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Abstract

We present a new Keck/NIRSPEC observation of metastable helium absorption from the upper atmosphere 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−1 velocity range. Comparing 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 up to 60%, although a more typical change
is 15%. We conclude that changes in stellar XUV flux can explain the observational variability in helium
absorption, but that variability in the stellar He line cannot be excluded. 3D models are necessary to explore other
sources of variability, such as shear instability and changing stellar wind conditions.

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Exoplanet atmospheric variability (2020);
Exoplanet atmospheric composition (2021)

Supporting material: data behind figure

1. Introduction

HD 189733b is currently one of the most extensively studied
exoplanets in the literature. Its exceptional observational
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 (0.78 Re) on a relatively tight orbit
(P= 2.2 days), 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 observational approaches. HD 189733b is currently
the only exoplanet with a possible X-ray transit detection
(Poppenhaeger et al. 2013), and was the first planet with a
measured infrared phase curve (Knutson et al. 2007). It has an
extensively characterized transmission and emission spectrum
(e.g., Sing et al. 2011; McCullough et al. 2014; Morello et al.
2016), which provide us with some of the most precise
constraints on its atmospheric composition (e.g., Zhang et al.
2020; Harrington et al. 2022). This planet has been the focus of
a diverse array of theoretical studies seeking to explain its
observed properties, including its atmospheric circulation
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 studies, for
many of the same reasons that make it favorable for
observations of the lower atmosphere. Atmospheric mass loss

is an important phenomenon that could reshape exoplanet
demographics, potentially turning 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., Szabo & Kiss 2011; Fulton & Petigura 2018).
However, 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. The 10833 Å line
has long been proposed as a possible probe of exoplanet
atmospheres (Seager & Sasselov 2000; Oklopčić & Hirata
2018), but observations have only recently succeeded in
detecting exoplanetary absorption in this line (Nortmann
et al. 2018; Spake et al. 2018; Allart et al. 2019). It has been
suggested that K-type stars have the most suitable stellar
spectrum for populating the metastable helium state
(Oklopčić 2019; Poppenhaeger 2022). 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 obtained
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 explore how much the varying high-energy stellar flux
should change the signal, and Section 6 summarizes our
conclusions.
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2. Observations

We observed a transit of HD 189733b with Keck/NIRSPEC
on 2020 July 14, from 08:28 UTC to 14:41 UTC, using the
NIRSPEC-1 filter and the 0.288× 12″ slit. These observations
cover a wavelength range of 0.947–1.121 μm at a resolution of
R= 37,500. Over the course of these 6 hr, we took 252
exposures in a ABBA nod pattern, with each exposure taking
slightly over a minute and each ABBA pattern taking roughly
5 minutes. These data cover 1.0 hr of pretransit baseline, the
1.8 hr transit, and 3.4 hr of posttransit baseline. The airmass
decreased from 1.2 at the beginning of the night to 1.0 around
0.5 hr after midtransit, before rising again to 1.66 at the end of
the observations. The resulting signal-to-noise ration (S/N) per
spectral pixel in the continuum surrounding the He I line ranged
from 150–280, with a S/N peak 2 hr after transit, and an
unfortunate S/N trough coinciding with midtransit.

Two of the raw spectra have multiple traces due to telescope
nodding errors: one during egress, and one an hour after the
end of egress. We exclude these spectra and their nod
companions from the analysis, for a total of four excluded
reduced spectra.

The NIRSPEC observation was intended to be simultaneous
with a Lyα observation by the Hubble Space Telescope’s COS
spectrograph (GO 15710). Unfortunately, HST failed to acquire
the guide star, so we did not collect any Lyα data.

3. Analysis

To analyze these observations, we use the methods outlined
in Zhang et al. (2022a). We make a master dark by stacking
five darks with an exposure time of 1.5 s and five 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 identified in the
dark and flat processing stages, and cosmic rays identified by

the optimal extraction algorithm itself. 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–due to a fortuitous
combination of the star’s radial velocity and Earth’s orbital
velocity–there are no telluric lines (with the possible exception
of microtellurics) that overlap with the helium line.
Having obtained wavelength calibrated and telluric corrected

spectra, we interpolate all spectra onto a common wavelength
grid with a uniform logarithmic spacing of λ/110,000 and a
range of 10,810–10,850 Å. The resolution of 110,000 is chosen
so that the spacing of the grid is equal to that of the spectral
pixels at 10833 Å. We remove fringing by applying a notch
filter twice, using the same parameters as in Zhang et al.
(2021). 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
relative 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 invert 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 third order polynomial 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
residuals spectra to the planetary rest frame and stack them to
obtain the 1D excess absorption spectrum shown in Figure 2.

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.

(The data used to create this figure are available.)
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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
three transits with the fiber-fed Echelle spectrograph CARMENES
(R ∼ 80,400), situated on the 3.5m Calar Alto telescope. Guilluy
et al. (2020) obtained five transits with the slit-fed Echelle
spectrograph GIANO-B (R∼ 50,000) on the 3.6m Telescopio
Nazionale Galileo telescope. The CARMENES observations have
a S/N 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 wavelength dispersion is
70% higher. Binning our observations to their time resolution and
binning their observations to our spectral resolution, we find that
our S/N is 1.6–2.0× times their single-night S/Ns. The same
comparison, performed for the GIANO data, reveals that our S/N
is 3.6–4.4× their single-night ratios. The GIANO comparison is
not perfect, as Guilluy et al. (2020) report their ratios over the
whole order containing the helium line, not the immediate region
surrounding the line.

Guilluy 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−1 in planet-centric velocity space. We use their
definition to calculate the analogous average transit depths for
the CARMENES transits (using values taken from their Figure
A.3) and for our NIRSPEC transit. We did not take into
account the differing resolutions of the instruments 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
transits.

We compare the resulting transit depths for each observation
in Figure 3. This figure shows that the consistency of the three
CARMENES transits over a year appears to have been a
coincidence, and is not representative 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
observations. 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

GIANO, 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 result by
more than 9σ, and from the GIANO result by 4.4σ.

4.1. Effect of Stellar Variability on Observed He Transit
Depths

We consider two ways in which stellar variability can affect
the observed transit depths. First, if the stellar disk is
inhomogenous and the planet does not transit a perfectly
representative chord, the transit depth will be biased. Second,
the stellar He line may change during the observations, making
the transit appear deeper or shallower than it really is.
Guilluy et al. (2020) used the five GIANO transit

observations, which also included simultaneous Hα measure-
ments, to extensively explore the first type of 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
observation is unlikely to be caused by a starspot occultation,
as they do not observe a concurrent weakening in the Si 10830
Å line, which is sensitive to changes in temperature. They
tentatively suggest that the planet might have occulted a
filament instead. Our new transit depth is also shallower than
expected, and we also do not see any evidence for a concurrent
change in the Si 10830 Å line during the transit. However,
unlike Guilluy et al. (2020), we do not see a midtransit spike in
the He band-integrated light curve, nor any other abnormalities
that would indicate the occultation of a filament or starspot.
We can quantify the effects of stellar active region

contamination on the helium transmission spectrum using the
techniques outlined in Cauley et al. (2018). In order to
reproduce the strength and shape of the stellar He I 10833Å
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 factor, we
simulated the transit of HD 189733 b across the active stellar
surface and tuned the atmospheric parameters 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 drastic changes in the filling factor (≈30%–40%) are not
enough to reproduce the difference between the atmospheric
absorption observed by Salz et al. (2018) and our NIRSPEC
transmission spectrum.

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.
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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 yr baseline. The
NIRSPEC spectrum displays a similar line depth (≈0.7)
compared to Guilluy et al. (2020) and Salz et al. (2018),
suggesting that the surface activity level, at least as measured
by absorbing metastable helium regions, is fairly constant. This
implies 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 inhomogeneities on the stellar surface.

On the other hand, variability in the stellar He line is a
plausible contributing factor to the differing transit depths.
Figure 4 shows the light curve of the helium line, centered
slightly blueward of the main peak. The planetary absorption is
evident, but so is substantial variability after transit, including a
sudden drop 2 hr after midtransit and a slow 0.6% rise in the
2 hr following the drop. This variability can also be seen from a
close examination of Figure 1, but the band-integrated light
curve makes it clearer. If similar stellar variability occurred
during the transit or in the immediate out-of-transit baseline,
the planetary excess absorption could appear ∼0.2% larger or
smaller than it actually is.

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 atmospheric
outflow, which might be caused by variations in the star’s
high-energy radiation or stellar wind environments. In this
case, we might also expect to see visit-to-visit variations in
the shape of the wavelength-dependent planetary absorption
signal. Figure 5 compares the excess absorption spectrum
obtained by the three instruments, which tells the same story
as the average 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 having a
very similar primary peak, the height of the secondary 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 statistical independence, we calculate
that the difference is significant at the ∼3.5σ level. However,
the significance of this feature is likely overestimated, as noise
in high-resolution spectra is often correlated across adjacent
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 absorption at 10832Å is due to
the line there and how much is due to absorption from strongly
blueshifted gas absorbing at a rest wavelength of 10833.3Å.
Given the right kinematic structure–namely a long tail of gas
being accelerated 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 stellar XUV flux, which
can be captured using relatively simple 1D hydrodynamic
models. The code we use is The PLUTO-CLOUDY Interface
(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 (Ferland 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. 2022a).
We obtain the nominal stellar spectrum in two ways. In the

first method, we use the XUV spectrum derived by Lampón
et al. (2021b; their Figure 2, data provided by M. Lamp’on) for
the wavelength range of 5–1450Å. We chose a cutoff of
1450Å because their spectrum redward of that wavelength is
not based on observations. In the second method, the X-ray
spectrum is taken from the thermal plasma model of
Poppenhaeger et al. (2013), the Lyα flux at 1 au is taken to
be 11.8 erg s−1 cm−2 (France et al. 2013), and the EUV
spectrum is derived from the Lyα flux using the scaling
relations of Linsky et al. (2014). For both methods, fluxes at
longer wavelengths are taken from a PHOENIX model (Husser
et al. 2013; Teff= 5000, log(g)= 4.5, solar metallicity). Of
particular importance is the spectrum at 1230–2588Å, which
we call midultraviolet, because this radiation ionizes metastable
helium, but cannot contribute to producing metastable helium
because it cannot ionize ground state hydrogen. Fortunately,
we have observational constraints for the flux at these
wavelengths from XMM-Newton’s Optical Monitor, a photo-
meter which operates simultaneously with the X-ray instru-
ments. We reviewed all archival observations taken by the OM
in the UVW2 (212 nm, width 50 nm) and UVM2 (231 nm,

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−1 in planet-centric wavelength space.
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width 48 nm) filters, and found that they do not differ by more
than a few percent. (For a summary of all XMM-Newton
observations of HD 189733, see Pillitteri et al. 2022.) To
roughly match the observations, we boosted the model
spectrum between 1230–2588Å by 30% and used it to predict
the count rates that OM should see. The prediction was only
6% too low for UVW2 and 3% too high for UVM2, indicating
our model MUV flux is accurate. The final spectra constructed
using the two methods is shown in Figure 6, while Table 1
shows the band-integrated fluxes.

Comparing the two methods, the X-ray flux is in excellent
agreement: Lampón et al. (2021b) reports an X-ray luminosity
that corresponds to a flux of 7.8 erg s−1 cm−2 at 1 au, while we
obtain 7.6 erg s−1 cm−2. However, the EUV (100–912Å) flux
is dramatically discrepant. Lampón et al. (2021b) imply a flux
of 57 erg s−1 cm−2 at 1 au, while we obtain 6.5 erg s−1 cm−2, a
difference of 9×. Other authors have obtained 11 (Sanz-
Forcada et al. 2011), 22 (Bourrier et al. 2020), and 36 erg s−1

cm−2 (Poppenhaeger et al. 2013). This large uncertainty in the
EUV flux is ultimately because the stellar EUV is only
measurable from space and no space telescopes currently have
EUV capabilities (France et al. 2022). The uncertainty has been
noted by many previous publications. For example, Oklopčić
(2019) compared the results of two different methods of EUV
reconstruction for the same star that differed by an order of
magnitude, which produced helium excess absorption depths
that differed by a factor of 3. France et al. (2022) compared
four different methods of reconstructing the EUV spectrum for
Proxima Centauri and found that they were discrepant by
3–100×, depending on the wavelength.

Since the EUV flux is uncertain to an order of magnitude, we
analyze the behavior of the escaping atmosphere over a wide
range of EUV fluxes. For the first stellar spectrum we
constructed, which has low-EUV flux compared to literature
values, we set up four 1D hydrodynamic simulations: at 1×,
1.3×, 2×, and 3× the nominal stellar XUV flux as seen by the
planetary dayside (which is half the flux seen by the substellar
point). For the second spectrum, which has high EUV flux
compared to other literature values, we set up five 1D
hydrodynamic simulations: at 0.5×, 1×, 1.3×, 2×, and
3× the nominal stellar XUV flux. Following Zhang et al.
(2022a, 2022b), we ran the simulation for 100 time units with
advection off, where the time unit is calculated as the planetary
radius divided by 10 km s−1 (roughly the sound speed). Unlike
in this previous study, we did not run the models for another 100
time units with advection on, due to numerical problems. 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 7 shows the results of the TPCI simulations as a

function of EUV flux. The simulation results are similar to
those of other 1D models. In agreement with Lampón et al.
(2021a), we find that the the outflow is hot (>∼10,000 K) and
in the recombination regime, which is characterized by a sharp
transition from neutral to ionized hydrogen. For the 1/2
nominal XUV model using the first stellar spectrum, which is
the model with median EUV flux (see Figure 7), the outflow is
95% neutral at 1.12 Rp and drops to 5% neutral by 1.32 Rp. In
the recombination regime, most of the incident XUV is radiated
away via recombination, leading to low mass-loss efficiency. In
fact, the mass-loss rate we obtain for the aforementioned
model, 5× 109 g s−1, is substantially lower than even the
1011 g s−1 found by Lampón et al. (2021a, 2021b), and similar
to the 1010 g s−1 found by Caldiroli et al. (2022) for similar
XUV flux. This corresponds to a mass-loss efficiency of 1.3%,
similar to the 2%–3% found by Caldiroli et al. (2022).
The absorption depth is higher than observed even in the

simulation with the lowest EUV. Increasing the EUV flux 34%
above this lowest point increased the helium absorption by
60%, but the depth increases roughly with the square root of
EUV flux thereafter, so that further 34% increases in flux only
produce 15% increases in depth.
HD 189733 has been extensively observed at XUV wave-

lengths, providing us with good empirical constraints on the
magnitude of the star’s variability. Pillitteri et al. (2022) analyzed
25 XMM-Newton observations spanning a total of 8 yr, 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 increased the
XUV flux by a few tens of percent (see their Figure B.2). Using
the data behind their Figure B.3 (I. P. Pillitteri 2022, private
communication), 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

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

X-rays corresponds to a 50% increase in EUV, and a 23%
increase in X-rays corresponds to a 19% increase in EUV. These
numbers suggest that the observational variability plotted in
Figure 3 can plausibly be due to variability in stellar EUV output

Table 1
Band-integrated Fluxes from Both Stellar Spectrum Reconstruction Methods

Band Wavelengths Flux (method 1) Flux (method 2)
Å erg s−1 cm−2 erg s−1 cm−2

X-ray 5–100 7.6 ± 2.2 7.8 ± 2.2
EUV 100–912 57 6.5
He-ionizing 5–512 24 12
Lyα 1214–1217 19 11.8 ± 3.5
MUV 1230–2588 105 ± 7 105 ± 7
Totala 5–50,000 4.80 ± 0.19 × 105 4.80 ± 0.19 × 105

Note.
a From Addison et al. (2019).

Figure 4. Light curve of the region [−20, 15] km s−1 from the main helium
peak, in the stellar frame. The beginning of ingress and end of egress are
marked by the vertical black dotted and solid lines. Note the stellar activity that
follows the transit.
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if the EUV flux is low (∼6 erg s−1 cm−2 at 1 au), but is less
likely if the EUV flux is high (>∼10).

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 outflow has
been extensively studied with 3D simulations (e.g., McCann
et al. 2019; Vidotto & Cleary 2020), but generally without
modeling the helium line. MacLeod & Oklopčić (2022) does
model the helium line, and find that given the same planetary
mass-loss rate, the equivalent width of helium absorption
changes by 10% when the stellar wind is increased 10× from
weak to moderate, but changes far more drastically when the
wind is strong enough to “break through” the sonic surface and
confine the outflow. Zhang et al. (2022a) study the effect of
different stellar wind conditions on the helium absorption from
TOI 560b, a young mini-Neptune, by alternately halving the
stellar wind density and velocity. 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 conditions 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 (2021a) uses a
3D hydrodynamic model to predict ∼10% fluctuations in
helium absorption over hour-long timescales. These fluctua-
tions, however, change the planetary mass-loss rate by less than
1%. Shear instability, like the impact of the stellar wind, is not
possible to model in 1D.
One final source of variability that has been modeled in the

literature is flares. Flares increase the star’s XUV output, and a
sufficiently long-lasting flare would increase helium absorp-
tion, as predicted by our models. However, depending on the
spectrum of the flare, the immediate effect of a flare might be to
ionize metastable helium and reduce helium absorption. After a
dynamical timescale, when the surge of photoevaporative mass
loss generated by the flare has reached higher altitudes, helium
absorption should increases above baseline (Wang & Dai
2021b). For WASP-69b, the planet simulated by Wang & Dai
(2021b), 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 (2021b) did–new 3D simulations are desirable.

6. Conclusion

Metastable helium observations provide us with a sensitive
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

Figure 5. Excess absorption spectra obtained by the three instruments averaged
over three transits (CARMENES), five transits (GIANO-B), and one transit
(NIRSPEC). CARMENES and GIANO-B spectra are convolved to the
NIRSPEC resolution of 37,500, resulting in the artificial smoothness of the
CARMENES spectrum. These spectra are computed from the end of ingress to
beginning of ingress, unlike Figure 2, which is computed from the beginning of
ingress to end of egress. CARMENES and GIANO-B spectra were kindly
provided by the authors of the respective papers.

Figure 6. Reconstructed stellar spectrum using two methods. The two methods
differ blueward of 1450 Å, where we use Lampón et al. (2021b) for method 1
and our own reconstruction for method 2. Note the large discrepancy in
the EUV.

Figure 7. Relationship between maximum excess absorption depth in our 1D
models and the stellar EUV flux at 1 au. Blue points represent XUV stellar
spectra scaled from the spectrum of Lampón et al. (2021b), while red points
represent XUV spectra scaled from our own spectrum.
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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 observations 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 by
XMM-Newton and 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 hydrostatic
atmosphere of the planet is crucial to understanding mass loss,
and the quantity of atmospheric observations available for HD
189733b make it one of the most promising planets for
understanding mass-loss physics in detail. 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 helium 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 absorption to quantify the mass-loss rates and
population-level properties of other close-in planets.

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. A.O.
gratefully acknowledges support from the Dutch Research
Council NWO Veni grant.

Software:numpy (van der Walt et al. 2011), scipy (Virtanen
et al. 2020), matplotlib (Hunter 2007), TPCI (Salz et al. 2015a).

ORCID iDs

Michael Zhang https://orcid.org/0000-0002-0659-1783
P. Wilson Cauley https://orcid.org/0000-0001-9207-0564
Heather A. Knutson https://orcid.org/0000-0002-5375-4725
Kevin France https://orcid.org/0000-0002-1002-3674
Laura Kreidberg https://orcid.org/0000-0003-0514-1147
Antonija Oklopčić https://orcid.org/0000-0002-9584-6476
Seth Redfield https://orcid.org/0000-0003-3786-3486
Evgenya L. Shkolnik https://orcid.org/0000-0002-
7260-5821

References

Adams, F. C. 2011, ApJ, 730, 27
Addison, B., Wright, D. J., Wittenmyer, R. A., et al. 2019, PASP, 131, 115003

Allart, R., Bourrier, V., Lovis, C., et al. 2019, A&A, 623, A58
Andretta, V., Giampapa, M. S., Covino, E., Reiners, A., & Beeck, B. 2017,

ApJ, 839, 97
Bouchy, F., Udry, S., Mayor, M., et al. 2005, A&A, 444, L15
Bourrier, V., Wheatley, P. J., Lecavelier1 des Etangs, A., et al. 2020, MNRAS,

493, 559
Caldiroli, A., Haardt, F., Gallo, E., et al. 2022, A&A, 663, A122
Cauley, P. W., Kuckein, C., Redfield, S., et al. 2018, AJ, 156, 189
Ferland, G. J., Porter, R. L., van Hoof, P. A. M., et al. 2013, RMxAA, 49, 137
France, K., Fleming, B., Youngblood, A., et al. 2022, JATIS, 8, 014006
France, K., Froning, C. S., Linsky, J. L., et al. 2013, ApJ, 763, 149
Fulton, B. J., & Petigura, E. A. 2018, AJ, 156, 264
Fulton, B. J., Petigura, E. A., Howard, A. W., et al. 2017, AJ, 154, 109
Guilluy, G., Andretta, V., Borsa, F., et al. 2020, A&A, 639, A49
Harrington, J., Himes, M. D., Cubillos, P. E., et al. 2022, PSJ, 3, 80
Hunter, J. D. 2007, CSE, 9, 90
Husser, T.-O., Wende-von Berg, S., Dreizler, S., et al. 2013, A&A, 553, A6
Kasper, D., Bean, J. L., Oklopčić, A., et al. 2020, AJ, 160, 258
Knutson, H. A., Charbonneau, D., Allen, L. E., et al. 2007, Natur, 447, 183
Lampón, M., López-Puertas, M., Czesla, S., et al. 2021a, A&A, 648, L7
Lampón, M., López-Puertas, M., Sanz-Forcada, J., et al. 2021b, A&A,

647, A129
Linsky, J. L., Fontenla, J., & France, K. 2014, ApJ, 780, 61
MacLeod, M., & Oklopčić, A. 2022, ApJ, 926, 226
McCann, J., Murray-Clay, R. A., Kratter, K., & Krumholz, M. R. 2019, ApJ,

873, 89
McCullough, P. R., Crouzet, N., Deming, D., & Madhusudhan, N. 2014, ApJ,

791, 55
Mignone, A., Bodo, G., Massaglia, S., et al. 2007, ApJS, 170, 228
Morello, G., Waldmann, I. P., & Tinetti, G. 2016, ApJ, 820, 86
Nortmann, L., Palle, E., Salz, M., et al. 2018, Sci, 362, 1388
Oklopčić, A. 2019, ApJ, 881, 133
Oklopčić, A., & Hirata, C. M. 2018, ApJL, 855, L11
Pillitteri, I., Micela, G., Maggio, A., Sciortino, S., & Lopez-Santiago, J. 2022,

A&A, 660, A75
Poppenhaeger, K. 2022, MNRAS, 512, 1751
Poppenhaeger, K., Schmitt, J. H. M. M., & Wolk, S. J. 2013, ApJ, 773, 62
Rosenthal, L. J., Fulton, B. J., Hirsch, L. A., et al. 2021, ApJS, 255, 8
Salz, M., Banerjee, R., Mignone, A., et al. 2015a, A&A, 576, A21
Salz, M., Czesla, S., Schneider, P. C., et al. 2018, A&A, 620, A97
Salz, M., Czesla, S., Schneider, P. C., & Schmitt, J. H. M. M. 2016, A&A,

586, A75
Salz, M., Schneider, P. C., Czesla, S., & Schmitt, J. H. M. M. 2015b, A&A,

576, A42
Sanz-Forcada, J., Micela, G., Ribas, I., et al. 2011, A&A, 532, A6
Seager, S., & Sasselov, D. D. 2000, ApJ, 537, 916
Showman, A. P., Fortney, J. J., Lian, Y., et al. 2009, ApJ, 699, 564
Sing, D. K., Pont, F., Aigrain, S., et al. 2011, MNRAS, 416, 1443
Spake, J. J., Sing, D. K., Evans, T. M., et al. 2018, Natur, 557, 68
Steinrueck, M. E., Showman, A. P., Lavvas, P., et al. 2021, MNRAS,

504, 2783
Szabo, G., & Kiss, L. L. 2011, ApJL, 727, L44
van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, CSE, 13, 22
Vidotto, A. A., & Cleary, A. 2020, MNRAS, 494, 2417
Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, NatMe, 17, 261
Wang, L., & Dai, F. 2021a, ApJ, 914, 99
Wang, L., & Dai, F. 2021b, ApJ, 914, 98
Zhang, M., Chachan, Y., Kempton, E. M. R., Knutson, H. A., & Chang, W. H.

2020, ApJ, 899, 27
Zhang, M., Knutson, H. A., Wang, L., et al. 2021, AJ, 161, 181
Zhang, M., Knutson, H. A., Wang, L., et al. 2022b, AJ, 163, 68
Zhang, M., Knutson, H. A., Wang, L., Dai, F., & Barragán, O. 2022a, AJ,

163, 67

7

The Astronomical Journal, 164:237 (7pp), 2022 December Zhang et al.

https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0002-0659-1783
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0001-9207-0564
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-5375-4725
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0002-1002-3674
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0003-0514-1147
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0002-9584-6476
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0003-3786-3486
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://orcid.org/0000-0002-7260-5821
https://doi.org/10.1088/0004-637X/730/1/27
https://ui.adsabs.harvard.edu/abs/2011ApJ...730...27A/abstract
https://doi.org/10.1088/1538-3873/ab03aa
https://ui.adsabs.harvard.edu/abs/2019PASP..131k5003A/abstract
https://doi.org/10.1051/0004-6361/201834917
https://ui.adsabs.harvard.edu/abs/2019A&A...623A..58A/abstract
https://doi.org/10.3847/1538-4357/aa6a14
https://ui.adsabs.harvard.edu/abs/2017ApJ...839...97A/abstract
https://doi.org/10.1051/0004-6361:200500201
https://ui.adsabs.harvard.edu/abs/2005A&A...444L..15B/abstract
https://doi.org/10.1093/mnras/staa256
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493..559B/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493..559B/abstract
https://doi.org/10.1051/0004-6361/202142763
https://ui.adsabs.harvard.edu/abs/2022A&A...663A.122C/abstract
https://doi.org/10.3847/1538-3881/aaddf9
https://ui.adsabs.harvard.edu/abs/2018AJ....156..189C/abstract
https://ui.adsabs.harvard.edu/abs/2013RMxAA..49..137F/abstract
https://doi.org/10.1117/1.JATIS.8.1.014006
https://ui.adsabs.harvard.edu/abs/2022JATIS...8a4006F/abstract
https://doi.org/10.1088/0004-637X/763/2/149
https://ui.adsabs.harvard.edu/abs/2013ApJ...763..149F/abstract
https://doi.org/10.3847/1538-3881/aae828
https://ui.adsabs.harvard.edu/abs/2018AJ....156..264F/abstract
https://doi.org/10.3847/1538-3881/aa80eb
https://ui.adsabs.harvard.edu/abs/2017AJ....154..109F/abstract
https://doi.org/10.1051/0004-6361/202037644
https://ui.adsabs.harvard.edu/abs/2020A&A...639A..49G/abstract
https://doi.org/10.3847/PSJ/ac3513
https://ui.adsabs.harvard.edu/abs/2022PSJ.....3...80H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1051/0004-6361/201219058
https://ui.adsabs.harvard.edu/abs/2013A&A...553A...6H/abstract
https://doi.org/10.3847/1538-3881/abbee6
https://ui.adsabs.harvard.edu/abs/2020AJ....160..258K/abstract
https://doi.org/10.1038/nature05782
https://ui.adsabs.harvard.edu/abs/2007Natur.447..183K/abstract
https://doi.org/10.1051/0004-6361/202140423
https://ui.adsabs.harvard.edu/abs/2021A&A...648L...7L/abstract
https://doi.org/10.1051/0004-6361/202039417
https://ui.adsabs.harvard.edu/abs/2021A&A...647A.129L/abstract
https://ui.adsabs.harvard.edu/abs/2021A&A...647A.129L/abstract
https://doi.org/10.1088/0004-637X/780/1/61
https://ui.adsabs.harvard.edu/abs/2014ApJ...780...61L/abstract
https://doi.org/10.3847/1538-4357/ac46ce
https://ui.adsabs.harvard.edu/abs/2022ApJ...926..226M/abstract
https://doi.org/10.3847/1538-4357/ab05b8
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...89M/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...89M/abstract
https://doi.org/10.1088/0004-637X/791/1/55
https://ui.adsabs.harvard.edu/abs/2014ApJ...791...55M/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...791...55M/abstract
https://doi.org/10.1086/513316
https://ui.adsabs.harvard.edu/abs/2007ApJS..170..228M/abstract
https://doi.org/10.3847/0004-637X/820/2/86
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...86M/abstract
https://doi.org/10.1126/science.aat5348
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1388N/abstract
https://doi.org/10.3847/1538-4357/ab2f7f
https://ui.adsabs.harvard.edu/abs/2019ApJ...881..133O/abstract
https://doi.org/10.3847/2041-8213/aaada9
https://ui.adsabs.harvard.edu/abs/2018ApJ...855L..11O/abstract
https://doi.org/10.1051/0004-6361/202142232
https://ui.adsabs.harvard.edu/abs/2022A&A...660A..75P/abstract
https://doi.org/10.1093/mnras/stac507
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.1751P/abstract
https://doi.org/10.1088/0004-637X/773/1/62
https://ui.adsabs.harvard.edu/abs/2013ApJ...773...62P/abstract
https://doi.org/10.3847/1538-4365/abe23c
https://ui.adsabs.harvard.edu/abs/2021ApJS..255....8R/abstract
https://doi.org/10.1051/0004-6361/201424330
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..21S/abstract
https://doi.org/10.1051/0004-6361/201833694
https://ui.adsabs.harvard.edu/abs/2018A&A...620A..97S/abstract
https://doi.org/10.1051/0004-6361/201526109
https://ui.adsabs.harvard.edu/abs/2016A&A...586A..75S/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...586A..75S/abstract
https://doi.org/10.1051/0004-6361/201425243
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..42S/abstract
https://ui.adsabs.harvard.edu/abs/2015A&A...576A..42S/abstract
https://doi.org/10.1051/0004-6361/201116594
https://ui.adsabs.harvard.edu/abs/2011A&A...532A...6S/abstract
https://doi.org/10.1086/309088
https://ui.adsabs.harvard.edu/abs/2000ApJ...537..916S/abstract
https://doi.org/10.1088/0004-637X/699/1/564
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..564S/abstract
https://doi.org/10.1111/j.1365-2966.2011.19142.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.416.1443S/abstract
https://doi.org/10.1038/s41586-018-0067-5
https://ui.adsabs.harvard.edu/abs/2018Natur.557...68S/abstract
https://doi.org/10.1093/mnras/stab1053
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2783S/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.2783S/abstract
https://doi.org/10.1088/2041-8205/727/2/L44
https://ui.adsabs.harvard.edu/abs/2011ApJ...727L..44S/abstract
https://doi.org/10.1109/MCSE.2011.37
https://ui.adsabs.harvard.edu/abs/2011CSE....13b..22V/abstract
https://doi.org/10.1093/mnras/staa852
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.2417V/abstract
https://doi.org/10.1038/s41592-019-0686-2
https://ui.adsabs.harvard.edu/abs/2020NatMe..17..261V/abstract
https://doi.org/10.3847/1538-4357/abf1ed
https://ui.adsabs.harvard.edu/abs/2021ApJ...914...99W/abstract
https://doi.org/10.3847/1538-4357/abf1ee
https://ui.adsabs.harvard.edu/abs/2021ApJ...914...98W/abstract
https://doi.org/10.3847/1538-4357/aba1e6
https://ui.adsabs.harvard.edu/abs/2020ApJ...899...27Z/abstract
https://doi.org/10.3847/1538-3881/abe382
https://ui.adsabs.harvard.edu/abs/2021AJ....161..181Z/abstract
https://doi.org/10.3847/1538-3881/ac3f3b
https://ui.adsabs.harvard.edu/abs/2022AJ....163...68Z/abstract
https://doi.org/10.3847/1538-3881/ac3fa7
https://ui.adsabs.harvard.edu/abs/2022AJ....163...67Z/abstract
https://ui.adsabs.harvard.edu/abs/2022AJ....163...67Z/abstract

	1. Introduction
	2. Observations
	3. Analysis
	4. Comparison to Published Observations
	4.1. Effect of Stellar Variability on Observed He Transit Depths
	4.2. Potential Evidence for Variability in the Planetary Outflow

	5. Modeling Variability in the Planetary Outflow
	6. Conclusion
	References



