind
and gravitational field, we used three-dimensional (3D) hydrody-
namic models. Our focus is on the dynamics of the outflow rather
than thermodynamics. The simulation did neither incorporate
chemical effects nor the heating and cooling rates. We per-
formed a radiative transfer analysis during the post-processing
to determine the ionization fractions and excitation of helium
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and hydrogen. This allowed us to investigate how the escaping
planetary gas impacts the He 1110833 transmission spectra.

Specifically, we used the 3D Eulerian (magneto)
hydrodynamic code Athena++* (version 2021, Stone et al.
2020). Building upon the methodologies described in Sect. 2 of
MacLeod & Oklopcié¢ (2022), we adopted their simulation setup
and radiative transfer code, which has been further developed
to account for planetary day-night anisotropies as detailed in
Nail et al. (2024b). In the following, we highlight the core fea-
tures of our simulations and discuss the specific modifications
introduced for this study.

The computational domain ranged from r = R, to r =
1.01433 x 10" cm (6.78 au), covering the full solid angle of
47 steradians. The primary mesh was divided into 18 x 12 X 16
mesh blocks, each with 16 zones. For the region around the
planet, we adopted three nested levels of static mesh refinement.
We employed an ideal gas equation of state, P = (y — 1)e, with
v = 1.0001 denoting the gas adiabatic index. This choice ensures
that the gas remains nearly isothermal along adiabatic processes.
However, the specific entropy of the wind differs between the
star and the planet and the temperature along the planet’s sur-
face can be adjusted as described in Nail et al. (2024b). Based
on the distribution of gas in a snapshot obtained after 4 orbits,
when convergence was reached, we derived transmission spectra
of the He 1410833 lines by applying a radiative transfer analysis.
We adopted a solar-like gas composition characterized by mass
fractions of hydrogen (X = 0.738), helium (¥ = 0.248), and met-
als (Z = 0.014) uniformly throughout the computational domain.
Assuming steady state, each simulation grid cell was in a state of
detailed equilibrium. The unattenuated photoionization rate (®)
was determined using the irradiating stellar flux of WASP-121
(Sect. 2.2). Higher optical depths in our simulations necessitate
more iterations to determine ion populations than in MacLeod
& Oklopci¢ (2022) (see their equations 9 and 10). The updated
radiative transfer code, as well as the simulation snapshot, can
be found on Zenodo®.

To constrain the physical conditions leading to the observed
transmission spectrum of WASP-121b, various parameter con-
figurations were tested. To reproduce the observations, we
found that a relatively high value for the hydrodynamic escape
parameter

_GM,
PR,

®)

on the planetary day side was needed. A high value for the escape
parameter leads to a cooler, tidally confined planetary wind.
Combined with a day-side dominated outflow, this produces a
stronger leading tail, better matching the additional absorption
in the red flank of the observed planetary He 1410833 line. In
contrast, a low escape parameter results in a hotter, more radial,
bubble-shaped outflow, where only a trailing tail forms (see Nail
et al. 2024a). Specifically, we adopted a value of eight, which
corresponds to an outflow temperature of ~10 600 K and a sound
speed, ¢, of ~12kms™'. Varying 4, by +1 only marginally
affected the resulting model transmission spectrum.

Our findings indicate that the morphology of the planetary
wind is influenced by the balance between wind energy and grav-
itational forces. When the wind energy significantly exceeds the
energy required to overcome the planet’s gravitational pull, the
atmosphere escapes uniformly, forming a spherical or bubble-
like shape. Conversely, when gravitational forces dominate,

4 https://github.com/PrincetonUniversity/athena
5 https://zenodo.org/records/13985969
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Fig. 8. Simulated metastable helium number density (top) and the line-
of-sight velocity (bottom) in the orbital mid-plane of the WASP-121
system. The host star, located at the coordinate origin, is orbited by
the planet, located on the negative x-axis, in counterclockwise direc-
tion. The observer is also located on the negative x-axis. The bottom
panel shows the velocity component in the x-direction, representing the
observer’s view during mid-transit. Purple and white contours indicate
the cumulative optical depth at the center of the He 14110833 line, with
7 =10 and 7 = 1, respectively; solid and dotted contours represent the
density I and II setup. The planetary outflow forms a red-shifted, lead-
ing tail, which originates from the more pronounced day side outflow.

indicated by a high value of 4, the escaping gas is channeled
through the Lagrangian points, resulting in long, thin streams.
Figure 8 illustrates the density distribution of metastable helium
and the line-of-sight velocity distribution of the gas in the orbital
mid-plane for our best-matching simulation during mid-transit.
Our findings indicate that the outflow is anisotropic. In particu-
lar, the outflow from the day side is stronger, which produces a
pronounced leading tail with gas moving away from the observer.
As the optical depth contours in Fig. 8 reveal, a significant por-
tion of the line forms in the red-shifted leading tail. We propose
that such a structure can account for the observed red-shifted
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Fig. 9. Synthetic transmission spectra derived from our 3D simulation
for the density I (red solid line) and density II (blue solid line) setups.
As for the underlying observations (gray), a time average between the
optical second and third transit contact is displayed. The shaded regions
represent the range of model transmission spectra obtained during the
transit. The synthetic spectra are multiplied by a factor of 1.00191
(Sect. 3.4.4) to match the observational continuum. The red solid line
aligns well with the observed helium triplet, while the location of the
secondary red component can be reproduced by considering a higher
density of the same outflow structure.

secondary feature in the averaged transmission spectrum shown
in Fig. 9, but note that the simulations suggest a spectral compo-
nent smoothly varying in time as demonstrated by the time series
maps shown in Fig. B.2.

The day—night anisotropy should not be excessively strong,
as this would result in a larger than observed blueshift. In
our best-matching simulation, we used a pressure ratio of 40%
between the sub- and anti-stellar points, corresponding to a
night-side outflow temperature of about 4200K assuming a
mean molecular weight of u = 0.6 for an ionized atmosphere.

In our hydrodynamic simulations, it is possible to vary den-
sity and pressure simultaneously within a single snapshot with-
out changing the flow dynamics, as long as the ratio between the
pressure and density values is preserved. Using this approach, we
adjusted the density and pressure of the simulation snapshot to
ensure that the resulting transmission spectra match the observed
absorption depth. We present two specific cases, dubbed den-
sity I and II. The former represents our best-matching model
and the latter represents a setup with the density and pressure
elevated by a factor of 2.0. In Fig. 9, we show the resulting
model transmission spectra along with the binned observational
spectrum.

To facilitate comparison with the observational data, we
averaged the model spectrum between the second and third con-
tact points of the transit. The shaded regions show the range
of the modeled transmission spectra, indicating the variability
of the model transmission signal during transit. We estimated
a planetary mass loss rate of 7, = (541 = 1.10) x 10> gs7!,
which is about an order of magnitude lower than the value of
7.3 x 1013 g s~! derived by Huang et al. (2023) (their case D)
primarily through the modeling of various metal lines, and about
a factor of four higher than the result of 1.3 x 10'2 g s~! derived
by Yan et al. (2021) in their modeling.

The blue solid line in Fig. 9 represents the outcome of
the density II setup; the corresponding optical depth contours
are indicated by dotted lines in Fig. 8. The increased density
causes the line-forming region to move away from the planet.
Although the density II model cannot reproduce the depth of
helium absorption, we hypothesize that a plausible explanation
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Table 4. Line characteristics as well as the planetary and stellar mass
loss rates obtained from the three-dimensional modeling.

Density 1 Density 11
S (%) 2.2%02 2.7%03
EW (mA) 34.2+73 64.0*133
v (kmsh) —1.0f8:‘3t _0-6t8i;
iy (gs7)) 54171051012 1087011 x 1013
g (gs71) 2.15;8:2; x 1013 4.31;8:2% x 1013

for the secondary redshifted feature in the observed spectrum
lies in a large leading stream. This higher-density region, moving
ahead of the planet, is also evident in the vertical structure of the
outflow (see Fig. B.1 at phase —0.03). The line of sight velocity
at that phase is approximately 50 kms~!, which is in align-
ment with the observed velocity shift of the secondary redshifted
feature.

In Fig. B.2, we present a time series of He1110833 trans-
mission spectra. While the synthetic spectral line traces the
planetary motion, and the core absorption does not significantly
extend into the pre- or post-transit phases, the secondary com-
ponent’s absorption may extend into the pre-transit phase and,
although it also follows the planetary movement, it is suffi-
ciently redshifted to appear approximately at the wavelength of
the He 1 110833 lines in the stellar rest frame. If the trailing arm
were equally dense, as expected from an isotropic planetary out-
flow, a similar blue-shifted feature would emerge. However, this
scenario does not align with our observations, thereby strength-
ening the hypothesis of a day-side dominated outflow. We found
that the stellar mass loss rate needs to be high enough to clear
the orbit of gas that would produce extended pre- and post-transit
absorption. Based on the simulation, we found a stellar mass loss
rate of ~2 x 1013 gs~! to be sufficient for that (see Table 4).

4. Discussion
4.1. Planetary mass loss driven by XUV radiation

The strong XUV irradiation experienced by WASP-121b
(Table 2) is thought to lead to hydrodynamic mass loss. Our
3D modeling in Sect. 3.5 and the He1410833 transmission
spectrum constrain the planetary mass loss rate to about 3 X
10"? gs~!'. Assuming energy-limited escape (e.g., Watson et al.
1981; Lammer et al. 2003), an alternative estimate of the plan-
etary mass loss rate, MP,EL, can be obtained without consulting
our transmission spectrum by application of the relation

ﬂ'RngUV

GKM, ©

Mp,EL = n

(see, e.g., Sanz-Forcada et al. 2011; Salz et al. 2016). Here,
G is the gravitational constant, K allows us to include Roche
lobe effects (Erkaev et al. 2007), the factor S > 1 permits us to
take into account XUV absorption radii larger than the optical
planetary radius, and 7 is the heating efficiency. For the lat-
ter, Salz et al. (2016) recommend a value of approximately 0.1
for WASP-121b, which has a gravitational surface potential of
1.2 x 10'3 erg g™! neglecting tidal effects. A value of < 0.1 is
also favored by the analysis of Lampoén et al. (2023), which tends
to put WASP-121b into the recombination-limited flow regime,
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Table 5. Comparison of systems with detected or expected extended
atmospheres.

Planet ol X fx

(gcm™3) (ergem™2s7h)
WASP-121b  0.266 +0.013 1.11 330900
HAT-P-32b  0.135+0.016 1.08 417400
HAT-P-67b  0.039+0.025 1.06 =~60000@
WASP-12b  0.271 £0.056 1.17 <318000
WASP-69 b 0.262 £0.047 1.01 4170

Notes. @Estimate based on stellar rotation period.

characterized by strong radiative cooling losses (Murray-Clay
et al. 2009), generally expectable for highly irradiated plan-
ets according to Lampédn et al. (2023). Following Erkaev et al.
(2007) in adopting the average of the radii of the first and
second Lagrange points as an effective Roche lobe radius, we
found a value of 0.31 for K. Further substituting one for 8 and
330900 erg cm~2s7! for fxuv (Table 2), we obtained an estimate
of 4.4 x 10" g s~! for the energy-limited planetary mass loss rate.
This value is evidently consistent with the one resulting from our
more comprehensive analysis.

4.2. Planetary atmospheres with large tails

Our observational results as well as our empirical and physi-
cal 3D modeling show that the bulk of He 1410833 absorption
in WASP-121 b occurs in an atmospheric structure within a few
planetary radii around the planetary body. In addition, we found
hints for He 1 110833 absorption by a leading tail with no obser-
vationally detectable trace of a trailing tail. So far, He 1110833
transmission spectroscopy has revealed outflow morphologies
with leading and trailing tails in the planets HAT-P-32 b (Czesla
et al. 2022; Zhang et al. 2023) and HAT-P-67 b (Gully-Santiago
et al. 2024). In both of these systems, the leading tail has been
found to be more pronounced, which is thought to be a conse-
quence of asymmetric mass loss caused by the stronger heating
of the planetary day side. Insofar, our findings in WASP-121b
are consistent. Yet, in the HAT-P-67 and HAT-P-32 systems, the
outflowing streams are detectable in He 1110833 across longer
orbital phase ranges than for the WASP-121 system. In contrast,
WASP-69b, WASP-107 b, and HAT-P-18 b show a pronounced
trailing tails without a detection of a leading counterpart
(Nortmann et al. 2018; Spake et al. 2021; Fu et al. 2022; Tyler
et al. 2024).

In Table 5, we list the mean densities, the ratio between sub-
stellar and polar planetary radius (X), and the X-ray fluxes at the
planetary separation for the aforementioned systems as well as
WASP-12 b, in which the existence of a large atmospheric struc-
ture potentially similar to the ones observed in HAT-P-67 b and
HAT-P-32b has been suggested by observational and theoreti-
cal efforts (e.g., Li et al. 2010; Haswell et al. 2012; Fossati et al.
2013; Jensen et al. 2018; Wang & Dai 2021). The observational
picture here remains, however, puzzling as recent high-resolution
transit time series failed to produce evidence for He 1 110833 or,
in fact, any other studied atomic signature in the optical and near-
infrared originating in the atmosphere of WASP-12b (Czesla
et al. 2024).

Planets orbiting close to their host stars are deformed by
tidal forces, which are described by the Roche potential. The
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Fig. 10. Ratio between the substellar (X) and polar (Z) radii of planets
with known properties contained in the NASA Exoplanet Archive at the
time of writing (green) with the planets in Table 5 highlighted.

planets HAT-P-67 b, HAT-P-32 b, WASP-121 b, and WASP-12b
are among the most aspherical ones known to date as evidenced
by the ratios between their substellar and polar radii, which we
show in Fig. 10 in the context of the sample of known planets
(cf. Koskinen et al. 2022). The lower potential barrier between
the planetary surface and the Roche lobe along the substellar line
is thought to be conducive to elevating mass loss rates (Koskinen
et al. 2022; Czesla et al. 2024), potentially even to the point that
the lower and middle atmosphere begin to overflow the plan-
etary Roche lobe (Koskinen et al. 2022). All planets listed in
Table 5 but WASP-69b show significant deviation from spher-
ical shape, with the two most extreme cases being WASP-12b
and WASP-121b. Remarkably, these also show the least pro-
nounced He 1410833 signals, suggesting that other factors play
a significant role. Among the latter are likely the mean plane-
tary density and the irradiating X-ray flux, which are thought
to be decisive parameters for planetary mass loss (Sect. 4.1).
Although for WASP-12b shows strong tidal deformation, only
a rather weakly informative upper limit for the irradiation level
exists (Czesla et al. 2024), rendering very low XUV irradiation
levels a potential reason for the missing observed atmospheric
tracers. The mean density is comparably higher for WASP-12b
and WASP-121b than for HAT-P-67b and HAT-P-32b. While
no measurement of the X-ray emission in HAT-P-67 is avail-
able, its rotation period of about 4 d (Gully-Santiago et al. 2024)
suggests high activity levels and X-ray emission close to the sat-
uration limit (Pizzocaro et al. 2019). Even then, however, the
XUV irradiation level of HAT-P-67b falls short of those in
WASP-121 b and HAT-P-32b by nearly an order of magnitude.
In our small sample at least, strong tidal deformation seams to
be associated with more pronounced forward tails while weakly
aspherical planets such as WASP-69 b produce more pronounced
trailing tails.

Although WASP-121b, HAT-P-67b, HAT-P-32b, and
WASP-12b are among the most tidally deformed planets,
Koskinen et al. (2022) find that rapid Roche lobe overflow over-
takes XUV-driven mass loss in Jovian planets only if the ratio
between the substellar and polar radius exceeds 1.2, which is not
the case in any of these planets. The marked discrepancy between
the strong He 1110833 detections in WASP-121 b, HAT-P-67 b,
HAT-P-32b and the non-detection in WASP-12b may then be
attributable to the low activity level of the host star WASP-12
and be consistent with XUV-driven mass loss throughout the
observed sample of planets.
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Fig. 11. Stellar wind mass loss rates per unit surface area in solar units
as a function of the stellar surface X-ray flux for a sample of K- and G-

type dwarfs (blue circles, adopted from Wood et al. 2014; Wood 2018).
The dashed green line shows a power law relation of the form 7z oc f)l(~29
and the vertical line indicates the wind dividing line. The red star
shows our wind mass loss estimate for WASP-121, which we consider a

lower limit.

4.3. Stellar wind properties of WASP-121

The Sun loses mass at a rate of about 2 x 107'* Mg yr™! in the
form of the solar coronal wind, which expands into space until
it interacts with the surrounding interstellar medium to form the
heliosphere (Wood et al. 2014). Solar-like winds of other main
sequence stars can be studied using ultraviolet Lyman « line
absorption produced in the astrospheres (e.g., Wood et al. 2014).
In Fig. 11, we show the thus determined stellar wind mass loss
rates per unit surface area, ri7, of a sample of G- and K-type dwarf
stars as a function of the respective X-ray surface fluxes, fx, pre-
sented by Wood (2018). For X-ray surface fluxes below about
10° ergcm™2s7!, the correlation between the quantities is well
described by a power law of the form riz oc f3-2*016 after which
the known wind mass loss rates strongly drop, giving rise to the
notion of a wind dividing line.

Instead of the interaction with the interstellar medium, inter-
actions with an extended planetary atmosphere can also be used
to study the stellar winds. A case in point is presented by Vidotto
& Bourrier (2017) who use the planetary atmosphere of GJ 436 b
as a probe to examine the wind of GJ 436. Along similar lines,
our 3D modeling suggested that a stellar wind mass loss rate of at
least2x 10'3 gs7! or 3.4 x 10713 M, yr~! is required to shape the
geometry of the planetary atmosphere of WASP-121 b. In Fig. 11,
we put this value into the context of the existing sample of G- and
K-type dwarfs, adopting the flux shortward of 100 A (Sect. 2.2)
to calculate the X-ray surface flux of WASP-121. Assuming that
the F-type star WASP-121 fits into the same picture, we find it
close to the empirical wind dividing line. The constraint on the
stellar wind mass loss rate provided by our modeling is fully con-
sistent with the alleged power law trend, which suggests even
higher values.

5. Conclusion

We present high-resolution near-infrared transit spectroscopy
of the hot Jupiter WASP-121 b. Our observations show a pro-
nounced signal attributable to He 1110833 triplet absorption in
the planetary atmosphere. The maximum observed depth of the
transit-averaged signal is nearly 2%. The signal is too strong to be

caused by material confined to within the planetary Roche lobe,
directly implying an atmosphere in the process of Roche lobe
overflow. Our analysis did not provide strong evidence for a sig-
nificantly prolonged He 1410833 transit. Nonetheless, an early
ingress in the planetary frame may exist along with additional
absorption in the stellar rest frame.

We could appropriately reproduce the observed He 1110833
transmission spectrum using hydrodynamic 3D modeling of the
planetary atmosphere. Our results indicate asymmetric mass loss
from the planet, producing a more pronounced leading tail,
which may be responsible for He1110833 absorption signa-
tures approximately stationary in the stellar rest frame close to
the wavelength of the He 1410833 lines. A stronger leading tail
is phenomenologically consistent with the atmospheric geome-
tries detected in HAT-P-67 b and HAT-P-32 b, all of them being
likely attributable to the day- nightside asymmetry of the instel-
lation. The stellar wind mass loss rates required to shape the
planetary atmospheric geometry in our modeling are compatible
with expectations from existing observations. While the latter
comprise only stars of later spectral type, the result highlights
the value of planetary atmospheres as probes into the stellar
environment.

A comparison of our He 1110833-informed estimate of the
planetary mass loss rate with the prediction of the energy-limited
escape formalism shows consistent results so that XUV-driven
hydrodynamic atmospheric expansion appears to be a plausi-
ble mass loss mechanism in WASP-121b. The results clearly
demonstrate the importance of the He 1410833 triplet as a diag-
nostic of the geometry and physics of planetary atmospheres,
the capabilities of the new CRIRES* instrument to reveal them,
and the diversity of atmospheric tracers observable to study the
atmosphere of WASP-121b.

Data availability

Supplementary material is available at https://zenodo.org/
records/13985969
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Appendix A: Observation log

Table A.1. Log of observation. Time refers to the middle of the
observation (BJD1pg—2459997) and Nod denotes the nodding position.
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No. Time [d] Orbital phase Airmass Nod
1 0.56380 -0.095 1.04 A
2 0.56920 -0.091 1.03 B
3 0.57444 -0.087 1.03 B
4 0.57984 -0.083 1.03 A
5 0.58508 -0.079 1.03 A
6 0.59047 -0.074 1.03 B
7 0.59572 -0.070 1.04 B
8 0.60111 -0.066 1.04 A
9 0.60635 -0.062 1.04 A
10 0.61175 -0.058 1.05 B
11 0.61699 —-0.054 1.05 B
12 0.62240 -0.049 1.06 A
13 0.62764 -0.045 1.07 A
14 0.63304 -0.041 1.08 B
15 0.63828 -0.037 1.09 B
16 0.64368 -0.033 1.10 A
17 0.64892 -0.029 1.11 A
18 0.65433 -0.024 112 B
19 0.65957 -0.020 1.14 B
20  0.66498 -0.016 115 A
21 0.67022 -0.012 117 A
22 0.67563 -0.008 1.19 B
23 0.68088 -0.003 1.21 B
24 0.68628 0.001 1.23 A
25 0.69152 0.005 1.25 A
26 0.69692 0.009 1.28 B
27 0.70216 0.013 1.30 B
28 0.70758 0.017 133 A
29  0.71282 0.022 1.36 A
30  0.71824 0.026 140 B
31 0.72348 0.030 143 B
32 0.72888 0.034 147 A
33 0.73412 0.038 1.52 A
34 0.73953 0.043 1.56 B
35 0.74478 0.047 1.61 B
36 0.75018 0.051 1.67 A
37 0.75542 0.055 173 A
38 0.76083 0.059 1.80 B
39 0.76607 0.063 1.87 B
40  0.77148 0.068 195 A

A.1. Wavelength correction and spectral resolution

Appendix B: Additional 3D modeling figures
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Fig. A.1. Shift between the wavelength solution produced by molecfit
and the CRIRES* pipeline around the He 1110833 lines.

1.10

NI
DALY AR

Time from transit [h]

Fig. A.2. Spectral resolution obtained from molecfit fit along with
mean value (dotted horizontal line).

5 leading stream
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orbital phase
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Fig. B.1. Projected surface density of the planetary wind as seen by the
observer. The planet moves from left to right, with the leading stream
being observed during negative orbital phases. The red circle represents
the angular size of the planet and the white circle the angular size of the
stellar disk, and thus the gas probed during mid-transit. In the leading
stream, at phase -0.03, the gas converges and flares out again. In this
high-density region, the gas is moving away from the observer, resulting
in a redshifted spectral feature.
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Fig. B.2. Synthetic spectral time series obtained from the 3D simula-
tions. The top panel displays the spectra from the density I scenario,
while the bottom panel shows the spectra from the same snapshot but
using a density and pressure by a factor of 2.0 higher (density II).
Purple vertical lines represent the stellar rest-frame wavelength of the
metastable helium triplet in vacuum, and red tilted lines denote the
planetary rest frame. Horizontal dotted lines indicate the transit contact
points. The gray color map illustrates the transmission of the spec-
tra, consistently following the planetary rest frame during the transit
in both scenarios. In the higher density case (bottom), the contribution
of the secondary red-shifted component becomes visible even during
pre-transit phases.
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