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Abstract

Observations of helium in exoplanet atmospheres may reveal the presence of large gaseous envelopes and indicate
ongoing atmospheric escape. Orell-Miquel et al. (2022) used CARMENES to measure a tentative detection of
helium for the sub-Neptune GJ 1214b, with a peak excess absorption reaching over 2% in-transit depth at 10830Å.
However, several non-detections of helium had previously been reported for GJ 1214b. One explanation for the
discrepancy was contamination of the planetary signal by overlapping telluric absorption and emission lines. We
used Keck/NIRSPEC to observe another transit of GJ 1214b at 10830Å at a time of minimal contamination by
telluric lines, and did not observe planetary helium absorption. Accounting for correlated noise in our
measurement, we place an upper limit on the excess absorption size of 1.22% (95% confidence). We find that the
discrepancy between the CARMENES and NIRSPEC observations is unlikely to be caused by using different
instruments or stellar activity. It is currently unclear whether the difference is due to correlated noise in the
observations, or variability in the planetary atmosphere.

Key words: Exoplanets – Exoplanet atmospheres

1. Introduction

The compositions of the most common type of planet in the
Galaxy—sub-Neptunes—remain unclear (e.g., Bean et al. 2021).
Population studies suggest that the majority of sub-Neptunes are
born with significant hydrogen–helium envelopes, which may be
lost over time (Owen & Wu 2013; Lopez & Fortney 2013;
Fulton et al. 2017). One way to observe atmospheric escape, and
infer the presence of a hydrogen–helium atmosphere, is via
transit observations covering the triplet of absorption lines of
metastable helium at 10830Å7 (e.g., Oklopčić & Hirata 2018;
Spake et al. 2018). However, the relatively small radii of sub-
Neptunes can make such observations difficult. Additionally,
some stellar host types are unfavorable for populating the
metastable state of helium in exoplanet atmospheres. Both
Oklopčić (2019) and Poppenhaeger (2022) found that K-type
stars are the most favorable. Indeed, the majority of strong
helium detections to date have been from large planets around
K stars (Allart et al. 2018; Nortmann et al. 2018; Salz et al.
2018; Kirk et al. 2020; Paragas et al. 2021).

The smallest planets with helium detections so far have been
TOI 560.01 (Zhang et al. 2022), with a radius of 2.84 R⊕, and
GJ 1214b (Orell-Miquel et al. 2022), with a radius of 2.74 R⊕.
Among all of the sub-Neptunes observed at 10830Å, the TOI
560 system is one of the most favorable targets because of its
young (500 Myr) and chromospherically active K4 host star

(Barragán et al. 2022). For TOI 560.01, Zhang et al. (2022)
measured an excess absorption of 0.68% in the core of the
helium triplet at mid-transit. Orell-Miquel et al. (2022)
observed GJ 1214b, which orbits an older, quiet, M4 star
(3–10 Gy; Charbonneau et al. 2009), and found a tentative
2.1% transit depth in the core of the helium triplet. These
detections were exciting for several reasons: the two planets are
by far the smallest with evidence for helium absorption; they
belong to the sub-Neptune class of exoplanets, whose bulk
densities are consistent with a wide range of possible
atmospheric compositions (e.g., Rogers & Seager 2010; Zeng
et al. 2019); and the atmosphere of GJ 1214b in particular has
been extensively studied (e.g., Bean et al. 2010; Berta et al.
2012; Kreidberg et al. 2014), but had not previously shown
evidence of either atomic or molecular absorption.
The large helium signal observed by Orell-Miquel et al.

(2022) suggests that GJ 1214b has a substantial H–He
envelope. However, three non-detections of helium had
previously been reported for GJ 1214b, using IRTF/SpeX,
Very Large Telescope (VLT)/X-Shooter, and Keck/NIRSPEC
(Crossfield et al. 2019; Petit Dit de la Roche et al. 2020; Kasper
et al. 2020). To explain the discrepancy, Orell-Miquel et al.
(2022) showed that the three previous data sets were
contaminated with telluric absorption and emission lines. The
telluric lines overlap the helium line at the radial velocity of the
planet as it accelerates through a transit, which may explain
why Orell-Miquel et al. (2022) were the only ones to detect a
planetary signal. We have observed an additional transit of GJ
1214b with Keck/NIRSPEC, using the same setup as Kasper
et al. (2020). Our observations were fortuitously timed such
that the planetary absorption signal was minimally contami-
nated by telluric absorption and emission lines. In Sections 2
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and 3 we describe our observations and data reduction,
respectively. In Section 4 we describe how we constructed
the planetary absorption spectrum, and in Section 5 we describe
our atmospheric modeling. In Section 6 we discuss our results
and compare them to previous observations, and we conclude
in Section 7.

2. Observations

To observe one transit of GJ 1214b, we used the upgraded
(Martin et al. 2018) NIRSPEC spectrograph (McLean et al.
1998, 2000) on the 10 meter Keck II telescope, for one half
night, on 2019 May 18 (Semester 2019A, PI: Hillenbrand).
Observations were performed using NIRSPEC in its echelle
mode with the N1 (Y-band) filter, which has an effective
wavelength coverage from 0.941 to 1.122 μm, with some
overlap and no gaps between the orders. The helium triplet
lines appear in both order 70 and order 71, at rest wavelengths
of 10830.34Å, 10830.25Å, and 10829.09Å. We used both
orders in our analysis. We used the 0.576″× 12″ slit, resulting
in a spectral resolution of R= 19,000 (corresponding to
Δv≈ 16 km s−1) at the wavelength of the helium line.

We used a standard ABBA nodding pattern with 4″ throw
between the nod positions and individual exposures of 210 s.
Similarly to Kirk et al. (2020) and Spake et al. (2021), we used
the thin blocker filter which lowers background thermal
emission. We obtained a sequence of 40 individual spectra,
with a signal-to-noise ratio (S/N) averaging around 35 per
resolution element throughout the night. The mid-transit time
coincided with the airmass minimum, which remained below
1.30 for the entire half night. Before the bulk of our
observations we also took a long exposure with four co-added
exposures of 210 s each, in the “A” position.

3. Data Reduction

We followed the same data reduction procedure as that of
Spake et al. (2021), barring minor adjustments listed here. In
the previous work we analysed a similar NIRSPEC data set for
WASP-107b, and demonstrated that our pipeline produced a
planetary absorption spectrum that agreed within the 1σ
uncertainties to that obtained with the Keck/NIRSPEC pipeline
of Kirk et al. (2020). For the current analysis, the main
difference in our approach was an improvement in the
correction of bad pixels which fell inside the spectrum trace.
First, we made a night-averaged flat field by median-combining
81 five second exposures of a halogen lamp, from which we
subtracted the median of 11 five second exposures taken with
the lamp off, to account for detector bias and dark current.
Then, we applied the iterative bad pixel algorithm from
REDSPEC (Kim et al. 2015), which we had previously
translated to Python and used in Spake et al. (2021), to the
master flat field. We saved the position of the bad pixels found
on the master flat to create a bad pixel mask. Next, we applied
REDSPEC to each of the science frames, to correct for
cosmic rays.

To extract 1D spectra from the raw frames, we used a
customized version of the NIRSPEC Data Reduction Pipeline8

(NSDRP), which is written in Python. The same code was used
by Spake et al. (2021), barring one adjustment, described

below. Before extraction, NSDRP performs flat-field correc-
tion, removal of telluric emission by pairwise subtraction of
consecutive images, and spatial and spectral rectification of the
trace. In this work, we adapted the spectral extraction algorithm
so that it replaced the values of pixels from the bad pixel mask
with the median of the spatial trace, scaled to fit the pixel
column. We also used the average spectral trace to find 5σ
outliers inside the spectral trace (presumably cosmic rays which
REDSPEC was unable to correct), and replaced them in the
same way. This process is similar to the Optimal Extraction
algorithm described by Horne (1986). To reduce the single,
long, “A” exposure at the start of our observations, we
subtracted the sum of the next four “B” exposures at the
pairwise-subtraction stage.
To determine the wavelength solution for each 1D spectrum,

we followed a similar method to Zhang et al. (2020). First, we
selected a model stellar spectrum from the PHOENIX grid
appropriate for GJ 1214 (Teff= 3000 K, =( )glog 5.0, and
[M/H]=+0.5; Husser et al. 2013) shifted into the star’s rest
frame, and added a telluric transmission spectrum.9 We then
down-sampled the resulting template spectrum to match the
instrumental resolution (R= 19,000). We modeled the wave-
length solution as a third-order Chebyshev polynomial
(mathematically equivalent to monomials, but well-behaved
around zero), and the stellar continuum as a fifth-order
Chebyshev polynomial. We then used SCIPY’s differential
evolution to minimize the χ2 between the continuum-normal-
ized observations and the template spectrum. This method
resulted in continuum-normalized, wavelength-calibrated, 1D
spectra in the observer’s rest frame, with line positions aligning
with the model to better than one pixel.

4. Constructing the Absorption Spectrum

We created an absorption spectrum for each order (70 and
71) separately, but followed the same method for both. First,
we created an average stellar spectrum by taking the weighted
mean of all spectra which fell entirely before the first or after
the fourth transit contact. There were eight pre-transit spectra
(including the one long exposure at the start), 21 post-transit
spectra, and 12 spectra between first and fourth contact.
Figure 1 shows the average “OUT” stellar spectrum and the
average “IN” transit spectrum for each order, shifted into the
stellar reference frame. In the same figure we have also shown
the position of the telluric H2O absorption and OH emission
lines.
Next, we divided each individual spectrum by the mean

stellar spectrum and subtracted the result from 1 to find the
excess absorption at each point in time. A 2D plot showing
each of these excess absorption spectra is shown in Figure 2.
The bottom row shows the first exposure, which is made of
four co-adds, and is therefore wider than the rest. We set the
extent of the color range from −3.5% to +3.5%, to match the
color scale of Figure 2 of Orell-Miquel et al. (2022)
approximately for ease of comparison. We did not correct for
contamination from telluric absorption or emission lines, since
any correction would be inherently imperfect and we aimed to
be as conservative as possible in placing upper limits on the
planetary signal. Instead, we followed the more conservative of
the two procedures used by Orell-Miquel et al. (2022), and did
not use any telluric-contaminated pixels in our analysis.

8 https://github.com/Keck-DataReductionPipelines/NIRSPEC-Data-
Reduction-Pipeline 9 https://www.gemini.edu/observing/telescopes-and-sites/sites
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Specifically, we masked two regions of pixels which fell
between 10828.65–10829.05Å and 10830.7–10832.1Å. These
are the white regions in Figure 2.

Next, we shifted each excess absorption spectrum onto the
rest frame of the planet, resampled them at the wavelength
solution of the first exposure, and summed to create a total
planet absorption spectrum, as shown in Figure 3. No telluric-
contaminated pixels were included in the sum. A gap in the
data and large uncertainties near the contaminated regions can
be seen in the final spectrum, because of the reduced number of
data points used. There is no obvious planetary absorption
signal at the wavelength of the helium lines, but correlated
noise on the order of 1% is evident. It is currently unclear

whether the correlated noise is instrumental or astrophysical.
To estimate a conservative upper limit on the helium signal
strength, accounting for correlated noise, we fit Gaussian
profiles to the combined absorption spectrum from both orders,
shifting the central wavelength along by one pixel width each
turn. We used only the overlapping regions of the two orders
(covering approximately 10815 to 10845Å), resulting in 280
trials. We used uniform priors for the excess absorption
between −3 and 3% (meaning we allowed for emission
signatures as well), and uniform priors on the standard
deviation between 0.01 and 1.0Å. Orell-Miquel et al. (2022)
found an absorption signal blueshifted by approximately
0.17Å away from the center of the two strongest helium lines.
In our observations, the largest-area Gaussian within 0.17Å
either side of the two strongest lines had an amplitude of
0.38%, and a standard deviation of 0.49Å. The standard
deviation of the amplitudes of all 280 trials was 0.42%, which
we take as the systematic error. The 95% upper limit is
therefore 1.22%, or 1.37 Rp.
Our absorption spectrum is consistent with that of Kasper

et al. (2020) within the 1σ uncertainties between 10827 and
10831Å. In Figure 3 we also show the absorption spectrum of
GJ 1214b measured by CARMENES, from Orell-Miquel et al.
(2022), which has been analysed using the same method
(including masking out telluric-contaminated pixels).

5. Atmospheric Modeling

We used the 1D Parker wind model of Oklopčić & Hirata
(2018) to constrain the atmospheric properties of GJ 1214b.
This model has been extensively used to interpret helium
absorption spectra of exoplanets at 10830Å (e.g., Spake et al.
2018; Kreidberg & Oklopčić 2018; Mansfield et al. 2018;
Kasper et al. 2020; Paragas et al. 2021). For a given stellar UV
spectrum, planet mass-loss rate, and thermospheric temper-
ature, it calculates the radial density and velocity profiles of an
escaping, isothermal, hydrogen–helium atmosphere, and calcu-
lates the excitation level populations. For consistency, we used

Figure 1. Comparison of in-transit and out-of-transit spectra of GJ 1214b obtained with Keck/NIRSPEC, in the stellar rest frame. Gray and black lines show the
telluric absorption (H2O) and emission (OH) lines, respectively. Vertical dotted lines indicate the location of the helium absorption line triplet.

Figure 2. Individual planet absorption spectra through time. The top panel is
order 70, and the bottom panel is order 71. The start and end of the transit are
indicated by the dotted white lines. The radial velocity trace of the expected
position of the helium triplet is indicated by dashed blue lines. Pixels
contaminated by telluric absorption and emission (see Figure 1) have been
removed from the analysis (white vertical bars).
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the publicly available, model UV spectrum of the star GJ 1214
from Orell-Miquel et al. (2022). The spectrum was calculated
from coronal models fit to X-ray spectra from XMM-Newton
observations (Lalitha et al. 2014), and UV spectra from the
Hubble Space Telescope (Youngblood et al. 2016), following
the procedure of Sanz-Forcada et al. (2011). We used the
updated planet mass of 8.17 M⊕ from Cloutier et al. (2021),
which is 30% greater than the previous measurement used by
Kasper et al. (2020) in their model grid.

We followed the same parameter exploration scheme of
Kasper et al. (2020) to aid comparison with their non-detection.
Using the 1D density profile of metastable helium obtained
from the atmospheric models, and assuming a spherically
symmetric planetary atmosphere, we computed a mid-transit
absorption spectrum at wavelengths around 10830Å for grids
of model atmospheres with helium number fractions of 2%,
5%, 10%, and 20%. Each grid spans a broad range of values in
thermospheric temperature (2,000–8,000 K) and mass-loss
rates (107−1011 g/s).

To determine which regions of the parameter space could be
excluded by our data, we first combined the two planetary
absorption spectra from orders 70 and 71, broadened each
model absorption spectrum to the instrumental resolution
(R= 19,000), and resampled them onto the wavelengths of
the observations. For each model, we found the optimal
window around the 10830Å feature by maximizing the
cumulative distribution function of the model absorption
(defined at each pixel point) over the standard deviation of
the data (defined in a constant±1.5Å region around the
feature). The window was centered on the middle of the two
stronger lines of the triplet feature to maximize the contrast.
The observed data region used for testing the models was thus
chosen as a compromise between sampling the true spread in
the data assuming the null hypothesis and retaining information
in the relevant region assuming the contrary. Following the
optimization of the test window, the corresponding (maximal)
rejection of the model given the data was found by its relation
to the cumulative distribution function. Figure 4 shows the map
of the statistical deviation from our data for the model grids.
We note that this method does not take into account any
correlated noise present in the data.

The three parameters varied in our model grids (mass-loss
rate, thermospheric temperature, and helium abundance)
control the size of the absorption feature, and determine which
regions of the parameter space can be ruled out under the
assumption that the atmosphere can be described as a 1D,
isothermal Parker wind. Increasing the mass-loss rate increases
the absorption signal. In general, decreasing the temperature in
the model increases the size of the helium absorption feature.
This is because higher temperatures lead to faster outflow
velocities, leading to lower densities for a given mass-loss rate,
and because lower temperatures lead to lower metastable
helium production rates through recombination. Increasing the
helium number fraction increases the size of the model
absorption feature. Our non-detection therefore rules out more
models at higher mass-loss rates, lower temperatures, and
higher helium abundances. The absorption signals in our model
grids were weaker than those calculated by Kasper et al.
(2020), because we assumed a greater planet mass and a
weaker UV spectrum. Additionally, our uncertainties around
the telluric absorption lines were larger than theirs because we
removed contaminated pixels, whereas Kasper et al. (2020)
corrected contaminated pixels with Molecfit. These two factors
meant that our analysis rejected a smaller region of parameter
space than theirs did.
We evaluated the magnitude of the disagreement between

our measurement and that of Orell-Miquel et al. (2022) by
repeating the same significance-of-rejection calculation using
their best-fit Gaussian model. This model has an absorption
amplitude of 2.1%, a standard deviation of 0.55Å, and a peak
wavelength of 10830.10Å. It is rejected by our data at more
than 10σ confidence (ignoring correlated noise). To illustrate
the difficulty of predicting helium absorption strengths for
exoplanets, we also compared our data to a forward model
which used the best available predictions for the planetary
mass-loss rate and thermospheric temperature for GJ 1214b.
Previously, Salz et al. (2016) calculated detailed radiative–
hydrodynamical models for several specific planets, including
GJ 1214b. Their models are 1D, and include hydrogen and
helium only. For GJ 1214b, they found maximum thermo-
spheric temperatures of around T= 2500 K and a mass-loss
rate of = ´M 5 109 g/s. For these suggested parameters, we

Figure 3. Comparison of the planetary absorption spectrum of GJ 1214b from CARMENES and Keck. The red line shows the best-fit Gaussian model from Orell-
Miquel et al. (2022) and the black line is the fiducial mass-loss model based on Salz et al. (2016). Note that pixels contaminated by telluric emission have been
removed from the analysis.
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show the closest-matching model from our grid in Figure 3
( = = ´T K M2600 , 5 109 g/s). This fiducial model is much
narrower than the best-fit Gaussian model from the CAR-
MENES data, and has a maximum absorption of around 3% in
the core of the helium line. It is ruled out by our data at over 5σ
confidence. In all of our model grids of varying helium number
fractions, mass-loss models at T= 2500 K and = ´M 5 109 g/s
are ruled out at over 5σ confidence.

6. Discussion

The EUV flux of GJ 1214 has not been measured, and is a
significant source of uncertainty in our models. Oklopčić
(2019) noted that a factor of ten uncertainty in the input EUV
flux is within reason, and a ten-times reduction in EUV flux
typically corresponds to a factor of three reduction in the size of
the helium absorption feature at mid-transit. This could explain
much of the inconsistency between the fiducial model and our
observations. Indeed, Poppenhaeger (2022) performed a
detailed analysis of the effect of the temperature and iron
abundances of stellar coronae on their narrowband EUV
emission, and found a strong link between the strength of EUV
iron emission lines and the exoplanetary helium absorption
strength. She suggests that GJ 1214b has weak EUV iron
emission lines, which would lead to low rates of metastable
helium production in the planet’s atmosphere, even if it has a
large, helium-rich atmosphere. Alternatively, Salz et al. (2016)
note many important factors that are missing from their models:

metals cooling the outflow and reducing the mass-loss rate,
stellar winds forcing the escaping material radially outwards
away from the star (e.g., Wang & Dai 2021; MacLeod &
Oklopčić 2022), and suppression of the planetary outflow by
magnetic fields. This last effect was first studied by Adams
(2011), Trammell et al. (2011), and Owen & Adams (2014),
and was suggested to be occuring on WASP-52b, WASP-80b
(Vissapragada et al. 2022), and TOI-560b (Zhang et al. 2022).
Any combination of the above effects, and a heluim abundance
of less than 10% in the upper atmosphere, may be the reason
for our non-detection.
There are several possible explanations for the discrepancy

between the Keck and CARMENES data sets: instrumental
effects, variability of the stellar flux (leading to differing
fractions of helium in the metastable state), variability in the
planetary wind (e.g., due to hydrodynamical instabilities), or
stochastic, correlated noise. CARMENES and Keck/NIRSPEC
have previously been shown to measure consistent exoplanet
absorption spectra around 10830Å, as in the case of WASP-
107b (Kirk et al. 2020; Allart et al. 2019; Spake et al. 2021), so
the discrepancy between the data sets is unlikely to be due to
the use of different instruments. There is no evidence of flares
or photometric variability for GJ 1214 over the 1% level in
three years of MEarth data (Berta et al. 2011), and 21 days of
Spitzer observations (Fraine et al. 2013). Our observed stellar
spectrum (Figure 1) is also very similar that observed by
CARMENES around 10830Å. Neither spectrum shows a

Figure 4. Maps showing the regions of parameter space that are rejected by our data. We compared our absorption spectrum to the helium absorption signal produced
by our 1D, escaping atmosphere models with varying thermospheric temperatures and mass-loss rates. The color indicates the statistical significance of the deviation
from a good fit, as described in Section 5.
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strong stellar helium line, which forms in the chromosphere
and is correlated with stellar activity for cool stars (e.g.,
Vaughan & Zirin 1968; Fuhrmeister et al. 2020). Orell-Miquel
et al. (2022) also measured several activity indicators at the
time of their observations (e.g., Hα, Na I D1 and D2, and Ca II
infrared triplet line indices), and did not find any evidence for
strong activity or flares. It is therefore difficult to imagine
stellar variability as the culprit. 3D simulations of planetary
outflows, which include the effects of stellar wind, have shown
that hydrodynamical instabilities can cause the shape of the
outflow (and hence absorption strengths in transit) to vary in
time (e.g., McCann et al. 2019; Wang & Dai 2021). In their
models of the inflated gas-giant WASP-107b, Wang & Dai
(2021) show that instablities can cause the helium absorption
signal to vary by±10% of its measured value, over hours-long
timescales. To explain the discrepancy between the Keck and
CARMENES observations of GJ 1214b (which has a much
lower gravitational potential) would require much larger
variations, on the order of 100% of the observed signal
measured by Orell-Miquel et al. (2022). Detailed simulations of
GJ 1214b’s outflow, including stellar wind effects, would be
helpful to investigate whether this scenario is plausible for such
a low-mass planet. Finally, correlated noise of unknown origin
can be seen in both data sets in Figure 3, and in Section 4 we
calculated a systematic error of 0.42% on the absorption depth
measured by Keck. An unfortunate alignment of the correlated
noise around 10830Å in either the Keck or the CARMENES
data sets could contribute to some of the observed variations
around the helium lines.

In summary, it is currently difficult to determine whether
astrophysical variability or correlated noise is responsible for the
descrepency between the data sets. However, in July 2022, GJ
1214b was observed with JWST’s Mid-Infrared Instrument.
These observations may shed light on the size and composition
of GJ 1214b’s atmosphere. If the planet is shown to have a large
hydrogen–helium envelope, then the tentative detection of Orell-
Miquel et al. (2022) will seem more likely to be astrophysical in
nature, and GJ 1214b’s helium signal will seem more likely to be
truly variable. Further helium observations will then be
necessary to characterize the variability better. Since our results
show that GJ 1214b has a maximum helium absorption depth of
1.27% at least some of the time—even when the data are
uncontaminated by telluric absorption and emission lines—we
may perhaps assume that the non-detection of Kasper et al.
(2020) was not caused by telluric contamination. That means
there have so far been three published non-detections of helium
in GJ 1214b that had the required precision to detect the 2.1%
transit depth observed by Kasper et al. (2020). These are: this
work, that of Kasper et al. (2020), and that of Petit Dit de la
Roche et al. (2020) (the non-detection of Crossfield et al. (2019)
had a 95% confidence upper limit of 2.1 Rp, or 6.0%). The
observations spanned the years 2011 to 2021. With only one of
four observations showing a detectable signature in that time,
one may expect an observing campaign (with Keck or
CARMENES) targeting four transits over several years to yield
one additional helium detection on GJ 1214b. If no further
detections are made in that time, then true variability in the
planetary signal seems less likely.

7. Conclusion

Transits of GJ 1214b have been observed multiple
times at high resolution around the 10830Å helium line

(Orell-Miquel et al. 2022; Petit Dit de la Roche et al. 2020;
Crossfield et al. 2019; Kasper et al. 2020). Most of the
observations have been non-detections, except for one transit
event, observed with CARMENES, which showed a tentative
absorption feature reaching over 2% (Orell-Miquel et al.
2022). The authors of the study noted that previous non-
detections were contaminated by telluric emission and
absorption lines overlapping the planetary signal. We
observed GJ 1214b with NIRSPEC on Keck, at a time of
minimal telluric contamination, and did not detect the same
2% absorption signal. The best-fit Gaussian model of Orell-
Miquel et al. (2022) is rejected by our data at over 10σ
confidence, when we ignore correlated noise in the spectrum.
When correlated noise is taken into account, we find a 95%
confidence upper limit of 1.22%, or 1.37 Rp. We explored
several possible explanations for the discrepancy between the
Keck and CARMENES data sets, and found that it is unlikely
to be caused by the use of different instruments or stellar
variability. Whether it can be explained by large variations in
the planetary wind itself (e.g., due to hydrodynamical
instabilities), or correlated noise, may be revealed by
upcoming JWST observations or further ground-based
helium measurements.
We also showed that 1D Parker wind models that use

thermospheric temperatures and mass-loss rates implied by
radiative–hydrodynamical calculations of Salz et al. (2016) are
ruled out at over 5σ confidence. Possible explanations include
uncertainties in the stellar EUV flux, a lower than 10% helium
number fraction in the upper atmosphere, metals cooling the
upper atmosphere and lowering the mass-loss rate, and 3D
effects like stellar wind reducing the absorption signal size, or
combinations thereof.

The data presented herein were obtained at the W. M. Keck
Observatory, which is operated as a scientific partnership
among the California Institute of Technology, the University of
California and the National Aeronautics and Space Adminis-
tration. The Observatory was made possible by the generous
financial support of the W. M. Keck Foundation. The authors
wish to recognize and acknowledge the very significant cultural
role and reverence that the summit of Maunakea has always
had within the indigenous Hawaiian community. We are most
fortunate to have the opportunity to conduct observations from
this mountain. We are deeply grateful to the WMKO support
astronomers, Carlos Alvarez and Greg Doppmann, who
provided exceptional support during this observing program,
which occurred soon after the NIRSPEC upgrade.
Facility:Keck:II (NIRSPEC).
Software: SciPy (Virtanen et al. 2020); NumPy (Van Der

Walt et al. 2011); matplotlib (Hunter 2007); Astropy (Astropy
Collaboration et al. 2013).
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