
Draft version April 8, 2022
Typeset using LATEX twocolumn style in AASTeX63

More Evidence for Variable Helium Absorption from HD 189733b

Michael Zhang,1 P. Wilson Cauley,2 Heather A. Knutson,3 Kevin France,2, 4, 5 Laura Kreidberg,6
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ABSTRACT

We present a new Keck/NIRSPEC observation of metastable helium absorption from the upper at-

mosphere of HD 189733b, a hot Jupiter orbiting a nearby moderately active star. We measure an

average helium transit depth of 0.420±0.013% integrated over the [-20, 20] km/s velocity range. Com-

paring this measurement to eight previously published transit observations with different instruments,

we find that our depth is 32% (9σ) lower than the average of the three CARMENES transits, but

only 16% (4.4σ) lower than the average of the five GIANO transits. We perform 1D hydrodynamical

simulations of the outflow, and find that XUV variability on the order of 33%–common for this star–

can change the helium absorption depth by 60%. We conclude that changes in stellar XUV flux can

explain the observational variability in helium absorption. 3D models are necessary to explore other

sources of variability, such as shear instability and changing stellar wind conditions.

1. INTRODUCTION

HD 189733b is currently one of the most extensively

studied exoplanets in the literature. Its exceptional ob-

servational favorability has made it a popular target for

atmospheric characterization studies. It is a large (1.1

RJ) planet orbiting a somewhat small K dwarf (0.78R�)

on a relatively tight orbit (P=2.2 d), and is located just

20 pc from Earth (Addison et al. 2019; Rosenthal et al.

2021). Since its discovery in 2005 (Bouchy et al. 2005),

it has been observed in wavelengths ranging from the

X-ray to the mid-infrared, using a wide variety of obser-

vational approaches. HD 189733b is currently the only

exoplanet with a measured X-ray transit depth (Poppen-

haeger et al. 2013; Bourrier et al. 2020), and was the first

planet with a measured infrared phase curve (Knutson

et al. 2007). It has an extensively characterized trans-

mission and emission spectrum (e.g. Sing et al. 2011;

McCullough et al. 2014; Morello et al. 2014), which pro-

vide us with some of the most precise constraints on its

Corresponding author: Michael Zhang

mzzhang2014@gmail.com

atmospheric composition (e.g. Zhang et al. 2020a; Har-

rington et al. 2021). This planet has been the focus of a

diverse array of theoretical studies seeking to explain its

observed properties, including its atmospheric circula-

tion patterns (e.g. Showman et al. 2009) and the nature

of its atmospheric aerosols (e.g. Steinrueck et al. 2021).

HD 189733b is also well suited for mass loss stud-

ies, for many of the same reasons that make it fa-

vorable for observations of the lower atmosphere. At-

mospheric mass loss is an important phenomenon that

could reshape exoplanet demographics, potentially turn-

ing mini-Neptunes into smaller and denser super-Earths,

as well as creating the Fulton gap (Fulton et al. 2017;

Fulton & Petigura 2018) and the Neptunian desert (e.g.

Szabó & Kiss 2011; Fulton & Petigura 2018). How-

ever, there are many theoretical uncertainties in mass

loss models that make exoplanet atmospheric evolution

difficult to model, including the effects of magnetic fields

(Adams 2011) and of interaction with the stellar wind.

Recently, Oklopčić & Hirata (2018); Spake et al. (2018)

showed that the 1083 nm metastable helium line is an

effective tracer of escaping atmospheres, and Oklopčić

(2019) showed that K-type stars have the most suitable
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stellar spectrum for populating the metastable helium

state. HD 189733b, aside from being large, nearby, and

highly irradiated, orbits a K-type star.

In 2016–2017, Salz et al. (2018) observed three transits

of HD 189733b with CARMENES and detected clear He

I absorption in all three, with consistent depths. Guilluy

et al. (2020) observed five transits with GIANO and ob-

tained inconsistent depths indicating that HD 189733b’s

outflow may be varying in time. In this paper, we

present a new transit observation with Keck/NIRSPEC.

Section 2 describes the data acquisition, Section 3 the

data analysis, Section 4 compares our results to prior

work, Section 5 uses a 1D hydrodynamic model to ex-

plore how much the varying high-energy stellar flux

should change the signal, and Section 6 summarizes our

conclusions.

2. OBSERVATIONS

We observed a transit of HD 189733b with

Keck/NIRSPEC on July 14, 2020, from 08:28 UTC

to 14:41 UTC, using the NIRSPEC-1 filter and the

0.288x12” slit. Over the course of these 6 hours, we

took 252 minute-long exposures in a ABBA nod pat-

tern. These data cover 1.0 h of pre-transit baseline, the

1.8 h transit, and 3.4 h of post-transit baseline. The air-

mass decreased from 1.2 at the beginning of the night to

1.0 around 0.5 h after mid-transit, before rising again to

1.66 at the end of the observations. The resulting SNR

per spectral pixel in the continuum surrounding the He

I line ranged from 150–280, with a SNR peak 2 hours

after transit, and an unfortunate SNR trough coinciding

with mid-transit.

For unknown reasons, two of the raw spectra have

multiple traces: one during egress, and one an hour af-

ter the end of egress. The extra traces are not at the

right separation from the main traces to be the spec-

tra of the binary companion. We believe they are due

to telescope nodding errors, which were not uncommon

with Keck in 2020. We exclude these spectra and their

nod companions from the analysis, for a total of four

excluded reduced spectra.

The CARMENES observations have a SNR of 160–

240 per spectral pixel in the continuum surrounding the

helium line (Salz et al. 2018), but their exposure time is

closer to five minutes than one minute, and their wave-

length dispersion is 70% higher. Binning our observa-

tions to their time resolution and binning their observa-

tions to our spectral resolution, we find that our SNR is

1.6–2.0x times their single-night SNRs. The same com-

parison, performed for the GIANO data, reveals that

our SNR is 3.6–4.4x their single-night SNRs. The GI-

ANO comparison is not perfect, as Guilluy et al. (2020)

report their SNRs over the whole order containing the

helium line, not the immediate region surrounding the

line.

3. ANALYSIS

To analyze these observations, we use the methods

outlined in Zhang et al. (2021a). We make a master

dark by stacking 5 darks with an exposure time of 1.5

s and 5 coadds. We make a master flat by subtracting

the master dark from each flat and stacking the 29 flats.

We create four difference images out of each A1B1B2A2

nod group: A1 −B1, B1 −A1, B2 −A2, A2 −B2. This

subtracts off bias, dark current and skyglow. We then

use a custom variant of optimal extraction to extract

the 1D spectrum, while masking both bad pixels iden-

tified in the dark and flat processing stages, and cosmic

rays identified by the optimal extraction algorithm it-

self. Afterwards, we generate a template spectrum by

combining a PHOENIX model (Husser et al. 2013) with

a telluric model, accounting for the radial velocity of the

star relative to Earth. We use this template spectrum

to obtain a wavelength solution for order 70 (containing

the helium line) in each individual exposure and then

run molecfit to correct for tellurics. This last step is

not strictly necessary for these data because there are

no telluric lines, with the possible exception of microtel-

lurics, that overlap with the helium line.

Having obtained wavelength calibrated and telluric

corrected spectra, we interpolate all spectra onto a com-

mon wavelength grid with a uniform logarithmic spacing

of λ/110, 000 and a range of 10,810–10,850 Å. We remove

fringing by applying a notch filter twice, using the same

parameters as in Zhang et al. (2020b). We divide each

spectrum by the continuum, take the logarithm of the

entire spectral grid, and subtract the mean of every row

and column from that row and column. The end result

is a Nobs ×Nwav grid of numbers representing the rela-

tive deviation of a pixel from the mean for that row and

column.

After obtaining this residuals grid, for every column

(wavelength), we subtract the mean of the out-of-transit

part of the residuals image for that column; we then in-

vert the residuals image. The resulting residuals image

now shows the excess absorption relative to the out-

of-transit baseline. However, there are still continuum

variations that contribute structure in this image. We

correct for these variations by masking out the strong

lines (including the helium line), fitting a 3rd order poly-

nomial to each row (epoch) with respect to wavelength,

and subtracting off the polynomial. The result is shown

in Figure 1. Finally, we shift all of the in-transit resid-

uals spectra to the planetary rest frame and stack them
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to obtain the 1D excess absorption spectrum shown in

Figure 2.

4. COMPARISON TO PUBLISHED

OBSERVATIONS

We compare our results to the eight literature values

for HD 189733b’s helium absorption signal. Salz et al.

(2018) observed 3 transits with CARMENES, while

Guilluy et al. (2020) obtained 5 transits with GIANO-

B on the Telescopio Nazionale Galileo telescope. Guil-

luy et al. (2020) report the depths for each individual

transit, which they calculate by averaging from the end

of ingress to the beginning of egress for a wavelength

range of -20 to 20 km/s in planet-centric velocity space.

We use their definition to calculate the analogous av-

erage transit depths for the CARMENES transits (us-

ing values taken from their Fig. A.3) and for our NIR-

SPEC transit. We did not take into account the dif-

fering resolutions of the instruments (R ∼ 80,400 for

CARMENES, 50,000 for GIANO, and 37,500 for NIR-

SPEC) when defining the equivalent pixel range for our

wavelength bounds. We quantified our sensitivity to the

instrumental resolution by convolving the CARMENES

spectrum down to the NIRSPEC resolution of 37,500

and the NIRSPEC pixel sampling before calculating the

average transit depth, and found that it did not change

the result by more than 0.01% for any of the three tran-

sits.

We compare the resulting transit depths for each ob-

servation in Figure 3. This figure shows that the con-

sistency of the three CARMENES transits over a year

appears to have been a coincidence, and is not repre-

sentative of the broader sample. The GIANO transits

show widely varying depths, while our NIRSPEC depth

is lower than all but one of the previous transit observa-

tions. Combining the depths for every instrument with

a weighted average, we find an average transit depth of

0.617±0.017% for CARMENES, 0.508±0.015% for GI-

ANO, and 0.420±0.013% for NIRSPEC. The error bars

are the standard deviation of the mean, not the sample.

The CARMENES average differs from the NIRSPEC re-

sult by more than 9σ, and from the GIANO result by

4.4σ.

4.1. Effect of Stellar Variability on Observed He

Transit Depths

Guilluy et al. (2020) used the five GIANO transit ob-

servations, which also included simultaneous Hα mea-

surements, to explore potential explanations for the ob-

served variability. Hα is an excellent tracer of stellar

activity, making it a useful proxy for the spot coverage

fraction during each visit. In active regions on the star,

Hα is seen in emission while the stellar He I line becomes

deeper. Guilluy et al. (2020) detected changes in the Hα

line during the two transit observations with the highest

and lowest He I depths, suggesting that the planet was

transiting an inhomogenous star. The remaining three

transits had consistent He I depths (∼ 0.5%) and no

detectable variations in the stellar Hα line. The deep

He I transit could be explained if the planet transited

an especially quiet region of the star (thus preferentially

leaving the active regions unocculted). However, it is

difficult to explain why the other transit that took place

during a period of enhanced activity is shallower than

expected. Guilluy et al. (2020) argue that this observa-

tion is unlikely to be caused by a starspot occultation,

as they do not observe a concurrent weakening in the Si

1083.0 nm line. They tentatively suggest that the planet

might have occulted a filament instead. Our new tran-

sit depth is also shallower than expected, and we also do

not see any evidence for a concurrent change in the Si

1083.0 nm line during the transit. However, unlike Guil-

luy et al. (2020), we do not see a mid-transit spike in the

He band-integrated light curve, nor any other abnormal-

ities that would indicate the occultation of a filament or

starspot.

We can quantify the effects of stellar active region con-

tamination on the helium transmission spectrum using

the techniques outlined in Cauley et al. (2018). In or-

der to reproduce the strength and shape of the stellar

He I 10830Å triplet we found that an active region filling

factor of ≈ 65% and an optical depth at line center of

τ ≈ 0.7 are required. We note that this is the facular

or plage filling factor and not a spot filling factor. The

large filling factor is in line with previous estimates for

helium absorption on active K-dwarfs (Andretta et al.

2017) and is similar to the value of 75% estimated by

Guilluy et al. (2020). After estimating the filling fac-

tor, we simulated the transit of HD 189733 b across the

active stellar surface and tuned the atmospheric param-

eters to match the observed transmission spectrum. We

then tested various filling factors and geometries (e.g.,

uniform distribution, active latitudes) to see how the

transmission spectrum changes while the atmospheric

parameters are held constant. We find that even dras-

tic changes in the filling factor (≈ 30% − 40%) are not

enough to reproduce the difference between the atmo-

spheric absorption observed by Salz et al. (2018) and

our NIRSPEC transmission spectrum.

The strength of the stellar helium line does not change

much from epoch to epoch: Guilluy et al. (2020) found

that the line core flux varied by only ≈ 4% across a

1.5 year baseline. The NIRSPEC spectrum displays a

similar line depth (≈ 0.7) compared to Guilluy et al.
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Figure 1. Excess absorption in percent, as a function of time and wavelength. The diagonal red lines represent the wavelengths
of the helium lines. The horizontal white light represent the beginning of ingress and end of egress in white light.

Figure 2. Average in-transit excess absorption spectrum
from beginning of ingress to end of egress, in the planetary
frame. The red lines represent the wavelengths of the three
helium lines.

(2020) and Salz et al. (2018), suggesting that the sur-

face activity level, at least as measured by absorbing

metastable helium regions, is fairly constant. This im-

plies that the filling factor cannot change dramatically

from epoch to epoch, otherwise we would have observed

large variations in the stellar line strength (of order the

percent change in filling factor). The relative stability of

the star’s filling factor and the large size of the changes

in the filling factor required to account for the epoch

to epoch variability in the observed helium absorption

signal make it unlikely that this variability is due to

changes on the star.

Figure 3. Comparison of the average depth of the helium
line that we find (in green) to literature values, measured
by CARMENES and GIANO. All averages are computed
between the end of ingress and beginning of egress in time,
and between -20 and 20 km/s in planet-centric wavelength
space.

4.2. Potential Evidence for Variability in the

Planetary Outflow

It is plausible to think that the observed variability

might instead be due to changes in the planet’s atmo-

spheric outflow, which might be caused by variations

in the star’s high-energy radiation or stellar wind en-

vironments. In this case, we might also expect to see

visit-to-visit variations in the shape of the wavelength-

dependent planetary absorption signal. Figure 4 com-

pares the excess absorption spectrum obtained by the
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Figure 4. Excess absorption spectra obtained by the three
instruments averaged over 3 transits (CARMENES), 5 tran-
sits (GIANO-B), and 1 transit (NIRSPEC). They are plotted
at their native resolutions: 80k, 50k, and 37k, respectively.
These spectra are computed from the end of ingress to be-
ginning of ingress, unlike Figure 2, which is computed from
the beginning of ingress to end of egress.

three instruments, which tells the same story as the av-

erage depths: NIRSPEC sees a similar signal as GIANO-

B (all transits combined), which in turn sees a weaker

signal than CARMENES.

One interesting difference between the GIANO and

NIRSPEC excess absorption spectra is that despite hav-

ing a very similar primary peak, the height of the sec-

ondary peak at 10832Å is lower for GIANO by ∼0.1%.

Adopting the formal errors on the two spectra (0.07%

for GIANO and 0.05% for NIRSPEC) and assuming sta-

tistical independence, we calculate that the difference is

significant at the ∼ 3.5σ level. However, the signifi-

cance of this feature is likely overestimated, as noise in

high resolution spectra is often correlated across adja-

cent wavelengths. If the difference is real, we can use

it to constrain the optical thickness of the outflow. A

completely optically thin outflow would have a primary-

to-secondary peak ratio of 8:1 (derived from the gifik
of the three lines), whereas a completely optically thick

outflow would have a peak ratio of 1:1, as the gas would

absorb all light in both peaks. The higher peak ratio in

the GIANO data could indicate that the absorption is

coming from a more optically thick region than in our

NIRSPEC observations. However, the fact that we see

significant absorption extending between the two peaks

makes it difficult to determine how much of the absorp-

tion at 10832Å is due to the line there and how much is

due to absorption from strongly blueshifted gas absorb-

ing at a rest wavelength of 10833.3Å. Given the right

kinematic structure–namely a long tail of gas being ac-

celerated away from the star by the stellar wind–it is

conceivable that even the CARMENES observations, for

which the apparent peak ratio is 2.8 (Salz et al. 2018),

might be consistent with an optically thin outflow.

5. MODELING VARIABILITY IN THE

PLANETARY OUTFLOW

We can use atmosphere models to quantify the effect

of stellar variability on the helium absorption signal.

Here we focus on the effect of variations in the stel-

lar XUV flux, which can be captured using relatively

simple 1D hydrodynamic models. We set up four 1D

hydrodynamic simulations, at 1x, 1.3x, 2x, and 3x the

average quiescent stellar XUV flux as seen by the plane-

tary dayside (which is half the flux seen by the substellar

point). The code we use is The PLUTO-CLOUDY In-

terface (TPCI) (Salz et al. 2015a), a combination of two

sophisticated and widely used codes: the hydrodynamic

solver PLUTO (Mignone et al. 2007), and the plasma

simulation and spectral synthesis code CLOUDY (Fer-

land et al. 2013). TPCI has been extensively used to

study photoevaporation (e.g. Salz et al. 2015b, 2016;

Kasper et al. 2020; Zhang et al. 2021a).

We calculate the nominal XUV spectrum using the

same method as in Zhang et al. (2021b,a). We fix the

X-ray spectrum to the model derived by Poppenhaeger

et al. (2013), which is a two-component thermal plasma

model fitted to one 54.5 ks XMM-Newton observation

and six 18-20 ks Chandra observations. We reproduce

their model by taking the parameters from their Ta-

ble 3 and using the APEC model in xspec. We calcu-

lated the corresponding mid-UV spectrum using archival

XMM-Newton Optical Monitor data in the UVW2 and

UVM2 bands. Many observations exist in these bands,

but their count rates do not differ by more than a few

percent. We therefore choose the earliest observation

(ID 0506070201, taken April 2007; PI: Peter Wheat-

ley). We adopt a Lyα luminosity at 1 AU of 11.8 erg

s−1 cm−2 (France et al. 2013), and use this to obtain

the EUV spectrum using the scaling relations of Linsky

et al. (2014). The resulting reconstructed stellar spec-

trum is shown in Figure 5, and the parameters are shown

in Table 1. Although we provide error bars for this spec-

trum, the values of the error bars should be viewed with

caution, as they are heuristically estimated according to

the methodology of Zhang et al. (2021b).

Following Zhang et al. (2021b,a), we ran the simula-

tion for 100 time units with advection off, where the

time unit is calculated as the planetary radius divided

by 10 km/s (roughly the sound speed). Unlike in this

previous study, we did not run the models for another
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Figure 5. Reconstructed stellar spectrum.

Table 1. Band-integrated fluxes

Band Wavelengths Flux at 1 AU

Å erg/s/cm2

X-ray 5 − 100 7.6 ± 3.8

EUV 100 − 912 6.5 ± 2.0

Lyα 1214 − 1217 11.8 ± 3.5

MUV 1230 − 2588 105 ± 7

Total∗ 5 − 50, 000 4.80 ± 0.19 × 105

∗From Addison et al. (2019)

100 time units with advection on, due to numerical prob-

lems. Also unlike in the previous study, we irradiate the

atmosphere with the average flux experienced by the

planetary dayside, and not the flux experienced by the

substellar point. The former is half of the latter, and is

more representative of the outflow as a whole.

Figure 6 shows the results of the four TPCI simu-

lations. In our models, increasing the XUV flux 34%

above nominal increased the helium absorption by 60%,

while further increases had diminishing returns: dou-

bling it doubled the helium absorption, while tripling

it increased absorption to only 2.3x nominal. The re-

lationship between helium absorption and XUV flux is

monotonically increasing, but is not well described by a

linear, power law, or exponential relationship.

HD 189733 has been extensively observed at XUV

wavelengths, providing us with good empirical con-

straints on the magnitude of the star’s variability. Pillit-

teri et al. (2022) analyzed 25 XMM-Newton observations

spanning a total of 8 years, the last of which was taken

before the first helium observation. They found that

the 25–75% range of quiescent flux varies by 23%, and

that 44% of the total observing time was occupied by

flares, which typically lasted several kiloseconds and in-

creased the XUV flux by a few tens of percent (see their

Figure 6. Relationship between maximum excess absorp-
tion depth in our 1D models and assumed XUV flux relative
to nominal. The grey shaded region illustrates a 60% change
in flux, corresponding to the 60% difference between the 16th
and 84th percentiles of the host star’s X-ray luminosity as
measured by XMM-Newton (Pillitteri et al. 2022, Fig. B.3.)

Fig. B.1). Using their Figure B.3, we calculate that

the typical variability in the X-ray flux, as defined by

the gap between the 84th and 16th percentiles, is 60%.

EUV flux increases with X-ray flux as FEUV ∝ F 0.86
X

(Sanz-Forcada et al. 2011), so a 60% increase in X-rays

corresponds to a 50% increase in EUV, and a 23% in-

crease in X-rays corresponds to a 19% increase in EUV.

These numbers suggest that the observational variabil-

ity plotted in Figure 3 can plausibly be due to variability

in stellar XUV output.

It is worthwhile to briefly consider other sources of

variability that we could not explore with our 1D model.

The effect of differing stellar wind conditions on the out-

flow has been extensively studied with 3D simulations

(e.g. McCann et al. 2019; Vidotto & Cleary 2020), but

generally without modelling the helium line. MacLeod

& Oklopčić (2022) does model the helium line, and find

that given the same planetary mass loss rate, the equiv-

alent width of helium absorption changes by 10% when

the stellar wind is increased 10x from weak to moder-

ate, but changes far more drastically when the wind is

strong enough to “break through” the sonic surface and

confine the outflow. Zhang et al. (2021a) study the ef-

fect of different stellar wind conditions on the helium

absorption from TOI 560b, a young mini-Neptune, by

alternately halving the stellar wind density and veloc-

ity. They find changes in peak absorption of up to 25%,

but smaller changes in equivalent width of up to 12%.

These studies show that changes in stellar wind condi-
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tions can plausibly explain a portion of the variability

we see in HD 189733b.

Another source of variability is shear instability, which

exists even with constant irradiation and wind from the

star. For the inflated sub-Saturn WASP-107b, Wang

& Dai (2020) uses a 3D hydrodynamic model to pre-

dict ∼10% fluctuations in helium absorption over hour-

long timescales. These fluctuations, however, change the

planetary mass loss rate by less than 1%. Shear insta-

bility, like the impact of the stellar wind, is not possible

to model in 1D.

One final source of variability that has been modelled

in the literature is flares. Flares increase the star’s XUV

output, and a sufficiently long-lasting flare would in-

crease helium absorption, as predicted by our models.

However, the immediate effect of a flare is to ionize he-

lium and reduce helium absorption. It is only after a dy-

namical timescale, when the surge of photoevaporative

mass loss generated by the flare has reached higher alti-

tudes, that helium absorption increases above baseline

(Wang & Dai 2021). For WASP-69b, the planet simu-

lated by Wang & Dai (2021), this takes about an hour;

helium absorption then stays elevated for 2 days after

the end of the flare. Thus, even though flares can both

decrease and increase helium absorption, the latter is far

more likely to be observed than the former. To explore

the effect of flares that raise the XUV flux by tens of

percent on a high-gravity planet like HD 189733b–rather

than a 10x flare on a low gravity planet like WASP-69b,

as Wang & Dai (2021) did–new 3D simulations are de-

sirable.

6. CONCLUSION

Metastable helium observations provide us with a sen-

sitive probe of planetary outflow characteristics. In this

paper, we present a new helium transit observation of

HD 189733b, a hot Jupiter that has been observed over

a wide range of wavelengths in the fifteen years since its

discovery. This planet will be also observed by 5 James

Webb Space Telescope programs in Cycle 1 alone; these

programs will doubtlessly further expand our knowledge

of its atmospheric properties.

When combined with the set of eight published helium

transit observations of HD 189733b, our new observa-

tions add to the growing body of evidence suggesting

that this planet’s outflow properties may vary in time.

HD 189733 is a relatively active K dwarf and it has been

extensively observed at high energies, with 25 XMM-

Newton observations totalling 958 ks over 8 years (Pillit-

teri et al. 2022) in addition to observations by Chandra.

Our simulations suggest that stellar XUV variability, by

itself, can plausibly explain the observed variations in

the planet’s helium transit depth. However, this does

not mean that other sources of variability we do not

model, such as stellar wind variations, shear instability,

and short flares, cannot also explain the variability.

Understanding the high-energy environment and hy-

drostatic atmosphere of the planet is crucial to under-

standing mass loss, and if there is any planet where we

have a hope of understanding mass loss physics in de-

tail via observations of the helium line, it is this one.

In order to better understand the amplitude, timescale,

and likely cause of this planet’s observed variability, it is

important to continue monitoring of the planet in the he-

lium line, preferably with simultaneous Hα and/or X-ray

measurements. This will in turn inform how much we

should rely on single-epoch observations of helium ab-

sorption to quantify the mass loss rates and population-

level properties of other close-in planets.

Software: numpy (van der Walt et al. 2011),

scipy (Virtanen et al. 2020), matplotlib

(Hunter 2007)
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