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ABSTRACT

Studying the escaping atmospheres of highly irradiated exoplanets is critical for understanding the

physical mechanisms that shape the demographics of close-in planets. A number of planetary outflows

have been observed as excess H/He absorption during/after transit. Such an outflow has been observed

for WASP-69b by multiple groups that disagree on the geometry and velocity structure of the outflow.

Here, we report the detection of this planet’s outflow using Keck/NIRSPEC for the first time. We

observed the outflow 1.28 hours after egress until the target set, demonstrating the outflow extends at

least 5.8 × 105 km or 7.5 Rp. This detection is significantly longer than previous observations which

report an outflow extending ∼2.2 Rp just one year prior. The outflow is blue-shifted by −23 km s−1

in the planetary rest frame. We estimate a current mass-loss rate of 1 M⊕ Gyr−1. Our observations

are most consistent with an outflow that is strongly sculpted by ram pressure from the stellar wind.

However, potential variability in the outflow could be due to time-varying interactions with the stellar

wind or differences in instrumental precision.
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1. INTRODUCTION

The distribution of exoplanet sizes and orbital dis-

tance encodes key aspects of planet formation physics

such as rocky core growth, the accretion/loss of

gaseous envelopes, orbital migration, and other pro-

cesses. NASA’s Kepler mission revealed that planets

between the size of Earth and Neptune occur at a rate of

∼1 per star (see, e.g., Petigura et al. 2022). In addition,

there are notable ‘deserts’ in the Kepler census. One

such feature is the ‘hot-Neptune desert’, a lack of short-

period 2–8 R⊕ planets (Szabó & Kiss 2011). Another

is the ‘Radius Gap,’ in which we observe a bimodal size

distribution of super-Earths and sub-Neptunes with few

planets in between (1.4 and 2.0 R⊕;Fulton et al. 2017).

One theory explains these ‘deserts’ as a consequence of

photoevaporation (see Owen & Wu 2017 and references

therein), where X-ray and extreme-ultraviolet radiation

(10 eV — 100 keV) heats the the upper layers of planet’s

H/He envelope, which creates a pressure gradient that

drives a Parker-like outflow. Given these theories, any

real-time observations of envelope loss are illuminating.

Early works such as Seager & Sasselov (2000) pro-

posed that a transiting exoplanet with sufficiently strong

absorption features (such as He I 10830 Å) in its atmo-

sphere would be superimposed on the stellar flux passing

through the planet atmosphere above the limb. The first

successful outflow detection was a Lyman-α absorption

during the transit of HD 209458b (Vidal-Madjar et al.

2003).

While Lyman-α presents a large absorption cross sec-

tion, it cannot be observed from the ground because

it is blueward of the UV cutoff of the Earth’s atmo-

sphere. Separately, space-based observations must con-

tend with contamination from the interstellar medium

and geocoronal emission. However, in recent years, ob-

serving the He I 10830 Å absorption line during transit

has emerged as another probe of planetary outflows as

it is sufficiently populated under favorable conditions

(Oklopčić & Hirata 2018). Extreme-ultraviolet (EUV)

(hν = 26–124 eV) photons ionize He I and recombi-

nation efficiently populates the 23S triplet state, which

is metastable and can only decay to the ground state

through forbidden transitions. While EUV photons pop-

ulate the 23S state by supplying He ions, mid-ultraviolet

(mid-UV) (hν = 4.8–10 eV) photons act to depopulate it

through photoionization. Thus, tracing mass-loss with

this method is sensitive to the host star’s SED, specifi-

cally the EUV/mid-UV ratio. Planets orbiting K stars
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fall into this region for optimal for He I 10830 Å observ-

ability (Oklopčić 2019).

The first successful He I 10830 Å detection was made

by Spake et al. (2018), who detected an extended exo-

sphere of the sub-Saturn WASP-107b. Since then, there

has been a flurry of mass-loss detections using He I

10830 Å for close-in planets orbiting late-type stars.

Another early detection was of WASP-69b, a 1.1 RJ ,

0.26 MJ planet that orbits a K5 type host once ev-

ery 3.86 days. Nortmann et al. (2018) previously ob-

served He I 10830 Å absorption in the system with

the CARMENES spectrograph at Calar Alto Observa-

tory. Over 2 nights, Nortmann et al reported a relative

excess He I absorption of 3.59% with a net blue-shift

of −3.58 km s−1. They detected no observable pre-

transit absorption but reported continued absorption for

22 minutes post-transit, which suggests asymmetry in

the outflow geometry resembling a comet-like tail.

In another observation of WASP-69b, Vissapragada

et al. (2020) used an ultra-narrowband filter coupled to

a beam-shaping diffuser on the Wide-field Infrared Cam-

era (WIRC) at Palomar Observatory. They reported an

excess He I absorption of 0.498±0.045% during tran-

sit, which is consistent with previous observations when

considering their bandpass; however, they did not detect

any He I trailing the planet. We note that the photo-

metric observations do not contain velocity information.

In this paper, we provide a new view of the

WASP-69b outflow using Keck/NIRSPEC. Relative to

CARMENES, NIRSPEC collects more photons per

transit, resulting in a higher signal-to-noise (S/N) and

allows for a more detailed examination of the tail geom-

etry and velocity structure.

We describe our Keck/NIRSPEC observations in Sec-

tion 2. We explain the data reduction process in Sec-

tion 3. We characterize the strength, time dependence,

and velocity structure of the outflow in section 4. We

estimate the mass-loss rate in section 5. We discuss

comparisons with previous observations and place our

observations of WASP-69b in the broader context of He

I detections in section 6. Finally, we conclude in section

7 with our interpretation and potential future work on

this system as well as others.

2. OBSERVATIONS

On 2019 July 12 UT, we observed the transit of

WASP-69b (see Table 1 for system parameters) using

Keck/NIRSPEC (McLean et al. 1998; Martin et al.

2018). We used the NIRSPEC-1 filter (λ = 9470–

11210 Å) and the 0.”28 × ”12slit, which provides a re-

solving power of R = 40,000; at the He feature, this

corresponds to ∆λ = 0.3 Å, or ∆v = 7.5 km s−1. Fol-

Table 1. WASP-69b: Physical, Orbital, and System Pa-
rameters

Parameter Unit Value Source*

Teff [K] 4700 ± 50 CB17

Age [Gyr] 7.0 CB17

Fe/H 0.150 ± 0.080 B17

M? [M�] 0.826 ± 0.029 CB17

R? [R�] 0.813 ± 0.028 CB17

v sin(i?) [km s−1] 2.20 ± 0.40 CB17

log g [cm s−2] 4.50 ± 0.15 S17

γ [km s−1] −9.62826 ± 0.00023 A14

Mp [MJ ] 0.2600 ± 0.0185 CB17

Rp [RJ ] 1.057 ± 0.017 CB17

Teq [K] 963 ± 18 CB17

Kp [m s−1] 38.1 ± 2.4 CB17

a [au] 0.04525 ± 0.00075 CB17

a/R? 12.00 ± 0.46 CB17

Tc [BKJD] 915.8334 ± 0.0002 CB17

P [d] 3.8681390 ± 0.0000017 CB17

T14 [hr] 2.23 ± 0.023 CB17

ip [deg] 86.71 ± 0.20 CB17

e 0 CB17

b 0.686 ± 0.023 CB17

∗NOTE - Values referenced come from CB17:
Casasayas-Barris et al. (2017), B17: Bonomo et al. (2017),
S17: Stassun et al. (2017), & A14: Anderson et al. (2014).

lowing previous works, we removed the “thin” blocking

filter to eliminate CCD fringing in the Y-band. On 2022

August 2 UT we observed WASP-69 again using the set

up and reduction listed throughout this paper. How-

ever, due to a time-scheduling error, we did not observe

the transit of WASP-69b. However, this did allow us

to obtain an out-of-transit baseline for WASP-69, which

we use to further constrain He I variability in the stellar

atmosphere. These observations occurred during orbital

phase φ = [−0.30,−0.22] compared to the transit mid-

point at phase of φ = 0.

We scheduled our observations using the ephemeris of

Casasayas-Barris et al. (2017). The transit midpoint oc-

curred at 12:20 UT with ± 2.1 min midpoint uncertainty.

We used the ABBA nod-dithering technique to remove

signal from the background and collected 104 exposures

of WASP-69 with integration times of 149 s from UT

= 09:25 – 14:44. The first observation began 108 min

before ingress when the target was at airmass = 1.44;

the last observation ended when the target was at air-

mass = 1.46. We lost guiding on two frames in the

WASP-69 sequence during egress. Additionally, we ob-

served two nearby rapidly rotating A0V stars for telluric
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Table 2. Observations

Target Observation Date of Start Time End Time Airmass Nobs texp S/N per pix

observation (UT) (UT) range [s] range

HIP102631 Telluric Std 2019-07-12 09:09 09:12 1.36–1.34 4 50 50

WASP-69 Pre-Transit 2019-07-12 09:25 11:06 1.44–1.14 34 149 35–60

WASP-69 In-Transit 2019-07-12 11:09 13:32 1.13–1.19 42 149 50–62

WASP-69 Post-Transit 2019-07-12 13:36 14:47 1.20–1.48 24 149 51–58

HIP105315 Telluric Std 2019-07-12 14:59 15:06 1.6–1.64 4 100 50

WASP-69 Out-of-Transit 2022-08-02 05:58 13:45 1.07–3.47 74 149 25–42

calibration at the beginning and end of the WASP-69 ob-

serving sequence: HIP102631 (airmass = 1.35, v sin(i)

= 142 km s−1) and HIP105315 (B9V, airmass = 1.62,

v sin(i) = 200 km s−1).

3. DATA REDUCTION

We reduced 104 raw observations using the NIRSPEC

Reduction Package, REDSPEC (Kim et al. 2015)1. We

focused on échelle order 70, which encompasses the He

I triplet transition lines. In this work, we adopt a vac-

uum wavelength scale for the He I triplet transitions

(10832.06, 10833.22, and 10833.31 Å). We established

our laboratory wavelength solution using Neon, Argon,

Xenon, and Krypton arc lamps provided by NIRSPEC

website2.

We derived an initial wavelength solution and reduced

each AB and BA nod pair into single, combined 1D

frames. We used the suggested S/N measurement for-

mula for the 2018 NIRSPEC update and report a S/N

of ≈55 per reduced pixel. Due to the target hopping off

of the slit mentioned in the previous section, there is a

small gap of missing data in our time series that occurs

just as the the planet begins egress.

We used REDSPEC to identify bad pixels and cosmic-

ray hits and interpolated over them using a cubic spline.

We used the calibration star spectra to identify telluric

features in the target spectrum and inspect for contam-

ination of the He I profile. We identify nearby H2O

absorption lines at 10835.9 and 10837.8 Å, but they do

not interfere with the absorbing He I band as shown in

Figure 1.

We shifted the spectra to the stellar rest frame by

cross-correlating each spectrum with a PHOENIX stel-

lar template model (Husser et al. 2013) with the follow-

ing parameters: Teff = 4700 K; log(g) = 4.5; [M/H] =

0.0). We masked out the He I absorbing region (10830–

1 https://github.com/Keck-DataReductionPipelines/NIRSPEC-
Data-Reduction-Pipeline

2 https://www2.keck.hawaii.edu/inst/nirspec/lines.html

10835 Å) as well as any telluric features so they do not

influence our spectral registration.

Figure 1. The two calibration stars, HIP102631 (red) and
HIP105315 (orange), are shown here with a slight offset. The
nearby telluric absorption features at 10835.9 and 10837.8 Å
are marked with blue. A representative WASP-69 exposure
is shown in black and conveys the spectral region, instru-
ment resolution, and signal-to-noise ratio. The three dashed
gray lines indicate the He I 10830 Å triplet vacuum rest
wavelengths. The main core of the profile comes from the
10833.22 & 10833.31 Å features, which are blended. The
weaker singlet is located at 10832.06 Å.

We fit the resulting cross-correlation function peaks

with Gaussian profiles and determined velocity shifts for

each spectrum. These shifts ranged from 19 to 21 km s−1

and included barycentric Doppler shifts and instrument

variability. With our observations now shifted into the

stellar rest frame, we co-added the spectra into three dis-

tinct bins: pre-transit, in-transit, and post-transit (see

Table 2). We computed the average spectrum for each

bin and plot the composite spectra and corresponding

shifts in Figure 2. To interpret the outflow with respect

to the WASP-69b, we now calculate the projected veloc-

ity of the planet and shift the spectra into the planetary

rest frame.

4. RESULTS

In Figure 3, we show the normalized pre-transit, in-

transit, and post-transit absorption profiles in the He I

band with respect to the central rest wavelength posi-

tions of the He I triplet. Excess absorption is clearly

visible in-transit and post-transit. The difference in ab-
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Figure 2. Colors in the main panel show the depth of each normalized spectrum relative to a master template made up of
all pre-transit observations, i.e., 1.0 corresponds to no excess absorption. Missing data are gray, and the vertical white lines
encompass the defined He I bandwidth (see Section 2 for further details). The top panel shows the green master spectrum for
WASP-69 and the orange HIP105315 telluric standard spectrum for which we have applied an arbitrary vertical offset for clarity.
Telluric absorption features are indicated with blue vertical lines and coincide with the transient vertical artifacts in the plot.
The right panel shows the velocity shift between the PHOENIX model and each frame.

Figure 3. The He I feature is deeper in-transit (blue spec-
trum) and post-transit (red spectrum) compared to pre-
transit (black spectrum). Gray dashed lines represent the
central rest wavelengths in the stellar rest frame.

sorption depth and width of the bluer wing of the profile

is evident.

In Figure 4, we plot the relative absorption inten-

sity in both the stellar and planetary rest frames. The

first through fourth contact points are shown as well

as the central positions of the He I 10830 Å triplet.

We report an average in-transit absorption depth of

2.7% ± 0.4%. We estimated the uncertainty over the

He I 10830 Å bandwidth [10831.58–10833.99 Å] by mea-

suring the standard deviation of the average normal-

ized intensity in neighboring bins of equal extent in time

and wavelength. This dispersion captures the photon-

counting statistics and instrumental errors associated

with variations in wavelength solution and line profile.

Assuming a spherical outflow geometry, the relative ab-

sorption depth tells us about the extent to which the

extended exosphere is enveloping the planet.

We computed the velocity of the He I triplet by mod-

eling the profile of the line with 3 Gaussians, each

corresponding to the three central wavelengths of the

metastable He I transition. We fixed the relative heights

and wavelength between the transitions and allowed two

parameters to vary: the total depth and the central

wavelength. During the in-transit observations, we de-

tect a net blue-shift of −5.9 ± 1.0 km s−1. This radial

velocity shift in the absorption profile can trace the bulk

velocity structure of the outflowing He I.
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Figure 4. Left: same as Figure 2 but detailing the He I triplet. T1, T2, T3, and T4 label the four transit contact times. The
three white dashed lines represent the expected motion of the He I transition lines in the stellar rest frame due to the predicted
planetary velocity. Right: same as left but shifted into the planetary rest frame. Two separate helium bandpasses used to sum
up the helium light curve are plotted as vertical orange solid line and red dotted lines. The orange vertical lines represent our
preferred bandpass. The red dotted lines are comparable to the bandpass used in other data sets.

We can see that the excess absorption continues for

the entire post-transit sequence (1.28 hr). Furthermore,

the absorbing He I is blue-shifted for the duration of the

transit and accelerates away from the star. This excess

He I absorption post-transit is consistent with a “comet-

like” tail of helium trailing the planet and continuing

to absorb stellar photons while being accelerated away

from the planet and toward the observer due to stellar

winds. As the planet has traveled over 7 Rp beyond

the disk, a continually thinning column of He I is still

detected.

These tails are shaped by stellar winds that interact

with the planetary outflow and redirect material around

the planet, radially away from the star (MacLeod & Ok-

lopčić 2022). McCann et al. (2019) showed that the

degree to which the planetary outflow is shaped is a

function of orbital velocity, intrinsic planetary wind ve-

locity, and stellar wind strength - which can be vari-

able itself. While weak stellar winds cannot confine the

planetary outflow, a strong stellar wind can suppress the

outflow and redirect the majority of the out-gassed ma-

terial into the tail. Observational evidence of this was

first seen in Lyman-α detections, the most extreme for

the hot-Neptune GJ436b (Lavie et al. 2017) which has a

hydrogen tail that continues absorbing for several hours

after the optical transit ends.

The time asymmetry of the absorption profile is con-

sistent with interactions between planetary outflows and

strong stellar winds (MacLeod & Oklopčić 2022). In

general, a planetary outflow will form a bow shock at

the point where the outflow ram pressure ρv2 equals the

ram pressure of the stellar wind. Multiple groups have

shown that for sufficiently strong stellar winds, the plan-

etary outflow can be suppressed below the sonic surface

and completely redirected around the planet and toward

the tail (Wang & Dai 2021a; MacLeod & Oklopčić 2022).

To probe the extent of the absorption, we computed

the equivalent width for the spectral time series. We de-

fined the He I absorbing band [10831.58–10833.99 Å] to

include the full wavelength range where excess absorp-

tion is detected (Figure 2).

We report a maximum equivalent width (EW) just af-

ter mid-transit of 40.7 mÅ ± 6.8 mÅ. During the transit

(T14), we find an average EW of 27.8 mÅ ± 2.5 mÅ.

As shown in Figure 5, the post-transit equivalent width

never returns to the pre-transit baseline. We compute

Figure 5. Equivalent width variations over the course of
the night. The red dashed lines represent the four contact
points, and the horizontal orange dashed line shows the pre-
transit baseline, which is not recovered. The maximal depth
is slightly delayed compared to mid-transit, as predicted by
modeling strong stellar wind interactions that shape plane-
tary outflows.



6

Figure 6. Transit chord and top down view of the WASP-69 system presented to scale. Left: transit chord view from Keck.
The four contact points, T1, T2, T3, and T4 are represented with vertical black dashed lines and the absorbing He I is light blue.
The red dashed line represents the final predicted position of the planet corresponding to the last observation in the spectral
time series after traveling over 7 Rp (1.28 hr) beyond the disk of the star from the perspective of the observer. Right: top-down
view of the system. The He I tail can be seen accelerating toward the observer on the lower right of the panel.

an average EW of 15.4 mÅ ± 3.9 mÅ during the post-

transit phase. Here the time asymmetry can be seen

clearly, and in the last observation (1.28 hr after T4) we

report an EW 5% higher than the pre-transit average.

Simulations show that stellar winds can not only cause

time asymmetry in the relative equivalent width absorp-

tion of the He I feature but also shift the peak of maxi-

mal absorption relative to the optical point of conjunc-

tion (Wang & Dai 2021a; MacLeod & Oklopčić 2022).

After the peak absorption, the decrease in absorption

transitions in to a more gradual return to the pre-transit

baseline that can take several hours.

Assuming a circular orbit, we calculate WASP-69b’s

orbital velocity vorb = 2π ap/P = 127.3 ± 1.5 km s−1.

In the 1.28 hr of post-transit observations that we detect

continued absorption, the planet travels ∼ 5.9 × 105 km.

Assuming all of the helium we are seeing is confined to

a partial annulus at the orbital separation of the planet,

we set a minimum limit on the length of the He I tail

≥ 7.5 Rp. The Roche lobe for WASP-69b is located at

≈ 2.7 Rp but the tail extends well beyond that limit

and is unbound from the gravitational influence of the

planet. A simple diagram of the transit chord can be

seen in Figure 6.

5. MASS-LOSS RATE ESTIMATE

One of the main goals for tracing He I is to quantita-

tively measure mass-loss rates in real time. A detailed

model of this outflow would include effects like Coriolis

force and advection coupled with a 3D radiative transfer

scheme and is beyond the scope of this work (see, e.g.,

Wang & Dai 2021b). Here, we offer two estimates of the

mass-loss rate of WASP-69b: 1) an order-of-magnitude

estimate following the method of Zhang et al. (2022) and

2) an estimate assuming a 1D Parker-like outflow.

5.1. Order of Magnitude

We assumed that most of the planetary outflow is op-

tically thin, which is consistent with the weakness of the

singlet centered near 10832 Å. We then take the optical

depth from star to observer to be

τ(λ) = nHeσλP (λ), (1)

where nHe is the column density of metastable

helium atoms, P (λ) is the line profile with∫ +∞
−∞ P (λ)dλ = 1, and the absorption cross section

is σλ ≡ (πe2glflλ
2
0)/(mec

2). Here, e is the electron

charge, me is the electron mass, gl is the statistical

weight for the lower level, fl is the oscillator strengths

of the three lines (0.059, 0.179, and 0.299, respectively;

Kramida et al. 2022), and λ0 is the rest wavelength of

the absorbing spectral line. Assuming the optically thin

limit where 1− e−τ ≈ τ , we integrate over λ and obtain

the standard equation for equivalent width:

Wλ = Nσλ (2)

Defining the average equivalent width Wavg, we can

solve for the total number of metastable helium atoms

NHe23S by integrating over and dividing by the cross-
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sectional area of the star:

Wavg =
1∫∫
dS

∫∫
WλdS∫∫

WλdS = Wavg

∫∫
dS

NHe23Sσλ = WavgπR
2
∗

NHe23S =
R2
∗mec

2

e2glflλ2
0

Wavg

(3)

Using our calculated EW measurement for Wavg we

calculate NHe23S = 3.1× 1032 which we can convert into

a total amount of helium assuming metastable helium,

comprises 10−6 of total helium nuclei. This fraction as-

sumes an optimistic case that applies to early K-type

stars (as shown in Oklopčić 2019). Assuming primor-

dial mass and number composition ratios for helium to

hydrogen, 3:1 and 9:1 respectively, we estimate the total

mass of the planetary outflow in helium and hydrogen

to be mtot = 1 × 1016 g. With this mass estimate, we

can estimate a total mass-loss rate mtot/τ , where the

replenishment lifetime for observable He I atoms cross-

ing the stellar disk is τ = R?/cs and where cs is the

sound speed. We adopt 10 km s−1 which is consis-

tent with a typical sound speed for planets with these

outflows. Our order-of-magnitude mass-loss estimate is

Ṁ = mtot/τ = 1 M⊕ Gyr−1 or 1.8 × 1011g s−1.

5.2. One-Dimensional Parker Model

As an alternative to our order-of-magnitude estimate,

we use p-winds (Dos Santos et al. 2022) to estimate

a mass-loss rate by fitting a Parker wind model to our

observations. p-winds is an open-source code that im-

plements the 1D model described by Oklopčić & Hirata

(2018) and Lampón et al. (2020) and takes as input the

stellar XUV spectrum and the observed Helium trans-

mission spectrum.

As noted, the 1D model is insufficient for modeling

outflows with significant asymmetry; however, it is a

useful point of comparison to our order-of-magnitude

model and to previous observations. Since the X-ray and

ultraviolet (XUV) spectrum of WASP-69 is not known,

we obtained the MUSCLES XUV spectrum (λ = 10 −
1000 Å, hν = 1200 − 12 eV) of similar star HD85512

(K5) as a proxy for WASP-69. The MUSCLES spectra

are observed XUV fluxes at Earth, which are then scaled

to the appropriate semi-major axis for WASP-69b.

With p-winds, we derived a sound speed of 9 km s−1

at the sonic point, which occurs at ∼ 3 Rp. For a Parker-

type hydrodynamic wind, this effectively represents the

regime where the pressure-driven flow is no longer being

controlled by the planet’s gravity. We derived a temper-

ature in this part of the thermosphere of 9900 ± 900 K.

We found the total fraction of helium in the metastable

state to be 5.4× 10−6, in agreement with the optimistic

case for the environment around a K-type star (Oklopčić

2019). The estimated mass-loss rate for the 1D model

is mtot/τ = 1 M⊕ Gyr−1 (2.0 × 1011 g s−1).

We note as a sanity check that the assumptions made

in our order-of-magnitude estimate are comparable with

the p-winds 1D results. Given the difference in these

approaches, the agreement is better than expected, and

we trust both methods at the order-of-magnitude level.

Assuming a constant orbital distance and stellar out-

put over time, the current mass-loss rate suggests that

WASP-69b has lost ∼ 7 M⊕ over the course of the sys-

tem’s ∼ 7 Gyr lifetime. At the current rate, WASP-69b

(92 M⊕) is not at risk of losing its envelope before the

end of the lifetime of the system.

Figure 7. WASP-69 out-of-transit spectral time series for
2022 August 2. We measure a variability over the He I triplet
band of 0.29% and report an average equivalent width of
0.18 ± 0.03 Å

In the 2022 out-of-transit spectrum for WASP-69,

which can be seen in Figure 7, we measured a variability

over the main core of the stellar He I triplet of 0.29%

throughout the night. These variations fall below our

noise floor. We report a pre-transit EW average in 2019

of 0.23 ± 0.03Å. We compare this to the averaged EW

we measured for the 2022 WASP-69 out-of-transit time

series of 0.18 ± 0.03Å. The absolute difference in EW

between both out-of-transit epochs is 0.05 ± 0.06 Å.

While we do not see any evidence for significant varia-

tion within the night on 2022, this does not rule out more

long-term variability in the stellar He I line, or that the

pre-transit EW from 2019 was partially contaminated

by the ”leading arm” of the planetary outflow.

6. COMPARISON TO PREVIOUS OBSERVATIONS
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Figure 8. The green points show the averaged in-
transit transmission spectrum of He I 10830 Å absorp-
tion. The blue points show the averaged post-transit
transmission spectrum, which is significantly blue shifted
(−23.3 ± 1.0 km s−1). The gray vertical masks cover nearby
telluric features, and the residuals of the models are shown
in the bottom panel.

Our in-transit analysis is consistent with previous

CARMENES observations made by Nortmann et al.

(2018), who reported a blue shift of −3.58 ± 0.23 km s−1

and 3.59 ± 0.19% excess absorption (compared to our

values −5.9 ± 1.0 km s−1 and 2.7 ± 0.4% excess ab-

sorption). We note here that our values are measured

from an average of the entire transit (T14), whereas the

CARMENES values come from the average during T23

when the signal is the strongest. Although our measured

values are in agreement, this difference does result in a

lower reported absorption during our analysis. How-

ever, our post-transit results are inconsistent with their

measurements. Nortmann et al. (2018) reported an av-

erage post-transit absorption of 0.5% and net blue-shift

of −10.7 ± 1.0 km s−1. During the same phase, we de-

tected an average post-transit absorption of 1.5 ± 0.2%

and a net blue-shift of −23.3 ± 0.9 km s−1 (Figure 8).

This is a significant difference and can be seen in the

helium light curve comparison for the post-transit se-

quence in Figure 9. The scatter in the CARMENES

data is much higher than the formal uncertainties. Note

that this visualization is highly dependent on the choice

of bandpass for helium absorption.

CARMENES (R = 80,000) has a higher resolution

than NIRSPEC (R = 40,000), but it is on a 3.5 m tele-

scope and collected 8 times fewer photons per transit.

The 10m Keck II dish allowed us to get significantly

higher S/N per pixel (∼55 compared to ∼18 for the

CARMENES observations), which likely explains the re-

ported differences between our measurements. In Fig-

ure 10 we plot our 2019 He I transmission spectrum

with the 2 nights of data provided by Nortmann et al.

(2018) during T23. The He I 10830 Å triplet is well-

resolved in both sets of observations. When the signal

is the strongest, there is less discrepancy between the

data sets. However, when the He I becomes more dif-

fuse, the S/N differences between the two instruments is

the likely cause for the observed variability in the post-

transit tail length. Vissapragada et al. (2020) reported

comparable S/N per pixel as the CARMENES data set,

so the lack of significant post-transit He I absorption in

the WIRC observations can also be explained by lower

S/N levels.

Figure 9. Helium light curves plotted from this work and
2 nights of CARMENES observations from Nortmann et al.
(2018). The NIRSPEC observations never return to the base-
line post-egress (green). The CARMENES observations do
return to the baseline helium absorption level, at least within
the achieved precision. Note that for the CARMENES data
the point-to-point scatter is significantly higher than the for-
mal uncertainties, which suggests systematic errors or are
simply the effects of a reduced signal with lower S/N. Plotted
in black is the NIRSPEC data, but with a reduced bandpass
that is consistent with the He I bandpass of Nortmann et al.
(2018) [10833.07–10833.47 Å] for a better comparison. Our
preferred bandpass (green points) [10831.58–10833.99 Å] al-
lows us to detect lower levels of He I absorption in the post-
transit sequence due to the high S/N of NIRSPEC. Both
helium bandpasses can be seen plotted in Figure 4

The previous CARMENES observations from Nort-

mann et al. (2018) were used in a 3D Hydrodynamics

model by Wang & Dai (2021b). They reported a mass-

loss rate ∼ 0.5 M⊕ Gyr−1 for WASP-69b but no helium

tail. Those results seem consistent with the data set

they used. Similarly, Vissapragada et al. (2020) report a

mass-loss rate of ∼ 0.2 M⊕ Gyr−1 which they computed

using the same p-winds 1D model that assumes a sym-

metrical planetary outflow (Oklopčić & Hirata 2018).

Our mass-loss rate estimate of 1.0 M⊕ Gyr−1 is higher

than both previous results but within an order of mag-
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Figure 10. He I 10830 Å absorption during T2 − T3

from Nortmann et al. (2018) and this work. For reference,
the resolving limits are plotted for both instruments. The
He I 10830 Å line is clearly resolved in both cases. Thus,
we can rule out instrument resolution-dependent variability
between these data sets.

nitude. We require hydrodynamic 3D-modeling for the

most accurate mass-loss estimate for WASP-69b.

Spake et al. (2021) observed the WASP-107 system

with NIRSPEC and reported similar results to these.

WASP-107b (Mp = 0.1 MJ , Rp = 0.9 RJ) has a 5.7 day

orbital period around a 0.7 M� host star. They reported

continued He I absorption for over an hour post-transit,

which corresponds to a He I tail length of 5.0 × 105 km.

At the time, this was the most dramatic post-transit

He I tail observed. At the lower limit of 5.8 × 105 km,

the tail of WASP-69b is at least that long.

Another common indicator for the extent of He I abun-

dance is the equivalent-height of the absorbing atmo-

sphere (Nortmann et al. 2018). Equivalent-height is a

useful parameter to characterize the radius of the planet

in the He I 10830 Å profile. Equivalent height is defined
as δRp

= (∆dR2
? +R2

p)
1/2 −Rp, where ∆d is the transit

depth in He I. We can compare this equivalent-height to

the lower atmospheric scale height Heq = (kBTeq)/(µg),

where µ = 2.3 × mH which is consistent with a solar

H-He composition, to determine how extended the ab-

sorbing atmosphere is beyond the expected opaque limit

of the atmosphere of a planet with a given temperature.

Figure 11 shows all of the He I 10830 Å detections

that we are aware of in the literature3 and shows the

3 Kohler (2018); Nortmann et al. (2018); Salz et al. (2018); Alonso-
Floriano et al. (2019); Gaidos et al. (2020); Ninan et al. (2020);
Kasper et al. (2020); Vissapragada et al. (2020); dos Santos et al.
(2020); Casasayas-Barris et al. (2021); Paragas et al. (2021);
Spake et al. (2021); Vissapragada et al. (2021); Kirk et al. (2022);
Orell-Miquel et al. (2022); Czesla et al. (2022); Zhang et al.
(2022); Zhang et al. (2023)).

Figure 11. Summary of He I 10830 Å detections.
Equivalent-height δRp is normalized by the atmospheric scale
height Heq and plotted vs. broadband XUV flux the planet
receives. The WASP-69b observations are both colored or-
ange, with the results from this work marked with a star.
Note that the two WASP-69b data points agree when the
transit depth is averaged over the same phase of the tran-
sit. Data for other known He 10830 Å detections taken from
multiple references3.

two WASP-69b detections plotted in orange (this work

indicated with a star). For WASP-69b, using our aver-

age absorption over the full transit (T14) of 2.7 ±0.4%,

we compute δRp
/Heq = 66.1 ± 3.1. We note that our

δRp/Heq estimate is about ∼ 25% less than the value

85.5 ± 3.6 reported by Nortmann et al. (2018), but this

is only due to a choice of when to average over the transit

chord. Nortmann et al. (2018) report the average dur-

ing T23, when the absorption is deeper. Similarly, during

T23 of our time series, we measure an average absorption

depth of 3.6 ± 0.5% and δRp
/Heq = 83.1 ± 3.9. While

we opt to report the standard average absorption over

the course of the whole transit (T14), we note that these

equivalent-height values are in agreement.

Here we highlight a practical limit for the equivalent

height metric as a mode of comparison between He I

absorption detections. Because of the dependence on

transit depth ∆d, instruments with different resolutions

may not derive the same equivalent height for the same

object. As spectral resolution, R = λ
∆λ , increases, spec-

tral features appear narrower and deeper. For lower

resolution, the same feature will become broadened and

shallow. Thus, the transit depth for the same system

can vary across instruments (or with slit width within

the same instrument). However, what will remain con-

stant is the total area under the absorption curve.

We suggest a metric that translates better across ob-

servation and instrument parameters such as ‘equivalent

width time’
∫

EWdt over the full transit/tail duration.

In the case of partial transits, an alternative measure-
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ment that would make sense is equivalent width per unit

orbital phase. This yields a single number that would

normalize comparisons across observations/instruments

in a convenient way. For our observations, we compute∫
EWdt = 297 ± 50 Å s. We did not reanalyze other

existing datasets to compute this quantity, but such an

effort would bring additional clarity into the census of

helium outflows.

Although we can confidently attribute a significant

portion of the observed variability of this system to

differences in S/N between instruments, stellar vari-

ability may also contribute. There are at least three

known sources of stellar variability that could be caus-

ing epoch-dependent variations in the He I transit

depth/morphology/velocity structure.

The first is that the He I 10830 Å feature varies in

the stellar atmosphere. However, this seems unlikely, as

we did not measure significant relative He I absorption

variability in any of our out-of-transit observations for

WASP-69.

The second source of stellar variability could come

from relative changes in output from different parts of

the star’s electromagnetic spectrum. Although the 23S

metastable state is most efficiently populated by the

EUV/mid-U flux ratio of K-type stars like WASP-69,

the extent of variability of those outputs is not well con-

strained. Perhaps the tail is significant, but the fluctu-

ating stellar EUV/mid-UV levels act as a sort of variable

light source behind the outflow, adjusting the contrast

of what regions of it the observer can detect. As the

EUV/mid-UV flux ratio becomes more favorable for the

metastable state, we can see lower regions of column

density, while higher density regions become optically

thick, and vice versa.

A third source of stellar variability could come from

variations in the stellar wind strength. Work by

MacLeod & Oklopčić (2022) on modeling the extended

tail for WASP-107b demonstrates many of the features

we find in our observations: a delayed absorption peak

relative to the optical transit mid-point, an asymmet-

rical He I light curve, and an accelerating blue shift of

gradually decreasing He I absorption hours after egress.

These traits are consistent with interactions of a plan-

etary outflow being suppressed and redirected due to a

strong stellar wind. This would indicate variability in

the physical length of the tail and could explain why we

measured a ≥7.5 Rp length tail compared to 2.2 Rp from

Nortmann et al. (2018) in observations made 1 yr prior.

It is possible that all three of the sources of stellar

variability mentioned above are linked to one another;

they should all vary with overall variations in stellar

activity.

7. CONCLUSION

In this work, we present high-resolution transmission

spectroscopy of the metastable He I 10830 Å absorption

feature for the WASP-69b transit on 2019 July 12 UT.

During the transit (T14) we detect an average relative

helium absorption level of 2.7 ± 0.4% and a net blue

shift of −5.9 ± 1.0 km s−1. These values are consistent

with the in-transit observations from Nortmann et al.

(2018). The absorption signal is also consistent with

Vissapragada et al. (2020).

However, we detect continued post-transit absorption

of He I to an extent which is not seen in the other

observations. This extended absorption lasts for at

least 1.28 hr post-transit and never returns to the pre-

transit baseline. We set a lower limit for the helium tail

≥7.5 Rp.

We attribute most of this variability to the high

S/N per pixel NIRSPEC achieves, allowing the detec-

tion of smaller amounts of He I and over a longer period

of time. While instrumental differences surely play a

role in these discrepancies, variations within the star or

complicated planetary atmosphere dynamics could also

be responsible.

The asymmetry in the helium absorption curve is con-

sistent with an outflow being shaped by a strong stellar

wind and requires 3D hydrodynamic modeling for the

most accurate mass-loss estimate. However we estimate

a mass-loss rate of 1 M⊕ Gyr−1, which we trust within

an order of magnitude.

Repeat observations are valuable to probe any vari-

ability in the outflow properties, especially with differ-

ent instruments. There is likely variability stemming

from multiple sources. Neither stellar wind strength nor

EUV/mid-UV output variability is well understood for

stars other than our Sun, so planetary outflow observa-
tions such as these may be a useful method for studying

and constraining certain types of stellar variability.
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MacLeod, M., & Oklopčić, A. 2022, ApJ, 926, 226,

doi: 10.3847/1538-4357/ac46ce

Martin, E. C., Fitzgerald, M. P., McLean, I. S., et al. 2018,

in Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 10702, Ground-based and

Airborne Instrumentation for Astronomy VII, ed. C. J.

Evans, L. Simard, & H. Takami, 107020A

McCann, J., Murray-Clay, R. A., Kratter, K., & Krumholz,

M. R. 2019, ApJ, 873, 89, doi: 10.3847/1538-4357/ab05b8

McLean, I. S., Becklin, E. E., Bendiksen, O., et al. 1998, in

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 3354, Infrared

Astronomical Instrumentation, ed. A. M. Fowler, 566–578

Ninan, J. P., Stefansson, G., Mahadevan, S., et al. 2020,

ApJ, 894, 97, doi: 10.3847/1538-4357/ab8559
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