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ABSTRACT

Transit surveys indicate that there is a deficit of Neptune-sized planets on close-in orbits. If this

“Neptune desert” is entirely cleared out by atmospheric mass loss, then planets at its upper edge should

only be marginally stable against photoevaporation, exhibiting strong outflow signatures in tracers

like the metastable helium triplet. We test this hypothesis by carrying out a 12-night photometric

survey of the metastable helium feature with Palomar/WIRC, targeting seven gas-giant planets orbiting

K-type host stars. Eight nights of data are analyzed here for the first time along with reanalyses

of four previously-published datasets. We strongly detect helium absorption signals for WASP-69b,

HAT-P-18b, and HAT-P-26b; tentatively detect signals for WASP-52b and NGTS-5b; and do not

detect signals for WASP-177b and WASP-80b. We interpret these measured excess absorption signals

using grids of isothermal Parker wind models to derive mass-loss rates, which are typically around

1010− 1011 g s−1. Our empirically constrained mass-loss rates are in good agreement with predictions

from the 1D hydrodynamical outflow code ATES for all planets except WASP-52b and WASP-80b,

where our data suggest that the outflows are much smaller than predicted. Excluding these two planets,

the outflows for the rest of the sample are consistent with a mean energy-limited outflow efficiency

of ε = 0.41+0.16
−0.13. Even when we make the relatively conservative assumption that gas-giant planets

experience energy-limited outflows at this efficiency for their entire lives, photoevaporation would still

be too inefficient to carve the upper boundary of the Neptune desert. We conclude that this feature

of the exoplanet population is a pristine tracer of giant planet formation and migration mechanisms.

1. INTRODUCTION

The transit and radial velocity techniques have re-

vealed masses and radii for thousands of planets span-

ning a wide range of orbital periods. These surveys in-

dicate that relatively few sub-Jovian planets reside on

close-in orbits. This “Neptune desert” is a robust fea-

ture of the planetary census, which is relatively complete

in this regime (Szabó & Kiss 2011; Beaugé & Nesvorný

2013; Lundkvist et al. 2016). Mazeh et al. (2016) de-

fined boundaries for the Neptune desert by searching

for curves that maximize the contrast between regions
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of the mass-period plane with and without planets. We

plot their definition for the Neptune desert in Figure 1

along with the planetary population observed to date.

Given its close-in location, it is natural to wonder

whether the desert might have been created by atmo-

spheric mass loss (e.g. Youdin 2011; Beaugé & Nesvorný

2013; Kurokawa & Nakamoto 2014; Ionov et al. 2018;

Owen & Lai 2018). Planets with short orbital periods

are subjected to intense amounts of high-energy radia-

tion that can drive atmospheric outflows (Owen 2019).

The resulting atmospheric mass-loss rates can be large,

especially for planets orbiting young stars, which emit

proportionally more of their energy in high-energy pho-

tons. If close-in gas-giant planets formed in situ (e.g.

Batygin et al. 2016) or arrived at their present-day lo-

cations relatively early (∼10 Myr) via disk migration
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Figure 1. Transiting exoplanets with fractional mass uncer-
tainties of less than 30%, with the dashed lines indicating the
Neptune desert boundaries from Mazeh et al. (2016). Plan-
ets orbiting stars with 4000 K< Teff < 5400 K are colored
blue, and the seven targets constituting our sample are out-
lined with red stars. The point opacity scales inversely with
the stellar J magnitude.

(e.g. Ida & Lin 2008), they might have experienced a pe-

riod of strong photoevaporation (e.g. Murray-Clay et al.

2009). Hot Neptunes typically have lower gravitational

potentials than their Jovian counterparts, making them

more susceptible to photoevaporation and/or Roche

lobe overflow (Kurokawa & Nakamoto 2014; Valsecchi

et al. 2015; Koskinen et al. 2022). This means that

Jupiters could survive at orbital separations where most

Neptunes would be destroyed.

If this population of close-in giant planets instead ar-

rived at their present locations relatively late (∼Gyr)

via dynamical interactions with other bodies in their

systems (Rasio & Ford 1996), we would expect pho-

toevaporation to play a relatively minor role in their

long-term evolution. In this scenario, planets under-

going high-eccentricity migration circularized onto or-

bits with final semimajor axes of a ≈ 2rperi, where rperi

is the pericenter distance when the eccentricity e ∼ 1.

Neptune-mass planets with small present-day semimajor

axes would have had pericenter passages inside the stel-

lar tidal disruption radius, whereas Jupiter-mass planets

would survive at comparable separations (Ford & Rasio

2006; Guillochon et al. 2011; Matsakos & Königl 2016;

Owen & Lai 2018).

Our ability to explain the Neptune desert is thus

intimately linked to our understanding of the origins

of close-in giant planets (Dawson & Johnson 2018).

Unfortunately, previous studies have found it difficult

to differentiate between atmospheric escape and high-

eccentricity migration as explanations for this feature.

Depending on their assumptions about the energy-

limited mass-loss efficiency, stellar X-ray and ultraviolet

(XUV) flux, initial star-planet separation, and pressure

at the XUV photobase, some published studies suggest

that sub-Jovian planets near the upper edge of the desert

are stable against evaporation, while other suggest that

they experience runaway envelope escape (Kurokawa &

Nakamoto 2014; Ionov et al. 2018; Owen & Lai 2018; Rao

et al. 2021). High-eccentricity migration models also

have their own uncertainties, most notably the assumed

tidal quality factor, the initial star-planet separation,

and the eccentricity excitation mechanism (Matsakos &

Königl 2016; Owen & Lai 2018). Previous observational

studies have used the orbital properties and multiplicity

of hot Jupiter systems to constrain the fraction of hot

Jupiters that might have formed via high-eccentricity

migration (e.g. Winn et al. 2010; Knutson et al. 2014;

Dawson et al. 2015; Ngo et al. 2016; Rice et al. 2022).

Although it appears unlikely that all hot Jupiters formed

this way, such planets almost certainly comprise a subset

of the hot Jupiter population (see the review by Dawson

& Johnson 2018).

Observations of atmospheric escape can provide a

complementary basis to differentiate between these sce-

narios for the origin of the Neptune desert. If at-

mospheric escape is indeed the mechanism that clears

the Neptune desert, planets at its edge would have

been marginally stable against photoevaporation. These

planets would therefore be expected to exhibit relatively

strong outflow signatures, even given the reduced XUV

fluxes of their middle-aged host stars. Recent studies

have demonstrated that the metastable helium triplet

can be used to detect and characterize planetary out-

flows for close-in transiting planets (Spake et al. 2018;

Oklopčić & Hirata 2018). Unlike the Lyman-α tran-

sit depth – which is controlled not by the planetary

mass-loss rate, but by the distance neutral hydrogen
atoms can travel before they are photoionized (Owen

et al. 2021) – the metastable helium absorption am-

plitude probes low-velocity thermospheric gas near the

wind-launching radius. This means that it can be read-

ily modeled using a one-dimensional isothermal Parker

wind to infer a mass-loss rate (Oklopčić & Hirata 2018;

Lampón et al. 2020). Although uncertainties in the as-

sumed incident XUV spectrum, outflow temperature,

and outflow composition limit our ability to predict the

metastable helium population in the Parker wind model,

we can still constrain present-day mass-loss rates well

enough for planetary evolution studies. This is espe-

cially true when we incorporate additional information

like line shapes and energetics (dos Santos et al. 2022;

Vissapragada et al. 2022).
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We recently installed a narrowband filter centered on

the metastable helium line (Vissapragada et al. 2020b)

in the Wide-field InfraRed Camera (WIRC; Wilson et

al. 2003) at the Hale 200-inch Telescope at Palomar Ob-

servatory. We commissioned this new observing mode

by confirming the outflow of WASP-69b, finding an ab-

sorption signal commensurate with spectroscopically re-

solved observations by Nortmann et al. (2018). As part

of this same study we also observed a transit of WASP-

52b but did not detect a strong signal. We have since

used this same observing mode to detect an atmopsh-

eric outflow from HAT-P-18b (Paragas et al. 2021) and

found a tentative evidence for an outflow from the young

planet V1298 Tau d (Vissapragada et al. 2021).

From 2019-2021, we used our narrowband helium

photometer to survey the metastable helium line in a

seven-planet sample near the upper edge of the Nep-

tune desert. There are currently ten published helium

detections in the literature: WASP-107b (Spake et al.

2018; Allart et al. 2019; Kirk et al. 2020; Spake et al.

2021), HAT-P-11b (Allart et al. 2018; Mansfield et al.

2018), WASP-69b (Nortmann et al. 2018; Vissapragada

et al. 2020b), HD 209458b (Alonso-Floriano et al. 2019),

HD 189733b (Salz et al. 2018; Guilluy et al. 2020), GJ

3470b (Palle et al. 2020; Ninan et al. 2020), HAT-P-18b

(Paragas et al. 2021), HAT-P-32b (Czesla et al. 2021),

TOI-560.01 (Zhang et al. 2022), and GJ 1214b (Orell-

Miquel et al. 2022). These observations, along with

many non-detections and tentative detections in the lit-

erature, span wide ranges in planetary mass and ra-

dius, stellar spectral type and activity level, system age,

observing methodology, and data reduction technique.

This heterogeneity can obfuscate underlying trends in

the data, because the measured helium absorption sig-

nal depends on a variety of factors that all vary across

the sample. We therefore focus on a uniformly selected

sample of helium observations obtained with Palomar to

search for trends in measured mass-loss rates for planets

at the upper edge of the Neptune desert.

In this work we present the results of our survey, in-

cluding a re-analysis of the published transit observa-

tions from Vissapragada et al. (2020b) and Paragas et

al. (2021). We also present new observations of an addi-

tional eight transits for five planets: WASP-52b, WASP-

80b, WASP-177b, HAT-P-26b, and NGTS-5b. In Sec-

tion 2, we describe our sample selection methodology as

well as our observation and data reduction procedures.

In Section 3, we summarize our observations and present

helium-band light curves for each of our seven targets.

In Section 4, we model each of our light curves using a

one-dimensional isothermal Parker wind model to con-

strain the planetary mass-loss rates. We discuss the im-

plications of our results for the population-level picture

of atmospheric escape in Section 5, and summarize our

conclusions in Section 6.

2. OBSERVATIONS

2.1. Sample Selection

To construct our survey sample, we searched the

NASA Exoplanet Archive (Akeson et al. 2013) for tran-

siting giant (R > 4R⊕) planets with measured masses

orbiting K-type host stars (T? = 4000−5400 K). Planets

orbiting K-type stars are predicted to have the largest

fractional metastable helium populations, and therefore

to exhibit the strongest helium absorption signatures

during transit (Oklopčić 2019; Wang & Dai 2021a). This

is because K stars have relatively high EUV fluxes,

which populate the metastable state via ground-state

ionization and subsequent recombination, and relatively

low mid-UV fluxes, which ionize and depopulate the

metastable state. A large fraction of the EUV flux also

comes from coronal iron lines, and Poppenhaeger (2022)

highlighted that this consideration also favors K stars

for helium studies. The stellar spectral type gives only

an approximate expectation for the high-energy spec-

trum of the star however, and the discovery of a strong

helium signature for HAT-P-32b (a gas-giant planet or-

biting an F star) is a reminder that other stars with

favorable spectral energy distributions (SEDs) can also

exhibit strong signals regardless of their spectral type

(Czesla et al. 2021). Nevertheless, the bulk of planets

with detected outflows in the literature orbit K stars.

We used this initial sample to create a rank-ordered

list based on predicted signal-to-noise ratio (SNR). We

estimated the SNR by first calculating lower atmo-

spheric planetary scale heights using masses, radii, and

equilibrium temperatures from the NASA Exoplanet

Archive with a mean molecular weight of 2.3 amu. We

then assumed that a typical helium absorption extends

85.5 lower atmospheric scale heights at the core of the

helium feature, corresponding to the magnitude of the

measured excess absorption signal for WASP-69b (Nort-

mann et al. 2018). We selected this planet as a bench-

mark simply because it was among the first published

measurements of a planetary helium line at high resolv-

ing power, but a different choice for the signal amplitude

would not have affected the relative rankings. Assuming

a line shape similar to that observed by Nortmann et al.

(2018), we convolved the expected absorption features

with our measured filter transmission profile to get a

Palomar/WIRC signal estimate. We calculated the ex-

pected photometric noise for each observation by scaling

on-sky noise statistics from previous observations (Vis-

sapragada et al. 2020a,b) to the 2MASS J magnitudes
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Table 1. Stellar and planetary parameters for sample selected in this work .

Star J mag T? (K) R? (R�) M? (M�) log(R′HK) Mp (MJ) Rp (RJ) ρp (g cm−3) P (d) a (au) Reference

WASP-69 8.0 4715+50
−50 0.813+0.028

−0.028 0.826+0.029
−0.029 -4.54 0.260+0.017

−0.017 1.057+0.047
−0.047 0.291+0.041

−0.041 3.87 0.045 A14

WASP-52 10.6 5000+100
−100 0.79+0.02

−0.02 0.87+0.03
−0.03 -4.4 0.459+0.022

−0.021 1.27+0.03
−0.03 0.29+0.03

−0.03 1.75 0.027 H13

HAT-P-18 10.8 4803+80
−80 0.749+0.037

−0.037 0.770+0.031
−0.031 -4.73 0.197+0.013

−0.013 0.995+0.052
−0.052 0.25+0.04

−0.04 5.51 0.056 H11a, V22

WASP-80 9.2 4143+92
−94 0.586+0.017

−0.018 0.577+0.051
−0.054 -4.04 0.538+0.035

−0.036 0.999+0.030
−0.031 0.717+0.039

−0.032 3.07 0.034 T15, F21

WASP-177 10.7 5017+70
−70 0.885+0.046

−0.046 0.876+0.038
−0.038 – 0.508+0.038

−0.038 1.58+0.66
−0.36 0.172+0.203

−0.110 3.07 0.040 T19

HAT-P-26 10.1 5079+88
−88 0.788+0.098

−0.043 0.816+0.033
−0.033 -4.99 0.059+0.007

−0.007 0.565+0.072
−0.032 0.40+0.10

−0.10 4.23 0.048 H11b

NGTS-5 12.1 4987+41
−41 0.739+0.014

−0.012 0.661+0.068
−0.061 -4.63 0.229+0.037

−0.037 1.136+0.023
−0.023 0.193+0.032

−0.034 3.36 0.038 E19

Note—J magnitudes are taken from 2MASS (Cutri et al. 2003). Orbital periods and semimajor axes are truncated with errors omitted for clarity.
In the references column, A14 is Anderson et al. (2014), H13 is Hébrard et al. (2013), H11a is Hartman et al. (2011a), V22 is Vissapragada et al.
(2022), T15 is Triaud et al. (2015), F21 is Fossati et al. (2021), T19 is Turner et al. (2019), H11b is Hartman et al. (2011b), and E19 is Eigmüller
et al. (2019). The log(R′HK) value for NGTS-5b was calculated using an S-value from P. Eigmüller (private communication).

for each host star. From the resulting rank-ordered list,

we removed two targets with extensive previous obser-

vations (WASP-107b and HD 189733b; Salz et al. 2018;

Spake et al. 2018; Allart et al. 2019; Guilluy et al. 2020;

Kirk et al. 2020; Spake et al. 2021) and one target that

lacked nearby comparison stars, which are required for

our photometric observation technique, and had an ex-

ceptionally long transit duration (KELT-11b).

We were able to obtain observing time for eight of

the highest-priority targets, one of which (HAT-P-12b)

we did not ultimately observe due to telescope closures

and poor weather conditions. In Table 1, we present

the stellar and planetary parameters for the remaining

seven targets constituting our sample. All of the new

targets in our sample except for NGTS-5b (a relatively

recent discovery) were independently identified by Kirk

et al. (2020) as good candidates for metastable helium

observations. These seven planets lie near the edge of

the Neptune desert, visualized in Figure 1. HAT-P-26b

is close to the lower edge of the desert, and the other six

planets trace the upper edge.

2.2. Palomar/WIRC Observations

From 2019–2021, we observed transits for the seven

targets in our sample over 12 nights. We summarize

these observations in Table 2. All transits were ob-

served in a custom metastable helium filter centered at

1083.3 nm with a full-width at half-maximum (FWHM)

of 0.635 nm, previously introduced in Vissapragada et al.

(2020b). Each observation followed a similar sequence

to that described in our previous papers (Vissapragada

et al. 2020b; Paragas et al. 2021; Vissapragada et al.

2021). We began each night by observing a helium arc

lamp through the helium filter, allowing us to position

the target star where the effective transmission func-

tion of the filter was centered on the helium feature.

The exact positioning within this region was selected to

maximize the number of suitable comparison stars; the

number of comparison stars for each night is noted in

Table 2. On most nights, after acquiring and position-

ing the target star we used a custom NIR beam-shaping

diffuser to mold the PSF into a top-hat 3′′ in diameter,

allowing for precise control of time-correlated systemat-

ics (Stefansson et al. 2017; Vissapragada et al. 2020a).

The only exception was our observation of HAT-P-18b

on UT 2020 Jun 05. Weather conditions were poor that

night, and we chose to slightly defocus the telescope to

1.′′2 instead of using the diffuser in order to minimize

the sky background flux in our photometric aperture.

As described in Vissapragada et al. (2020b), the center

wavelength of the filter shifts across the field of view,

and the resulting sky background is highly structured

with bright rings corresponding to OH emission features.

To correct for the structured background, we obtained

a number of dithered background frames on each night

(noted in Table 2).

2.3. Data Reduction

We dark-corrected and flat-fielded each image, and

then corrected detector cosmetics including bad pix-

els and residual striping (for a more detailed descrip-

tion, see Vissapragada et al. 2020a). To subtract the

sky background from each science frame, we first con-

structed a background frame from the aforementioned

dither sequence. Then, we sigma-clipped the science

frame to remove sources, and finally we median-scaled

the dither frame to match the science frame in 10 px

radial steps from the “zero-point”, which is where light

encounters the filter at normal incidence (Vissapragada

et al. 2020b). We demonstrated in Paragas et al. (2021)

that these scaling factors can also be used to decorre-

late the time-varying water absorption, which can oth-

erwise contaminate the transit signal. The OH line at

1083.4 nm overlaps with nearby water features at the

resolution of our filter, and its flux evolves differently

over the night relative to the uncontaminated OH lines.
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Table 2. Summary of Palomar/WIRC observations analyzed in this work .

Planet Date Start Time End Time nexp texp (s) Start/Min/End Airmass ncomp ndither rphot (px) σ [%] σ/σphot

WASP-69b 2019 Aug 16 04:26:06 11:01:00 345 60 1.73/1.28/2.52 4 4 10 0.24 2.2

WASP-52b 2019 Sep 17 03:16:57 11:14:49 291 90 2.04/1.10/1.97 4 4 7 0.70 1.4

HAT-P-18b 2020 Jun 05 05:03:30 10:41:41 207 90 1.24/1.00/1.21 4 4 7 1.15 1.9

HAT-P-18b 2020 Jul 08 05:06:57 11:03:26 217 90 1.01/1.00/2.33 6 4 11 0.82 1.2

WASP-80b 2020 Jul 09 05:20:35 11:28:27 311 60 2.05/1.23/1.61 5 26 8 0.56/0.54 2.3/2.1

WASP-52b 2020 Aug 04 05:48:11 11:03:11 192 90 2.33/1.10/1.13 3 6 11 0.87 1.4

WASP-177b 2020 Oct 02 03:01:32 08:53:57 215 90 1.50/1.22/2.06 2 4 9 0.73 1.2

HAT-P-26b 2021 Feb 18 08:19:21 12:48:06 165 90 2.03/1.15/1.17 1 4 12 1.80 2.8

NGTS-5b 2021 Apr 30 05:56:31 11:31:18 204 90 1.30/1.13/1.82 1 7 8 3.80 1.7

HAT-P-26b 2021 May 01 04:34:13 11:40:54 260 90 1.53/1.15/2.53 2 5 12 0.81 1.6

HAT-P-26b 2021 May 18 04:20:36 10:29:36 225 90 1.30/1.15/2.44 2 7 9 0.61 1.4

NGTS-5b 2021 May 27 04:25:11 10:20:52 217 90 1.26/1.13/2.27 1 7 8 2.5 1.5

Note—In the column headers, nexp refers to the total number of exposures, texp is the exposure time, ncomp is the number of comparison stars,
ndither is the total number of dither frames used in constructing the background, rphot is the radius of the circular aperture used in the photometric
extraction, σ is the rms scatter of the residuals to our final light-curve fit, and σ/σphot is the ratio of the rms scatter to the photon noise limit.
The two σ and σ/σphot values for the WASP-80b observation indicate the noise before and after the instrument was reset. All dates and times
are UT.

By taking the ratio of scaling factors in the contami-

nated and uncontaminated OH lines, we can construct

a proxy for the time-varying water absorption. This

proxy is included as a covariate in our light-curve fits.

We performed aperture photometry on each source

using the photutils package, following the procedure

detailed in Vissapragada et al. (2020b). We tested aper-

tures from 3 to 15 pixels (0.′′75–3.′′75) in radius for each

transit observation. We allowed the locations of the

apertures to shift (separately for each star) from image

to image to account for variations in telescope point-

ing. We found that the pointing variations were smaller

than 1′′ across all datasets except for our observation

of WASP-80b on UT 2020 Jul 09, where the instrument

crashed during the observation and had to be reset. We

included the centroid offsets as covariates in our light-

curve fits along with the airmass curves. To select the

optimal aperture for use in light-curve modeling, we first

normalized the target star’s light curve by an average of

the comparison star light curves, and subsequently re-

moved 4σ outliers using a moving median filter. We

then selected the aperture size that minimized the per-

point rms scatter in the averaged and moving-median-

corrected target star photometry. The optimized aper-

ture sizes are noted in Table 2.

2.4. Light-curve Modeling

After calculating the optimized photometry for each

transit observation along with the corresponding decor-

relation vectors (airmass, centroid offset, and absorption

proxy), we proceeded to fit the transit light curves us-

ing exoplanet (Foreman-Mackey et al. 2021a,b). Our

procedure is similar to that described in Paragas et al.

(2021) and Vissapragada et al. (2021). Briefly, each tar-

get light curve is modeled with a limb-darkened starry

transit light curve (Luger et al. 2019), which is multi-

plied by a systematics model. The transit light curve is

parameterized by the radius ratio Rp/R?, the orbital pe-

riod P , the epoch T0, the scaled semi-major axis a/R?,

the impact parameter b, and the quadratic limb darken-

ing coefficients (u1, u2).

We experiment with leaving the limb darkening co-

efficients free (sampling them using the approach from

Kipping 2013) and fixing them to values computed from

ldtk (Husser et al. 2013; Parviainen & Aigrain 2015).

Both approaches have advantages and drawbacks. Us-

ing the computed values can be advantageous for faint

stars, where the precision on the transit shape is too low

for our data to constrain the limb darkening themselves.

On the other hand, the PHOENIX models (Husser et al.

2013) underlying ldtk may not accurately describe the

stellar brightness profile in the helium line because the

line is formed in the chromosphere. For some stars in our

sample, we observe mismatches between the ldtk cal-

culations and the retrieved limb darkening parameters;

this could either be due to strong stellar limb darkening

or an optically-thin component of the outflow altering

the transit shape and biasing the inference for the ob-

served limb darkening parameters (e.g. MacLeod & Ok-

lopčić 2022; Wang & Dai 2021a,b). Therefore, we repeat

the fits for each planet leaving the limb darkening co-

efficients free and holding them fixed to the calculated

values, and adopt the fixed solution when it agrees with

the free retrieval or when the free retrieval is otherwise

uninformative on the limb darkening coefficients. We

show how the posteriors on the limb darkening coeffi-

cients compare to the calculated values in Appendix A.
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We fix the eccentricities to zero in our fits; none of

the planets in our sample are known to have eccen-

tric orbits, although we note that there is tentative evi-

dence (1-2σ) that HAT-P-18b and HAT-P-26b may have

small but non-zero orbital eccentricities (Hartman et al.

2011a,b; Wallack et al. 2019). We modeled the system-

atics as a linear combination of comparison star light

curves and decorrelation vectors, with the weights left

as free parameters in each fit. We also included the

mean-subtracted BJD times as a decorrelation vector,

which functions as a linear baseline. Each weight was

assigned a uniform prior of U(−2, 2). We list the rest of

the priors for the transit light-curve modeling in Table 3.

After defining the model, we sampled the posterior

distributions for each model parameter using the No U-

Turn Sampler (NUTS Hoffman & Gelman 2011) imple-

mented in pymc3 (Salvatier et al. 2016). In each light-

curve fit, we ran four chains for 1,500 tuning steps each

before taking 2,500 draws. This resulted in a total of

10,000 draws, which we used to derive the final results.

When performing joint fits across multiple nights of

WIRC data, we doubled the number of tuning steps and

draws. We verified the convergence of each fit by visu-

ally inspecting the trace plots to ensure that the chains

were well-mixed, and also by checking that the Gelman-

Rubin statistic (Gelman & Rubin 1992) was R̂ � 1.01

for every sampled parameter.

In addition to the comparison star photometry, each

night of data has three additional covariates as described

in Section 2.3: the airmass curve, the water absorption

proxy, and the centroid offsets. We determined which of

these covariates to include in the final model by repeat-

ing the fit with every combination of these three param-

eters and calculated the Bayesian Information Criterion

(BIC; Schwarz 1978) for each fit:

BIC = k lnn− 2 ln L̂, (1)

where k is the number of fit parameters, n is the number

of data points, and L̂ is the maximum likelihood esti-

mate, or MLE. We report the differences in BIC (∆BIC)

between each fit and a fit with no additional covariates

in Appendix B, and select the model with the minimal

BIC. Because pymc3 takes a fully Bayesian approach,

we actually obtain an estimate of the maximum a pos-

teriori (MAP) solution, and the likelihood at this point

can differ from the MLE when the priors are informa-

tive. To ensure that our model selection is not strongly

impacted by this difference, we also consider the two

Bayesian model selection methodologies provided by the

arviz package: the Pareto-smoothed importance sam-

pling leave-one-out statistic (PSIS-LOO; Vehtari et al.

2017) and the Watanabe-Akaike Information Criterion,

sometimes referred to as the Widely Applicable Infor-

mation Criterion (WAIC; Watanabe 2010). Both are

methods for evaluating the out-of-sample predictive ac-

curacy of a model, and more detailed comparisons be-

tween these statistics and the BIC can be found in e.g.

Gelman et al. (2014). For each dataset, we verified that

the detrending model with the lowest BIC also had the

highest PSIS-LOO and WAIC values (within the un-

certainties reported by arviz), indicating the highest

predictive accuracy.

After selecting optimized detrending models for each

night of data, we obtained final fits for each planet, in

some cases jointly fitting multiple nights of data. In the

final version of the fits we also included a jitter term on

each night log(σextra), which quantifies the discrepancy

between the photon noise and the true variance in the

data (i.e. σ2 = σ2
photon + σ2

extra). Final σ values for each

light curve are provided in Table 2, as well as the ratio

σ/σphot between the achieved rms and the photon noise

in the unbinned residuals. Allan deviation plots for each

light curve are presented in Appendix C.

We summarize the resulting posteriors for our light-

curve fits in Table 4. In this table, we also report the

excess absorption at mid-transit, δmid. To derive this

parameter, we first construct a comparison light curve

at each step in the fit using the radius ratio measured

in a nearby bandpass along with our transit shape and

limb darkening parameters. We then subtract the mini-

mum value of the comparison light curve from the min-

imum value of our helium light curve at each step in

the fit to obtain a distribution of δmid values, which

is summarized in Table 4. To construct the compar-

ison light curves for WASP-69b, WASP-52b, HAT-P-

18b, WASP-80b, and HAT-P-26b, we used the radius

ratios from HST/WFC3 G141 between 1110.8 nm and

1141.6 nm obtained by (Tsiaras et al. 2018). WASP-

177b and NGTS-5b are relatively recent discoveries and

have not been observed by HST ; for the former planet,

we fit jointly with existing TESS (bandpass between

600 nm–1000 nm) observations of this system, and for

the latter planet we use the reported radius ratio from

NGTS (an average across optical and NIR wavelengths;

Eigmüller et al. 2019) since TESS has not yet observed

the system.

3. RESULTS FOR INDIVIDUAL PLANETS

3.1. WASP-69b

WASP-69b is a Saturn-mass (0.26MJ), Jupiter-sized

(1.06RJ) planet in a 3.87 day orbit around its K5 host

star (Anderson et al. 2014). Its low gravitational po-

tential makes it an excellent target for atmospheric ob-

servations. To date, observations of this planet’s lower
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Table 3. Priors for the transit light-curve fits.

Planet P (days) T0 (BJD - 2450000) b a/R? WIRC Rp/R? References

WASP-69b N (3.8681390, 0.0000006) N (7176.17789, 0.00017) N (0.686, 0.023) N (12.00, 0.46) U(0., 0.25) A14, K22

WASP-52b N (1.74978119, 0.00000010) N (6770.05972, 0.00004) N (0.60, 0.02) N (7.38, 0.11) U(0., 0.25) H13, K22

HAT-P-18b N (5.5080300, 0.0000008) N (7276.25646, 0.00010) N (0.352, 0.057) N (16.39, 0.24) U(0., 0.25) K17, K22

WASP-80b N (3.06785271, 0.00000019) N (6671.49615, 0.00004) N (0.215, 0.022) N (12.63, 0.13) U(0., 0.25) T15, K22

WASP-177b N (3.071722, 0.000001) N (7994.37140, 0.00028) N (0.980, 0.092) N (9.610, 0.530) U(0., 0.4) T19

HAT-P-26b N (4.2345002, 0.0000007) N (6892.59046, 0.00010) N (0.303, 0.122) N (13.06, 0.83) U(0., 0.25) H11, K22

NGTS-5b N (3.3569866, 0.0000026) N (7740.35262, 0.00026) N (0.653, 0.048) N (11.111, 0.32) U(0., 0.4) E19

Note—U(a, b) indicates a uniform prior between a and b and N (a, b) indicates a normal prior with mean a and standard deviation b. In the
References column, A14 is Anderson et al. (2014), K22 is Kokori et al. (2022), H13 is Hébrard et al. (2013), K17 is Kirk et al. (2017), T15 is
Triaud et al. (2015), T19 is Turner et al. (2019), H11 is Hartman et al. (2011b), and E19 is Eigmüller et al. (2019).

Table 4. Posteriors for the light-curve fits.

Planet LDC P (days) T0 (BJD − 2450000) b a/R? WIRC Rp/R? u1 u2 δmid (%)

WASP-69b free 3.86813899+0.00000053
−0.00000054 7176.17789+0.00017

−0.00016 0.679+0.019
−0.019 11.64+0.28

−0.28 0.1462+0.0026
−0.0025 0.47+0.33

−0.30 0.20+0.40
−0.42 0.506+0.068

−0.066

fixed 3.86813940+0.00000051
−0.00000052 7176.17797+0.00016

−0.00016 0.691+0.017
−0.017 11.79+0.27

−0.28 0.1467+0.0017
−0.0017 0.38 0.12 0.512+0.049

−0.048

WASP-52b free 1.749781181+0.000000099
−0.000000099 6770.05972+0.000040

−0.000040 0.596+0.018
−0.018 7.40+0.10

−0.10 0.1728+0.0038
−0.0039 0.26+0.28

−0.19 0.12+0.31
−0.25 0.28+0.14

−0.14

fixed 1.749781183+0.000000099
−0.000000099 6770.059719+0.000039

−0.000040 0.594+0.017
−0.016 7.373+0.096

−0.096 0.1729+0.0035
−0.0036 0.35 0.12 0.29+0.13

−0.13

HAT-P-18b free 5.50802974+0.00000078
−0.00000077 7276.256448+0.000099

−0.000098 0.365+0.047
−0.049 16.44+0.23

−0.23 0.1567+0.0046
−0.0047 0.67+0.29

−0.32 0.08+0.41
−0.37 0.70+0.16

−0.16

fixed 5.50802973+0.00000077
−0.00000077 7276.256446+0.000099

−0.000097 0.412+0.040
−0.041 16.54+0.23

−0.23 0.1624+0.0035
−0.0036 0.38 0.12 0.84+0.13

−0.13

WASP-80b free 3.06785259+0.00000019
−0.00000018 6671.49614+0.00004

−0.00004 0.216+0.022
−0.022 12.66+0.12

−0.12 0.1708+0.0055
−0.0055 0.40+0.36

−0.27 0.21+0.38
−0.40 −0.01+0.23

−0.22

fixed 3.06785259+0.00000019
−0.00000018 56671.496140+0.000040

−0.000040 0.219+0.021
−0.022 12.68+0.11

−0.11 0.1716+0.0051
−0.0051 0.31 0.15 0.02+0.20

−0.20

WASP-177b free 3.07172220+0.00000068
−0.00000068 7994.37141+0.00025

−0.00024 0.980+0.071
−0.057 9.51+0.37

−0.30 0.230+0.056
−0.043 0.62+0.59

−0.45 −0.03+0.43
−0.42 0.70+0.35

−0.35

fixed 3.07172221+0.00000068
−0.00000069 7994.37142+0.00025

−0.00024 0.975+0.069
−0.054 9.52+0.36

−0.31 0.213+0.050
−0.034 0.36 0.12 0.53+0.23

−0.28

HAT-P-26b free 4.23450038+0.00000068
−0.00000067 6892.590466+0.000100

−0.000097 0.288+0.099
−0.111 13.19+0.51

−0.56 0.0878+0.0055
−0.0058 0.26+0.32

−0.19 0.15+0.36
−0.27 0.30+0.11

−0.11

fixed 4.23450039+0.00000067
−0.00000066 6892.590466+0.000099

−0.000099 0.290+0.099
−0.110 13.22+0.48

−0.52 0.0882+0.0051
−0.0054 0.35 0.12 0.31+0.10

−0.10

NGTS-5b free 3.3569892+0.0000024
−0.0000024 7740.35267+0.00026

−0.00026 0.675+0.044
−0.046 11.16+0.31

−0.31 0.188+0.014
−0.014 0.81+0.57

−0.55 −0.10+0.52
−0.46 1.07+0.52

−0.50

fixed 3.3569890+0.0000024
−0.0000024 7740.35267+0.00026

−0.00026 0.691+0.041
−0.044 11.20+0.31

−0.31 0.187+0.013
−0.013 0.36 0.12 1.02+0.48

−0.46

Note—The “LDC” column denotes the fitting strategy of leaving the limb darkening coefficients free or fixing them to a calculation from ldtk
(Husser et al. 2013; Parviainen & Aigrain 2015); the adopted strategy for each planet is noted in bold. The mid-transit excess depth δmid is a
derived parameter. Posteriors on the detrending weights are omitted for brevity.

atmosphere have revealed water absorption, sodium ab-
sorption, and a Rayleigh scattering slope indicating the

presence of hazes (Tsiaras et al. 2018; Murgas et al. 2020;

Estrela et al. 2021; Khalafinejad et al. 2021). Addi-

tionally, Nortmann et al. (2018) detected helium escap-

ing from the upper atmosphere of WASP-69b with two

nights of CARMENES observations. We confirmed the

strong absorption reported by these authors in our ob-

servation of this planet on UT 2019 Aug 16, which was

initially published in Vissapragada et al. (2020b).

Our transit modeling methodology has changed since

that initial work, and we therefore re-fit the data to

be consistent with the other planets in the sample.

We found that the calculated limb darkening coeffi-

cients agreed well (within 2σ) with the joint distribu-

tion of retrieved quadratic limb darkening coefficients

(Appendix A), and the choice does not make much of

a difference for the retrieved parameters. Therefore, we

adopted the fixed limb darkening coefficient fit for this

planet. The best-fit light curve, residual, and Allan de-

viation plot are shown in Figure 2. We find the excess

depth at mid-transit to be 0.512+0.049
−0.048% in our band-

pass, which is consistent with our previous work albeit

with slightly larger uncertainty. In our previous work,

the detrending model used the best-fit linear combina-

tion of comparison star vectors, effectively marginaliz-

ing over the detrending vector weights that we fit for in

this work, so the previously-reported uncertainties were

slightly underestimated.

3.2. WASP-52b

WASP-52b is a 0.46MJ, 1.27RJ planet in a short

1.75 day orbit around its K2 host star (Hébrard et al.

2013). Notably, the system appears to be relatively

young: the discovery paper quotes a gyrochronologi-
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Figure 2. Narrowband light curve (top) and residuals (bot-
tom) for WASP-69b. Grey points are detrended data, which
are binned to 10 minute cadence in black. The red curve
indicates our best-fit model, with 1σ uncertainty indicated
by the red shading. The blue curve indicates the nominal
light curve model (outside the helium bandpass).

cal age of 400+300
−200 Myr (Hébrard et al. 2013), though

this may be an underestimate (Mancini et al. 2017). Its

precarious position–just past the edge of the Neptune

desert–was also noted by Owen & Lai (2018). In the

high-eccentricity migration framework, which is their

preferred scenario for planets at the upper edge of the

desert, this planet’s position past the edge of the desert

suggests that it should have been tidally disrupted. To

resolve this discrepancy, Owen & Lai (2018) suggest that

WASP-52b’s radius may have been smaller during mi-
gration (with a correspondingly smaller tidal disruption

radius), and that it underwent radius inflation only re-

cently. Other published observations of WASP-52b in-

dicate that this planet has a relatively flat transmission

spectrum (Kirk et al. 2016; Chen et al. 2017; Louden et

al. 2017; Mancini et al. 2017; Alam et al. 2018; May et

al. 2018), although sodium, potassium, and Hα absorp-

tion have all been detected at high spectral resolution

(Chen et al. 2017; Alam et al. 2018; Chen et al. 2020).

We first searched for helium in the atmosphere of this

planet on UT 2019 Sep 17, and published the results

of these observations in Vissapragada et al. (2020b). In

this work, we re-fit that light curve jointly with a new

observation taken on UT 2020 Aug 04. Observing con-

ditions were worse on the second night, which rendered

two faint comparison stars from the first night unobserv-

able, but better positioning of the target star allowed us

to add one extra comparison star that was not in the

field of view on the first night.

For this planet, we adopted a fixed limb darkening co-

efficient fit, as we found that the calculated limb dark-

ening coefficients agreed well with the joint distribu-

tion of retrieved quadratic limb darkening coefficients

(Appendix A), and the choice did not make a differ-

ence for the retrieved parameters. In separate retrievals,

we constrained the excess absorption to be 0.22+0.14
−0.13%

on the first night, with a 95th-percentile upper limit

of 0.44%, and 1.02+0.39
−0.41% on the second night with

a 95th-percentile upper limit of 1.68%. When fitting

the datasets jointly, we found an excess absorption of

0.29+0.13
−0.13%, corresponding to a tentative detection at

2.2σ confidence. The joint fit results are shown in Fig-

ure 3.
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Figure 3. Same as Figure 2, but for WASP-52b. Points with
circular markers indicate the first night of data collection and
points with triangular markers indicate the second night.

3.3. HAT-P-18b

HAT-P-18b is a Jupiter-sized (1.00RJ), low-mass

(0.20MJup) planet in a 5.5 day orbit around its K2

host star (Hartman et al. 2011a). Despite its faint-

ness (J = 10.8), the low gravitational potential of

this planet makes it amenable to atmospheric charac-

terization, and a Rayleigh scattering slope in HAT-P-

18b’s transmission spectrum was detected by Kirk et

al. (2017). We previously detected a metastable helium

signature for this planet in Paragas et al. (2021). The

fitting method we employ in this survey is somewhat dif-

ferent from the one in Paragas et al. (2021), so we re-fit
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the observations here. Rather than fitting jointly with

TESS observations of the system as we did previously,

we fit the WIRC data alone and compare to the pre-

cise transit depth from HST/WFC3 G141 (Tsiaras et

al. 2018). We prefer this approach because the spec-

trophotometric bin we use from WFC3 (1110.8 nm-

1141.6 nm) is narrower and closer to the helium filter

bandpass than the TESS bandpass (600 nm-1000 nm),

and the depth in this bin is more precise than the TESS

depth. Additionally, in the previous work we reported

(Rp/R?)
2
WIRC− (Rp/R?)

2
comparison as the excess absorp-

tion, but this is not necessarily equal to the difference in

transit depth between the WIRC light curve and com-

parison light curve, especially when there is strong stel-

lar limb darkening in the helium line (as we infer for

HAT-P-18b). To account for this, the comparison light

curve should be constructed taking into account limb

darkening in the helium bandpass, which we do when

obtaining the excess absorption δmid in this work (see

Section 2.4).

For HAT-P-18b, we adopted the free limb darken-

ing coefficient fit. The fixed limb darkening coefficients

disagreed with the retrieved coefficients by more than

2σ in the joint posterior (Appendix A), and the choice

was consequential for the final fitted parameters, so we

choose to adopt the free limb darkening coefficient solu-

tion. When fitting each dataset independently, we ob-

tained (Rp/R?)
2 values of 2.14+0.23

−0.24% and 2.56+0.17
−0.16%

for the first and second nights, respectively. These are

consistent to 1σ with the values obtained by Paragas et

al. (2021), who fit the WIRC data together with data

from TESS to obtain (Rp/R?)
2 values of 2.11 ± 0.25%

for the first night and 2.35±0.14% for the second night.

We then fit the WIRC datasets jointly and show the re-

sults in Figure 4. In the joint fit, we find (Rp/R?)
2 =

2.46 ± 0.15%, which is about 1σ larger than the result

from Paragas et al. (2021) of 2.29 ± 0.12%. Our result

for the excess depth is 0.70±0.16%, again slightly larger

than our previously-reported signal of 0.46± 0.12%.

3.4. WASP-80b

WASP-80b is a Jupiter-sized (1.00RJ), 0.54MJ planet

in a 3.07 day orbit around its K7/M0 host star (Triaud

et al. 2013, 2015). At low resolving power, the trans-

mission spectrum of this planet is quite flat (Fukui et

al. 2014; Mancini et al. 2014; Turner et al. 2017; Parvi-

ainen et al. 2018; Kirk et al. 2018). Multiple groups run-

ning self-consistent wind-launching simulations have re-

ported WASP-80b to be an excellent candidate for mass-

loss observations (Salz et al. 2015, 2016a; Caldiroli et al.

2021b). However, Fossati et al. (2021) recently obtained

four nights of high-resolution data on WASP-80b and
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Figure 4. Same as Figure 2, but for HAT-P-18b. Points
with circular markers indicate the first night of data collec-
tion and points with triangular markers indicate the second
night.

did not detect any metastable helium signature, setting

an upper limit of 0.7% absorption in the line core.

We observed a full transit of WASP-80b on UT 2020

Jul 09. During the first half of observations the de-

tector started reading large numbers of negative counts

relatively infrequently until the issue became more per-

sistent near ingress. The instrument was reset near the

middle of the transit, which fixed the problem. Prior to

analysis, frames in the first half with > 0.1% of pixels

reading negative counts were discarded. Additionally,

the pre-reset data exhibited stronger systematics than

the post-reset data, so we treated each of the two halves

as separate observations (i.e., allowing each half of the

light curve to have different coefficients for the system-

atics model) and fit them jointly. We optimized the

aperture size using the second half of data only, finding

an optimized radius of 8 px.

We adopted the fixed limb darkening coefficient fit

for WASP-80b, as the calculated limb darkening coeffi-

cients agreed well with the joint distribution of retrieved

quadratic limb darkening coefficients (Appendix A), and

the choice did not make a difference for the retrieved pa-

rameters. We did not detect any excess absorption in

our data, finding δmid = 0.02+0.20
−0.20 with a 95th-percentile

upper limit of 0.35% excess absorption in our bandpass.

The fit results are shown in Figure 5. Our non-detection

agrees with the more sensitive observations from Fossati

et al. (2021).
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Figure 5. Same as Figure 2, but for WASP-80b. Points with
circular markers indicate the first half of the observations
(prior to the instrument reset) and points with triangular
markers indicate the second half.

3.5. WASP-177b

WASP-177b is a highly-inflated (1.6RJ), 0.5MJ planet

in a 3.07 day orbit around its K2 host star (Turner et

al. 2019). This planet has an exceptionally low den-

sity (similar to WASP-107b), making it a good target

for transmission spectroscopy. However, the planetary

transit is grazing, which makes it more difficult to ex-

tract precise constraints on the wavelength-dependent

planet-star radius ratio.

We observed a full transit of this planet on UT 2020

Oct 2. TESS also observed this planet (TOI-4521.01)

at 2 minute cadence in Sector 42 from UT 2021 Aug –

2021 Sep. Given the grazing nature of the transit and

the relatively small number of comparison light curves

in the literature, we decided to fit our Palomar/WIRC

light curve jointly with the TESS light curve. This al-

lowed us to better capture covariances between the ra-

dius ratio, impact parameter, scaled semi-major axis,

and limb darkening parameters while also giving us a

reference transit depth to which we could compare the

WIRC measurement. The TESS portion of the fit was

carried out similarly to our fit for HAT-P-18b in Paragas

et al. (2021); the only additional parameters we included

were separate TESS limb darkening parameters, the ra-

dius ratio in the TESS bandpass, and an error re-scaling

term.

For a grazing geometry it is difficult to differentiate ex-

cess absorption associated with the planet from strong

limb darkening, so we first tried a fit with free limb

darkening coefficients. However, we found that the data

were uninformative on the quadratic limb darkening co-

efficients (see Appendix A), so we defaulted to using

fixed limb darkening coefficients instead. The results

of the joint fit are shown in Figure 6. The fitted TESS

lightcurve is given in Appendix D. Using the TESS tran-

sit depth as our baseline, we constrain the excess depth

to be 0.53+0.23
−0.28%, a non-detection with a 95th-percentile

upper limit of 0.90%.
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Figure 6. Same as Figure 2, but for WASP-177b.

3.6. HAT-P-26b

HAT-P-26b resides near the lower edge of the Nep-

tune desert, and is the smallest planet in our sample.

With a radius of a 0.57RJ and a mass of 0.059MJ, this

planet orbits its K1 host star every 4.23 days (Hart-

man et al. 2011b). The Neptune-mass planet has a

well-constrained heavy element abundance thanks to the

presence of strong water bands in the red-optical and

near-infrared (Stevenson et al. 2016; Wakeford et al.

2017) as well as the potential presence of metal hydride

features (MacDonald & Madhusudhan 2019) and Spitzer

secondary eclipse depth ratios (Wallack et al. 2019). At

optical wavelengths, HAT-P-26b’s alkali features appear

to be obscured by a cloud layer (Wakeford et al. 2017;

Panwar et al. 2021).

This planet is an excellent target for observations of

atmospheric escape. It is larger and less massive than

HAT-P-11b (a benchmark planet for metastable helium
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studies, Allart et al. 2018; Mansfield et al. 2018), and

as a result has an inferred H/He envelope fraction ap-

proximately twice that of HAT-P-11b (Lopez & Fortney

2014). The slightly earlier spectral type of HAT-P-26

(HAT-P-11 is a K4 dwarf) also puts it at the “sweet

spot” for metastable helium observations as identified

by Oklopčić (2019). We observed this high-priority tar-

get three times: on UT 2021 Feb 18, 2021 May 1, and

2021 May 27. The weather on the first night was rela-

tively poor, and the target was not optimally positioned.

Between the first and second nights of observation, we

shifted the placement of the target on the detector in

order to include an additional comparison star, which

greatly increased the final precision.

We do not detect the transit in the first night of data,

for which we obtained an overall Rp/R? = 0.034+0.028
−0.023.

As expected, this first night is much noisier than the lat-

ter two (Table 2): the rms scatter in the unbinned resid-

uals was 1.79% (2.7× the photon noise) in the first ob-

servation, whereas it was 0.82% (1.6× the photon noise)

and 0.61% (1.4× the photon noise) on the second and

third nights, respectively. In order to avoid biasing the

final joint fit, we therefore only included the latter two

nights of photometry.

After optimizing the set of detrending vectors se-

lected for each of the latter two nights, we obtained

mid-transit excess depths of 0.43+0.18
−0.17% and 0.23+0.13

−0.13%.

We adopted the fixed limb darkening coefficient fit for

HAT-P-26b, as the calculated limb darkening coeffi-

cients agreed well with the joint distribution of retrieved

quadratic limb darkening coefficients (Appendix A), and

the choice did not make a significant difference for the

retrieved parameters. The results of our joint fit to the

latter two nights are shown in Figure 7. We obtained

a mid-transit excess depth of 0.31+0.10
−0.10, evidence for he-

lium absorption at 3.1σ confidence.

3.7. NGTS-5b

NGTS-5b is a Jupiter-sized (1.1RJ), sub-Saturn-mass

(0.23MJ) planet orbiting a K2 dwarf every 3.36 days

(Eigmüller et al. 2019). The planet is similar to WASP-

69b in mass, radius, orbital period, and stellar host type,

so despite the rather faint host star (J = 12.1) we iden-

tified it as a high-priority target. We observed two full

transits of the planet: one on UT 2021 Apr 30 and one

on UT 2021 May 27.

This target had only one comparison star available in

the field of view, and this along with the faintness of the

target star created challenges for our standard system-

atics model approach. When testing different covariate

combinations for the first night of data, the detrending

models failed. With relatively poor weather conditions
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Figure 7. Same as Figure 2, but for HAT-P-26b. Points
with circular markers indicate the second night of data col-
lection and triangular markers indicate the third night. For
both the second and third nights, the dashed red lines indi-
cate 1.5× the photon noise.

on that first night, the noisy comparison star light curve

was severely underweighted in the systematics model

when other covariates were included. When included

in the joint fit, this underweighted model severely in-

creased the magnitude of the correlated noise. We stress

that unlike the first night for HAT-P-26b, which we dis-

carded because there was no transit detected and the

noise was nearly 3× the photon noise limit, the transit

is clearly detected in this dataset, and the issue stemmed

purely from our approach to modeling the systematics.

We therefore kept this dataset in the final model, but to

avoid the sharp increase in correlated noise we did not

use any additional covariates in the systematics model

for the first night, and as such we do not report the

model selection statistics for this night in Appendix B.

Conditions on the second night were more favorable, so

the fit was more typical.

We obtained mid-transit excess absorption values of

1.02+0.99
−0.95% and 0.94+0.55

−0.54% for the individual fits to the

first and second nights, respectively. We proceeded to

fit the datasets jointly, and the results are shown in Fig-

ure 8. We adopted the fixed limb darkening coefficient

fit for NGTS-5b as the calculated limb darkening coeffi-

cients agreed well with the joint distribution of retrieved

quadratic limb darkening coefficients (Appendix A) and

the choice did not make a significant difference for the

retrieved parameters. We obtained a final mid-transit
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excess absorption of 1.02+0.48
−0.46%, a tentative detection

at 2.2σ confidence.
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Figure 8. Same as Figure 2, but for NGTS-5b. Points with
circular markers indicate the first night of data collection,
and points with triangular markers indicate the second night.

4. MASS-LOSS MODELING

We can convert the excess depths from Section 3 into

constraints on planetary mass-loss rates by modeling the

outflows with one-dimensional isothermal Parker winds

(Oklopčić & Hirata 2018; Lampón et al. 2020). In this

section, we use the p-winds code (dos Santos et al.

2022) to model our observations. Given a mass-loss rate

assuming irradiation conditions at the substellar point

Ṁsubstellar, a thermosphere temperature T0, and a hy-

drogen fraction for the outflow fH, we first set the den-

sity and velocity profiles for the wind. Then, we use a

high-energy stellar spectrum to calculate the ionization

structure and level populations throughout the outflow.

The level populations are used to compute the expected

wavelength-dependent absorption signal at high resolv-

ing power, which we then convolve with our filter band-

pass to compare to the measurements in Section 3.

The free parameters in this model are the mass-loss

rate, thermosphere temperature, the hydrogen fraction,

and the high-energy spectrum. We compute the model

over a 50 × 50 grid of mass-loss rates Ṁsubstellar =

1010 g s−1− 1013 g s−1 and thermosphere temperatures

T0 = 5000 K−15000 K. The grid was uniformly spaced

in log(Ṁsubstellar) and T0. We set the hydrogen frac-

tion for all outflows to 0.9, corresponding to a 90-10

hydrogen-helium outflow. Finally, for the high-energy

spectra we select proxy stars from the v2.2 panchro-

matic SEDs from the MUSCLES survey (at 1 Å bin-

ning; France et al. 2016; Loyd et al. 2016; Young-

blood et al. 2016). We identify three K stars in MUS-

CLES that appear to be good proxies for our targets:

HD 85512, HD 40307, and ε Eridani. We model the late

K stars (T? . 4800 K) in our sample using HD 85512’s

spectrum, and use HD 40307’s spectrum for the early

K stars. We use ε Eridani’s spectrum to model the

most active stars in our sample, including WASP-52

(log(R′HK) = −4.4; Hébrard et al. 2013) and WASP-

80 (log(R′HK) = −4.04; Fossati et al. 2021). We list the

spectrum used for each star in Table 5. We then scale

the MUSCLES spectrum by the stellar radius and plan-

etary orbital distance to obtain the high-energy spectral

flux incident at the top of the planet’s atmosphere.

After running an initial grid of models, we noticed

that many of our winds had sonic points located out-

side the Roche radius. As discussed in Murray-Clay et

al. (2009), this happens when the tidal gravity term in

the momentum equation for the wind is not taken into

account. We show in Appendix E that the tidal gravity

term appreciably alters the velocity and density pro-

files for the planets in our sample, and we update the

p-winds code (in version 1.3) to account for the effects

of the stellar gravity. We then re-calculate our model

grids for each planet and use these grids to determine

the range of mass-loss rates and thermosphere temper-

atures that match our observations. Next, we assess

which combinations of Ṁsubstellar and T0 are energeti-

cally self-consistent using the methodology outlined in

Vissapragada et al. (2022). If photoionization is the

only heat source, certain combinations do not satisfy

energy balance in the isothermal Parker wind, and we

omit them from our final results.

Finally, we divide the substellar-point mass-loss rates

by a factor of 4 to obtain estimates for the overall mass-

loss rate Ṁ . This correction factor accounts for the

fact that the planet is only irradiated over π steradians

rather than the 4π steradians assumed by our 1D mod-

els, so the true mass-loss rates will be about a factor of

4 smaller (Salz et al. 2016a; Vissapragada et al. 2022).

Other prescriptions to correct for 2D effects exist (e.g.

Odert et al. 2020), but they all agree well for outflows

from low-gravity planets (like the ones in our sample)

that are dominated by adiabatic cooling (Caldiroli et al.

2021a). Performing the radiative transfer using the 1D

model rather than a 2D or 3D model also introduces

error, but comparisons between 1D and 3D models sug-

gest that this is a minor error term (relative to the un-

certainty from the Ṁ − T0 degeneracy) except in the
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Table 5. Mass-loss modeling summary.

Planet MUSCLES spectrum Ṁ(1010 g s−1)) ε Menv/Ṁ (Gyr)

WASP-69b HD 85512 6.3+9.6
−4.9 0.43+0.66

−0.33 250+830
−150

WASP-52b ε Eridani 2.7+9.0
−2.2 0.0079+0.0261

−0.0065 1010+4710
−780

HAT-P-18b HD 85512 3.7+5.6
−2.7 0.54+0.81

−0.39 320+820
−190

WASP-80b ε Eridani < 1.4 < 0.046 > 12000

WASP-177b HD 40307 < 45 < 0.37 > 1300

HAT-P-26b HD 40307 9.2+25.0
−8.0 0.52+1.42

−0.45 12.2+77.6
−8.9

NGTS-5b HD 40307 10.2+33.8
−9.7 0.16+0.52

−0.15 140+2770
−100

Note—We quote the 95% confidence intervals for Ṁ , ε, and Menv/Ṁ as the marginalized Ṁ distributions are highly non-Gaussian (see Figure 10).
Upper limits correspond to 95% on the corresponding distributions.

presence of strong stellar winds (MacLeod & Oklopčić

2022; Wang & Dai 2021a,b).

We show the resulting mass-loss constraints for each

planet in Figure 9. We used a rejection sampling scheme

with this grid of results to generate a list of 100,000

samples for each planet corresponding to the underlying

joint distribution of mass-loss rates and thermosphere

temperatures. We began by uniformly sampling temper-

atures from T0 ∼ U(5000, 150000) and log(Ṁsubstellar) ∼
U(10, 13). For each sample, we found the closest point

on the grid in Figure 9 with corresponding xσ discrep-

ancy between the model and the data. We accepted the

sample only if y > erf(x/
√

2), where y is a random draw

from U(0, 1).

With the final list of 100,000 samples in hand for each

planet, we marginalize over the thermosphere temper-

ature to obtain distributions for the mass-loss rates,

which are summarized in Table 5. We evaluate the sig-

nificance of these mass-loss rates for the expected atmo-

spheric lifetime of each planet by calculating the enve-

lope loss timescale Menv/Ṁ . For HAT-P-26b we adopt

an envelope mass fraction of 31.7% (Lopez & Fortney

2014). For the other higher-mass gas giants in the sam-

ple, we take Menv ∼M . We give the resulting envelope

loss timescales in Table 5.

5. DISCUSSION

5.1. Benchmarking Mass-Loss Models

Self-consistent, one-dimensional mass-loss models like

the Pluto-CLOUDY Interface (TPCI; Salz et al. 2015,

2016a) and the ATmospheric EScape code (ATES;

Caldiroli et al. 2021a,b) are crucial for interpretation of

mass-loss-related phenomena in the exoplanet popula-

tion, but to date there have been relatively few attempts

to benchmark their predictions against measurements of

present-day mass-loss rates for transiting planets. Here,

we compare the inferred mass-loss rates from our seven-

planet sample to predictions from the ATES code as a

function of the incident XUV flux. Because Caldiroli

et al. (2021b) provide analytical approximations for the

efficiency as a function of incident XUV flux and gravi-

tational potential, comparisons between the model and

the data are simple and do not require expensive com-

putations for each planet.

In order to place all seven planets on the same plot,

we need to convert our measured mass-loss rates and

XUV fluxes into scaled units that correct for planet-to-

planet variations in gravitational potential and Roche

radius. Scaled units can be obtained by starting from

the energy-limited approximation from the planetary

mass-loss rate (e.g. Caldiroli et al. 2021b):

Ṁ =
επR3

pFXUV

KGMp
, (2)

where ε is the mass-loss efficiency, FXUV is the inci-

dent high-energy flux, and K is the Erkaev et al. (2007)

Roche-lobe correction factor. Then, we can rewrite the

expression in terms of the planetary density ρp:

KṀ =
3ε

4G

FXUV

ρp
. (3)

Planets in the energy-limited regime should therefore

exhibit a linear relation between the K-corrected mass-

loss rate and the ratio FXUV/ρp (Caldiroli et al. 2021b).

As the incident XUV flux increases, however, self-

consistent models predict that the outflow begins to

lose substantial energy to radiative cooling, leading to

a sub-linear dependence on FXUV/ρp beyond a thresh-

old of FXUV/ρp ∼ 104 erg cm g−1s−1 (Murray-Clay et

al. 2009; Salz et al. 2016a,b; Caldiroli et al. 2021b).

Higher-gravity planets are also predicted to have low

overall outflow efficiencies, as the atmospheres are more

tightly bound and tend to re-emit more energy locally

(Owen & Alvarez 2016). To an order of magnitude,

this happens when the energy liberated by a single pho-

toionization event (∆E ∼ 10 eV ∼ 10−11 erg) exceeds

the particle binding energy, which for a hydrogen atom
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Figure 9. Mass-loss models for the seven planets in our sample. The shading gives the σ agreement between the observations
and a 1D transonic Parker wind model characterized by the mass-loss rate Ṁ and thermosphere temperature T0. Models that
violate energy balance (Vissapragada et al. 2022) are rejected (blue shaded regions).

(mH ∼ 10−24 g) occurs roughly at a gravitational poten-

tial of φp ∼ ∆E/mH ∼ 1013 erg/g (for a more thorough

explanation, see Caldiroli et al. 2021b). More sophisti-

cated numerical experiments place this threshold closer

to φp & 1013.2 erg/g (Salz et al. 2016a; Caldiroli et al.

2021b).

In Figure 10 we plot our marginalized andK-corrected

Ṁ distributions as a function of FXUV/ρp, along with

the corresponding ATES model prediction for each

planet. Immediately, two distinct populations of plan-

ets emerge in this parameter space. The first, comprised

of HAT-P-18b, WASP-69b, HAT-P-26b, NGTS-5b, and

WASP-177b, appear to agree quite well with the ATES

predictions. The second group of planets, which includes

WASP-80b and WASP-52b, appear to have mass-loss

rates that are more than an order of magnitude lower

than the model predictions. We discuss possible expla-

nations for the surprisingly low inferred mass-loss rates

of the second group in Section 5.2.

We use a bootstrap averaging method to estimate the

mean mass-loss efficiency of planets in the first group.

We omit WASP-52b and WASP-80b from this exercise

because their helium signals appear to be affected by fac-

tors that are not included in our model, such as magnetic

fields or stellar winds, as discussed in the next section.

For the other planets, we first converted our marginal-

ized Ṁ distribution for each planet into a distribution on

ε using Equation (3), and these distributions are sum-

marized in Table 5. We then took a random draw from

each planet’s ε distribution and averaged the draws to

get an estimate for the mean efficiency. We repeated

this procedure 100,000 times to obtain a final estimate

of ε = 0.41+0.16
−0.13. We overplot this average ε model in

Figure 10.

The measured mass loss constraints for all five planets

in the first group overlap with the average-ε model at 2σ

confidence, and the model is a reasonable approximation

to the ATES (Caldiroli et al. 2021b) predictions for our
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sample as well. ATES also predicts that the mass-loss

efficiency should level off with increasing FXUV/ρp as

compared to a fixed-ε curve. Unfortunately, the uncer-

tainties in the inferred mass-loss rates for our sample,

which are dominated by the degeneracy between mass-

loss rate and thermosphere temperature, are too large to

differentiate between this model and a constant-ε model.

Resolving the line profiles of these planets with high-

resolution transmission spectroscopy can help break the

degeneracy (e.g. dos Santos et al. 2022).

We can compare our measured efficiency to other

giant planets (Rp > 4R⊕) orbiting K stars with re-

ported helium detections in the literature. The re-

ported absorption for WASP-107b (Spake et al. 2018;

Allart et al. 2019; Kirk et al. 2020; Spake et al. 2021) is

well-matched by the three-dimensional hydrodynamical

models of Wang & Dai (2021b), who report a mass-loss

rate of approximately 2 × 1011 g s−1. Using the scaled

MUSCLES spectrum of ε Eridani to calculate the XUV

flux, we obtained an outflow efficiency of 0.34, in good

agreement with our measured efficiency. The signal ob-

served for HAT-P-11b (Allart et al. 2018; Mansfield et al.

2018) has been modeled using p-winds using the scaled

MUSCLES spectrum of HD 40307 as a proxy for the

stellar XUV spectrum, and dos Santos et al. (2022) re-

port a 1D mass-loss rate of 2.3+0.7
−0.5 × 1010 g s−1 (with

stellar limb darkening taken into account). Dividing this

result by 4 to get the overall mass-loss rate (for consis-

tency with the method outlined in Section 4), we obtain

an outflow efficiency of 0.170+0.052
−0.037, somewhat smaller

than our measured efficiency but consistent within 2σ.

Finally, the signal observed for HD 189733b (Salz et

al. 2018; Guilluy et al. 2020) was modeled using a Parker

wind methodology by Lampón et al. (2021a). For their

90/10 H/He composition model, they found a mass-loss

rate at T = 12000 K of about 4× 109 g s−1, with signif-

icant spread due to the Ṁ − T0 degeneracy. Again di-

viding by 4 to account for the multidimensional outflow,

this corresponds to an efficiency of 0.0023, much smaller

than our measured efficiency. A small efficiency is ex-

pected: the relatively large mass of HD 189733b puts it

in a regime where radiative losses dominate the cooling

budget rather than the adiabatic expansion of the at-

mosphere (Salz et al. 2016a; Caldiroli et al. 2021a,b), so

the outflow is more similar to WASP-52b and WASP-

80b than the other planets in our sample. Similarly

to WASP-52b and WASP-80b, the planet has a smaller

semimajor axis (a = 0.031; Bouchy et al. 2005) and

more active host star (log (R′HK) = −4.501; Knutson

et al. 2010) than the other planets in our sample. The

inferred mass-loss rate for HD 189733b at a 90/10 com-

position is still at least a factor of a few smaller than pre-

dicted by 1D hydrodynamical models, which give mass-

loss rates of about 109.5−10.0 g s−1 for this planet (Salz

et al. 2016a; Caldiroli et al. 2021a,b). Lampón et al.

(2021a) resolve this discrepancy by invoking a hydrogen-

rich composition for the outflow, but this is not the only

factor that can achieve a reduction of the helium signal.

In the next section, we consider a range of explanations

for the smaller-than-expected helium signals on WASP-

52b and WASP-80b that could apply to HD 189733b as

well.

5.2. Low Mass-Loss Rates for WASP-80b and

WASP-52b

We now consider potential explanations for WASP-

80b and WASP-52b’s low apparent mass-loss rates,

which are discrepant with both the ATES model predic-

tions and the rest of the planets in our sample. We note

that these two planets have the smallest semimajor axes

and the largest log(R′HK) values (Table 1) in our sample;

this may or may not have anything to do with their low

observed mass-loss rates. In this section, we consider

five possible explanations: overestimated XUV fluxes,

the XUV spectral shapes of their host stars, stronger-

than-predicted stellar winds, outflow composition, and

magnetic fields.

If the XUV flux of the host star was overestimated,

it would cause us to overpredict the magnitude of a

planet’s mass loss rate. To test this effect, we decreased

the incident XUV flux by a factor of ten in the p-winds

models for WASP-52b and WASP-80b and recomputed

the mass-loss efficiencies. Averaging the two efficiency

parameters using the same bootstrapping method from

Section 5.1, we found a mean efficiency of 0.130+0.064
−0.048.

This is still smaller than our inferred efficiency for the

other five planets, but the distributions overlap at the

2σ level. We conclude that the XUV fluxes would have

to be overestimated by at least a factor of ten for the

mass-loss efficiencies to come into reasonable agreement

with the rest of the sample.

For WASP-80, Fossati et al. (2021) combined archival

ROSAT and XMM-Newton observations with a new

Gaia distance to calculate a precise X-ray flux measure-

ment of LX = 4.85+0.12
−0.23 × 1027 erg/s. Scaling this value

into the UV yields FXUV ≈ 6300 erg/cm2/s, which is

close to our adopted value. Two other papers indepen-

dently measure this star’s X-ray flux and find values that

are approximately a factor of three smaller (Monsch et

al. 2019) and a factor of two larger (Foster et al. 2021)

than this value. Despite these methodological differ-

ences, factor-of-a-few variations in the XUV flux are not

enough to reconcile the tight upper limit on this planet’s

helium absorption signal with model predictions. For
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Figure 10. K-corrected mass-loss rate Ṁ as a function of FXUV/ρp for all the planets in our sample, following Caldiroli et
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WASP-52, which was observed by Chandra (ACIS),

Monsch et al. (2019) found LX = 3.1+1.2
−1.0 × 1028 erg/s.

Using the X-ray to EUV scaling relation for Chandra

(ACIS) from King et al. (2018), we obtain an XUV irra-

diance of FXUV ≈ 38, 000 erg/cm2/s. This is quite close

to our assumed value. We therefore conclude that, just

as with WASP-80, differences in assumed XUV flux are

unlikely to explain this planet’s low helium absorption

signal.

While variations in the integrated XUV flux are un-

likely to explain the helium observations for WASP-80b

and WASP-52b, the assumed spectral shape may play

a role. In order to create a significant population of

metastable helium, there must be enough EUV pho-

tons to ionize ground-state helium in the outflow, which

then recombines into the metastable state (Oklopčić &

Hirata 2018; Oklopčić 2019). As demonstrated by Pop-

penhaeger (2022), many of the stellar EUV photons that

ultimately ionize helium come from coronal iron lines.

Iron has a relatively low first ionization potential (FIP),
and in very active, low-mass stars, the abundance of

species with low FIPs often appear to be diminished

(termed the inverse first ionization potential effect, or

iFIP; Brinkman et al. 2001; Güdel et al. 2001; Wood et

al. 2018). WASP-52 and WASP-80 are by far the most

active stars in our sample, so they may be affected by

this phenomenon. Our assumed proxy star for these two

planets, ε Eridani, does not exhibit the iFIP effect and

has strong coronal iron lines (Poppenhaeger 2022); this

might cause us to overestimate their metastable helium

populations in our models.

It is also worth noting that the models we are us-

ing in this study assume spherical symmetry, but not

all outflows are spherically symmetric. If the outflow

is confined into a comet-like shape by a strong stellar

wind, it could reduce the magnitude of the helium ab-



The Upper Edge of the Neptune Desert Is Stable Against Photoevaporation 17

sorption (e.g., McCann et al. 2019; Carolan et al. 2020;

MacLeod & Oklopčić 2022). This phenomenon has been

directly detected for the hot Jupiter WASP-107b (Kho-

dachenko et al. 2021; Spake et al. 2021; Wang & Dai

2021b), and may also explain the relatively weak he-

lium signal measured for the mini-Neptune TOI-560.01

(Zhang et al. 2022). Importantly, both WASP-52 and

WASP-80 appear to be relatively young, suggesting that

they may have correspondingly enhanced stellar winds.

WASP-52 (v sin i ≈3.6 km/s with a photometric rotation

period of 16.4 days, Hébrard et al. 2013) and WASP-

80 (v sin i ≈3.55 km/s, Triaud et al. 2013) both rotate

rapidly, with estimated gyrochronological ages of less

than 1 Gyr (Barnes 2007; Hébrard et al. 2013; Triaud

et al. 2013). They are also the two most active stars in

our sample, with B − V colors and logR′HK values that

also suggest ages as young as a few hundred Myr (Ma-

majek & Hillenbrand 2008). However, some caution is

warranted as stellar angular momenta are known to be

affected by giant planets on close in-orbits (e.g. Lanza

2010; Poppenhaeger & Wolk 2014; Mancini et al. 2017).

Fossati et al. (2021) modeled the impact of stellar wind

on WASP-80b using a three-dimensional hydrodynami-

cal model (Shaikhislamov et al. 2021; Khodachenko et

al. 2021), and showed that it does not suppress the he-

lium signal enough to match their non-detection. They

modeled stellar mass-loss rates up to ∼ 10Ṁ�, but at

early times the wind can be even stronger. Wood et

al. (2005) used astrospheric Lyman-α absorption to in-

fer mass-loss rates of 30Ṁ� and 100Ṁ� for ε Eridani

and 70 Oph, both relatively young K dwarf stars. We

can use the aforementioned X-ray fluxes along with the

Wood et al. (2005) relation to estimate the stellar mass-

loss rate for WASP-80. We obtain a mass-loss rate of

∼ 4Ṁ�, well within the range modeled by Fossati et

al. (2021). Using the same relation, we obtain a mass-

loss rate of ∼ 35Ṁ� for WASP-52. We conclude that a

strong stellar wind might suppress the helium signal for

WASP-52b, but it is unlikely to explain WASP-80b.

The composition of the outflow could also affect the

magnitude of the observed signal. It has been suggested

(e.g. Lampón et al. 2020, 2021a) that outflows from gi-

ant planets may be depleted in helium, which would

suppress both the helium signal and the corresponding

inferred mass-loss rate. Fossati et al. (2021) modeled the

composition of WASP-80b’s outflow and showed that

helium depletion (with nHe/nH ∼ 0.01) might plausibly

explain these data. Previous studies of HD 209458b,

HD 189733b, and GJ 3470b have sought to quantify

the fractional abundances of hydrogen and helium in

planetary outflows by comparing the magnitude of ab-

sorption measured in both the Lyman-α and metastable

helium lines to Parker wind models (Lampón et al. 2020,

2021a,b) or 3D hydrodynamical models (Shaikhislamov

et al. 2021). However, Lyman-α is a poor tracer for the

density distribution in the planetary thermosphere, typ-

ically probing above the exobase at high velocities (e.g.

Owen et al. 2021). This suggests that anchoring the

Parker wind model composition near the wind-launching

radius to models of Lyman-α absorption may be inad-

visable. A more reasonable route would be to jointly

model Hα and metastable helium absorption signals, as

suggested by Czesla et al. (2021). Such joint models

would be invaluable in resolving this question.

Strong magnetic fields can also confine planetary out-

flows. For a strongly ionized wind launched in a dipo-

lar planetary magnetic field, equatorial field lines are

closed (ionized material traveling along field lines would

loop back to the planet), leading to an equatorial “dead

zone”, while polar field lines remain open (Adams 2011;

Trammell et al. 2011; Owen & Adams 2014). For close-in

planets orbiting exceptionally active stars, the outflows

are largely ionized, so material should follow field lines if

the planets are magnetized. WASP-80b and WASP-52b

have the smallest semimajor axes and their host stars

have the largest log(R′HK) values in our whole sample,

making this an attractive explanation.

The ratio of magnetic pressure to ram pressure is

a good diagnostic for the influence of magnetic fields

(Owen & Adams 2014), but this ratio depends on the

magnetic field strength which is quite uncertain. There

are several lines of evidence indicating that the mag-

netic fields of hot Jupiters may be relatively strong

(10-100 G), including the inflated radii of these planets

(Batygin & Stevenson 2010; Yadav & Thorngren 2017)

and evidence for magnetic star-planet interactions in a

few systems (SPI; Cauley et al. 2019). Other observa-

tions suggest that these planets may have more modest

field strengths (1-10 G), including ultraviolet observa-

tions of Lyman-α and ionized carbon lines in HAT-P-

11b (Ben-Jaffel et al. 2022), and a small inferred hotspot

offset in the phase curve of WASP-76b which might be

caused by Lorentz drag (May et al. 2021; Beltz et al.

2022). Elsasser number scalings also predict more mod-

erate magnetic field strengths (Stevenson 2003). If the

Elsasser number is of order unity, the field strength

scales with the square root of the rotation rate; for

tidally-locked hot Jupiters, this implies B ∼ 1/
√
P . As-

suming the fluid densities and conductivities are simi-

lar to that of Jupiter, we have B ∼ BJ(P/10 hr)−1/2,

of order a few G for the planets in consideration here.

Even at the lower end of this range, magnetic pressure is

expected to dominate over ram pressure near the wind-

launching region (Owen & Adams 2014), suggesting that
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magnetic fields may indeed play a role in confining the

outflows of WASP-80b and WASP-52b.

In summary, inaccuracies in the integrated XUV

fluxes are unlikely to explain the helium non-detection

for WASP-80b and the small inferred mass-loss rate for

WASP-52b, but inaccuracies in the spectral shape could

decrease the helium signals for these planets. The stellar

wind might also be a contributing factor for WASP-52b,

but it is unlikely to explain the non-detection for WASP-

80b. Composition and magnetic fields could both play

a role in explaining the observations. We propose some

observational tests in Section 6 that could help to dis-

tinguish between these competing hypotheses.

5.3. The Upper Neptune Desert Is Stable Against Mass

Loss

At the beginning of this work, we hypothesized that

if the Neptune desert is indeed cleared by mass loss,

then planets at its boundaries should be marginally sta-

ble against photoevaporation. We can now test this

hypotheses using our measurements and some simple

calculations. First, we inspect our observationally-

constrained mass-loss rates to evaluate our sample’s

present-day stability to atmospheric erosion. We expect

that close-in giant planets will be destroyed while their

host stars are on the main sequence (Hamer & Schlauf-

man 2019), so a reasonable timescale for atmospheric

stability is Menv/Ṁ ∼ 4 Gyr. In Table 5, all of the plan-

ets in our sample near the upper edge of the desert have

predicted atmospheric lifetimes that are much greater

than this timescale.

For HAT-P-26b near the lower edge of the desert, our

result is inconclusive due to the Ṁ − T0 degeneracy: if

the outflow is hot (T0 & 10, 000 K) the planet’s pre-

dicted atmospheric lifetime may be as short as 3.3 Gyr.

This is substantially shorter than the envelope mass-loss

timescale for HAT-P-11b: using the mass-loss rate from

(dos Santos et al. 2022) and the envelope mass fraction

of 15.1% from (Lopez & Fortney 2014), the mass-loss

timescale for HAT-P-11b is ∼ 30 Gyr. Importantly, the

Ṁ −T degeneracy for HAT-P-11b is broken by the pre-

cise line shape measurement (Allart et al. 2018; dos San-

tos et al. 2022) and also by energetic arguments (Viss-

apragada et al. 2022). Both methods suggest the outflow

temperature for HAT-P-11b is T0 . 8000 K, and if this is

the case for HAT-P-26b as well, it would have a longer

inferred envelope loss timescale. In the future, high-

resolution spectroscopy of HAT-P-26b could resolve this

degeneracy by measuring the helium line shape and cor-

responding outflow temperature.

Although the present-day mass-loss rates of the plan-

ets in our sample appear to be low, they experienced

stronger XUV irradiation (and thus suffered higher

mass-loss rates) in the past. We can reconstruct

their past mass-loss histories by integrating the energy-

limited mass-loss rate back in time (see e.g. Lecavelier

Des Etangs 2007; Jackson et al. 2012; Mordasini 2020).

We first start with the expression:

Ṁ = −
εR3

pLXUV

4a2KGM
, (4)

which is the typical expression for the energy-limited

mass-loss rate (Equation 2) with the scaled luminosity

LXUV/(4πa
2) substituted for the flux FXUV. For this es-

timate, we assume that the planetary radius is approxi-

mately invariant to small changes in the mass. We can

do this because the mass-radius relation is nearly flat

for the giant planets at the upper edge of the Neptune

desert (e.g. Chen & Kipping 2017; Owen & Lai 2018;

Thorngren et al. 2019). This is because giant planets at

the upper edge of the desert are well-approximated by

P ∝ ρ2 polytropes for which the radius does not depend

on mass (Stevenson 1982). Additionally, the variations

in K with mass are also small and can be ignored. The

integral then reads:∫ Mp

M0

MdM =

∫ t

0

−
εR3

pLXUV

4a2KG
dt, (5)

where we have introduced the initial planetary mass M0

and the planet’s current age t. To allow for maximum

possible mass loss, we assume that the planet has main-

tained the same mass-loss efficiency for its whole life,

even though the efficiency at early times is likely much

lower in the recombination limit (Murray-Clay et al.

2009; Owen & Alvarez 2016). Additionally, we assume

the planet has remained at its current semimajor axis

for its whole life, i.e., that it did not migrate from a more

distant location where it experienced lower instellation.

Then, defining the integrated stellar XUV luminosity

EXUV =
∫ t

0
LXUVdt, we obtain the equation:

M2
p −M2

0 = −
εR3

pEXUV

2a2KG
. (6)

Finally, writing the current mass of the planet as a frac-

tion f < 1 of the initial mass (such that M0 = Mp/f),

we obtain:

Mp =
1

a

√√√√(− 1

1− 1
f2

)
εR3

pEXUV

2KG
(7)

This is a line in the Mp − a plane above which plan-

ets have lost less than a fraction f of their initial mass,

and below which they have lost more. We hereafter



The Upper Edge of the Neptune Desert Is Stable Against Photoevaporation 19

take f = 0.5 – a planet losing half of its initial mass

– as a metric for marginal stability. To calculate this

boundary, we require a prescription for the planetary

radii and the integrated stellar XUV flux in addition to

our empirically-constrained distribution for ε. For the

planetary radii, we use the empirical radius-temperature

relation from Equation (1) of (Owen & Lai 2018) for a

typical K dwarf temperature T? = 4700 K and radius

R? = 0.8R�. The spread in the relation is incorporated

into our final uncertainties. We note that this relation

is only valid for Mp & 0.2MJ; below this mass the plan-

etary radius will change as the planet undergoes photo-

evaporation. For the integrated XUV flux, a reasonable

upper limit for a K dwarf is EXUV ∼ 1046 erg using the

fast rotator track from Johnstone et al. (2021) as a guide

(see their Figure 18).

In Figure 11, we draw the f = 0.5 boundary on the

Mp − a plane for a R = RJ and K = 0.5 planet using

our empirical efficiency from Section 5.1. For compari-

son, we also draw the f = 0.9 boundary (corresponding

to 10% mass loss over the planetary lifetime). We con-

clude that planets at the upper edge of the Neptune

desert have lost less than 10% of their initial masses to

photoevaporation. This empirically benchmarked result

is in good agreement with previous theoretical calcula-

tions by Ionov et al. (2018) and Owen & Lai (2018).

HAT-P-26b, near the lower edge of the Neptune desert,

is a potential exception – it could have lost ∼ 50% of

its initial mass if its outflow was energy-limited for the

entire planetary lifetime. Although planets like HAT-

P-26b along the lower edge of the desert could still be

substantially affected by mass loss, we caution that our

simplifying assumption that the radius is insensitive to

small changes in envelope mass will not hold true for

these smaller planets, and a more detailed framework

taking into account the core-envelope structure is needed

for understanding this part of the population (e.g. Owen

& Lai 2018; Mordasini 2020).

Throughout this section, we made a number of as-

sumptions to try to estimate the maximum possible

mass-loss endured by planets in and near the upper edge

of the Neptune desert. In reality, not all planetary host

stars will have XUV luminosities as large as those of the

most rapidly rotating stellar models from Johnstone et

al. (2021). We also assumed an energy-limited outflow

for the entire planetary lifetime; this is certainly an over-

estimate at early times, and the efficiency will be much

lower during the period of maximum XUV irradiation

(Murray-Clay et al. 2009; Owen & Alvarez 2016). De-

spite this, we still found that the boundary for marginal

stability is located well below the actual edge of the

desert. We conclude that photoevaporation cannot ex-

plain the upper boundary of the Neptune desert.

6. CONCLUSIONS

In this work, we searched for helium outflows in 7

gas-giant exoplanets orbiting K-type host stars over the

course of a 12-night survey with Palomar/WIRC. We

summarize our results below:

1. We detected (> 3σ confidence) helium absorp-

tion from WASP-69b, HAT-P-18b, and HAT-P-

26b; tentatively detected (2−3σ) absorption from

WASP-52b and NGTS-5b; and did not detect

(< 2σ) absorption from WASP-80b and WASP-

177b.

2. When interpreting these signals with a one-

dimensional Parker wind model, we found that the

six planets in our sample near the upper edge of

the desert (WASP-69b, WASP-52b, HAT-P-18b,

WASP-80b, WASP-177b, and NGTS-5b) have pre-

dicted atmospheric lifetimes Menv/Ṁ much larger

than 10 Gyr. Our result for HAT-P-26b (near the

lower edge of the desert) is inconclusive due to the

Ṁ − T0 degeneracy.

3. We compared our empirically measured mass-loss

rates to predictions from the one-dimensional, self-

consistent hydrodynamics code ATES (Caldiroli et

al. 2021a,b). We found that five planets were in

good agreement with the ATES predictions: HAT-

P-18b, WASP-69b, HAT-P-26b, NGTS-5b, and

WASP-177b. The mass-loss rates for these planets

are all consistent with a mean outflow efficiency of

ε = 0.41+0.16
−0.13.

4. We found that WASP-52b and WASP-80b have

much lower inferred mass-loss rates than predicted

by these models. The measured helium absorption

signals for these two planets may be affected by

stellar wind confinement, helium depletion, the in-

verse first ionization potential effect, or magnetic

field confinement, although stellar wind confine-

ment appears unlikely for WASP-80b.

5. Our empirically measured mass-loss efficiencies are

too small for photoevaporation to sculpt the pop-

ulation of giant planets at the upper edge of the

Neptune desert, in agreement with previous work

by Owen & Lai (2018) and Ionov et al. (2018).

We conclude that another mechanism besides photo-

evaporation must be responsible for carving the upper

edge of the Neptune desert. Candidate explanations in-

clude high-eccentricity migration (Matsakos & Königl
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Figure 11. Mp − a plane with marginal stability curves. Planets above the red curve cannot have lost more than 50% of
their initial mass M0 to photoevaporation, even assuming an energy-limited outflow for the entire planetary lifetime. The red
shaded region corresponds to the uncertainty on our empirical estimate for the mass-loss efficiency ε with the uncertainty in
the empirical radius-temperature relation from Owen & Lai (2018) included as well. The orange curve shows the same for 10%
mass loss. Points indicate transiting exoplanets with fractional mass uncertainties of less than 30%; those orbiting stars with
4000 K< Teff < 5400 K are colored blue, and the seven targets constituting our sample are labeled and outlined with red stars.
The gray shaded region indicates Mp < 0.2MJ wherein our assumed radii are incorrect.

2016; Owen & Lai 2018) and in situ formation near

the magnetospheric truncation radius of the natal pro-
toplanetary disk (Bailey & Batygin 2018). Although our

observations cannot distinguish between these two sce-

narios, future studies of the functional dependence of the

desert’s upper boundary on stellar properties may yield

more insight into the problem. Additional observations

aimed at constraining the presence of long-period plan-

etary companions, for instance with Gaia astrometry,

could also help to differentiate between these hypothe-

ses.

Our survey also revealed that 1D mass loss mod-

els overpredict the metastable helium signatures from

WASP-52b and WASP-80b, in agreement with previous

work by Fossati et al. (2021). Although it cannot explain

WASP-80b, our estimates suggest that a strong stellar

wind might confine the outflow of WASP-52b, similar

to what has been proposed for WASP-107b (Spake et

al. 2021; Wang & Dai 2021b) and TOI-560.01 (Zhang

et al. 2022). If the helium line for WASP-52b can be

detected with more sensitive observations at higher re-

solving power, we would expect to see a characteristic

blueshifted line profile and/or an extended tail of post-

egress absorption in this scenario. If the outflow is in-

stead confined by magnetic fields, the line profile would

not be strongly Doppler shifted. We could also test

the magnetic confinement explanation for both plan-

ets by searching for evidence of star-planet interactions.

Cauley et al. (2019) recently demonstrated that close-in

planets with strong magnetic fields can affect the stellar

chromospheric emission. These magnetic star-planet in-

teractions (SPI) are detected in the Ca II K line, where

variations in stellar emission occur on the planetary or-

bital timescale. Lastly, observations of the Hα absorp-

tion signal from both planets could also provide con-

straints on the outflow composition (Czesla et al. 2021).

Hα absorption has already been detected for WASP-52b
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(Chen et al. 2020); similar constraints should also be ob-

tained for WASP-80b.

Intriguingly, the TESS survey is also beginning to dis-

cover planets within the Neptune desert, including TOI-

849b (Armstrong et al. 2020) and LTT 9779b (Jenkins

et al. 2020). Dai et al. (2021) show that these desert-

dwellers tend to orbit metal-rich stars and lack planetary

companions, suggesting that planets within the desert

are more similar to gas giant planets than the rocky,

ultra-short period planets below the desert. However,

our result confirm that these desert-dwellers are unlikely

to be the photoevaporated cores of more massive gas gi-

ant planets. In the high-eccentricity migration scenario,

these unique planets could be the results of partial tidal

disruption as they circularized onto their current orbits

(Faber et al. 2005; Guillochon et al. 2011). Alterna-

tively, Pezzotti et al. (2021) suggest that if TOI-849b

had a large initial mass and radius, it may instead have

lost its envelope to Roche-lobe overflow (RLO). This

process can lead to mass-loss rates far exceeding those

from photoevaporation, and is predicted to be conse-

quential for planets on exceptionally short-period orbits

(Jackson et al. 2017). While it likely plays a role for

the closest-in Neptune desert planets, the RLO mass-

loss rate drops off precipitously with orbital distance, so

it cannot explain the entirety of the desert (Koskinen et

al. 2022).

Although these high density desert-dwelling Neptunes

likely have very low present-day mass-loss rates, the pic-

ture for lower density Neptunes at the lower edge of the

desert is somewhat murkier. Previous modeling stud-

ies (Kurokawa & Nakamoto 2014; Lundkvist et al. 2016;

Ionov et al. 2018; Owen & Lai 2018) concluded that mass

loss can be significant for planets near the lower edge of

the desert. Our result for HAT-P-26b appears to be con-

sistent with this prediction. TESS has identified a large

sample of new planets near the lower edge of the desert

that are favorable targets for mass-loss measurements,

making this a promising area for future investigation. If

planetary evolution is dominated by photoevaporation

in this mass regime, we also expect the lower boundary

of the desert to shift to smaller orbital periods for less lu-

minous late-type stars (McDonald et al. 2019; Kanodia

et al. 2021, e.g.). If this prediction can be confirmed

observationally, it would constitute additional evidence

for the importance of photoevaporation in sculpting the

lower part of the desert. With the continued success

of TESS and the ability to probe mass-loss rates with

metastable helium, we now have the means to unveil the

divergent evolutionary pathways of planets on either side

of the Neptune desert.
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APPENDIX

A. LIMB DARKENING COEFFICIENTS

In Figure 12, we present the posteriors on the limb darkening coefficients for all stars analyzed in this work alongside

calculations for the coefficients with ldtk (Husser et al. 2013; Parviainen & Aigrain 2015).

B. DETRENDING VECTOR SELECTION

In Table 6, we summarize the ∆BIC values obtained when comparing models with different combinations of de-

trending vectors.

Table 6. Summary of ∆BIC between detrending models in fits with free limb-darkening coefficients .

Planet Date LDC 1 2 3 1,2 1,3 2,3 1,2,3

WASP-69b 2019 Aug 16 free 6.27 0.13 -10.11 5.69 -5.19 -10.22 -3.61

fixed 7.18 1.04 -9.98 6.09 -3.39 -8.44 -3.30

WASP-52b 2019 Sep 17 free -5.68 2.58 -0.06 -6.62 -10.93 3.51 -5.30

fixed -4.23 4.10 2.26 -3.75 -8.22 4.75 -3.49

HAT-P-18b 2020 Jun 05 free 5.49 3.47 3.62 8.70 8.64 7.83 14.02

fixed 4.66 1.99 3.15 7.97 9.51 6.86 13.79

HAT-P-18b 2020 Jul 08 free -1.26 1.09 3.62 0.25 3.56 7.65 7.10

fixed -0.42 1.15 3.43 1.90 3.83 6.65 7.40

WASP-80b 2020 Jul 09 (first half) free 5.43 -23.35 2.26 -19.19 7.65 -34.50 -28.68

fixed 4.76 -22.83 2.73 -17.00 7.35 -31.85 -26.11

WASP-80b 2020 Jul 09 (second half) free 3.21 2.41 3.39 7.00 6.07 7.80 11.96

fixed 3.52 3.46 2.58 7.59 7.48 8.01 12.14

WASP-52b 2020 Aug 04 free 5.55 -7.27 -4.70 -2.55 0.31 -2.43 4.37

fixed 5.04 -8.49 -5.43 -3.01 -0.02 -2.58 2.68

WASP-177b 2020 Oct 02 free 5.06 5.38 5.68 9.67 10.07 7.98 11.76

fixed 4.94 4.57 4.92 8.97 9.85 7.24 12.80

HAT-P-26b 2021 May 01 free 1.19 -2.90 7.10 0.57 6.89 0.15 3.31

fixed -0.43 -5.35 5.60 -1.79 5.07 -1.38 1.40

HAT-P-26b 2021 May 18 free 3.54 5.80 0.77 10.47 5.60 -9.22 -4.17

fixed 4.53 5.57 0.87 9.92 6.15 -8.56 -2.91

NGTS-5b 2021 May 27 free 4.26 -26.18 -26.18 -23.46 -22.01 -21.70 -18.07

fixed 5.29 -26.87 -25.87 -22.53 -21.66 -21.31 -18.08

Note—All ∆BIC values are relative to that for no additional detrending vectors, with negative values indicating favored models. Vector 1 corresponds
to the centroid offsets, vector 2 corresponds to the water absorption proxy, and vector 3 corresponds to the airmass. Bolded values indicate the
adopted detrending model for a given planet; if there are no bolded values then the model with no additional detrending vectors was selected.
The “LDC” column denotes the fitting strategy of leaving the limb darkening coefficients free or fixing them to a calculation from ldtk (Husser
et al. 2013; Parviainen & Aigrain 2015); the adopted strategy for each planet is noted in bold.

C. ALLAN DEVIATION PLOTS

In Figure 13, we present the Allan deviation plots for

all light curves analyzed in this work.
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Figure 12. Posteriors on the quadratic limb darkening coefficients for all stars analyzed in this work. Contours indicate the 1,
2, and 3σ levels on the posterior mass. The red star on each plot indicates the limb darkening coefficient in the helium bandpass
computed using ldtk (Husser et al. 2013; Parviainen & Aigrain 2015).
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Figure 13. Allan deviation plots for all light curves analyzed in this work. The rms of the binned residuals for each light-curve
fit are shown with the black curves, the red noise indicates the expectation from photon noise statistics, and the dashed red line
is the red line scaled up to match the first point of the black curve. The photon noise values and scaling factors are given in
Table 2.
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D. TESS LIGHT-CURVE FIT

In Figure 14, we present the light-curve fit for the

WASP-177b TESS data. We found a radius ratio in

the TESS bandpass of 0.187+0.054
−0.036. The rest of the fit

parameters are given in Table 4 as this was a joint fit

with the WIRC data.
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Figure 14. Same as Figure 2, but for the WASP-177b TESS
data.

E. THE PARKER WIND MODEL WITH TIDAL

GRAVITY

We demonstrate that a one-dimensional transonic

Parker wind model should achieve the sound speed:

cs =

√
kBT0

µ̄mp
(E1)

within the planetary Roche lobe (Rs < RRoche) when

the tidal gravity term is considered (Murray-Clay et al.

2009). Here, Mp is the planet mass, G is the gravita-

tional constant, kB is the Boltzmann constant, T0 is the

isothermal outflow temperature, µ̄ is the average molec-

ular weight as defined by Lampón et al. (2020), and mp

is the proton mass. The sonic point without considering

the stellar gravity is defined as:

Rs =
GMp

2c2s
=
GMµ̄mp

2kBT0
. (E2)

To derive the sonic point with tidal gravity considera-

tions, we first write the full momentum equation for the

wind (e.g. Equation (2) from Murray-Clay et al. 2009):

v
dv

dr
+

1

ρ

dP

dr
+
GMp

r2
− 3GM?r

a3
= 0. (E3)

As in the original Parker wind solution, we rewrite the

pressure gradient term with a density gradient using the

derivative of the ideal gas law. We then rewrite the

density gradient term as a velocity gradient term using

the derivative of the continuity equation (a step-by-step

walkthrough of this method is provided in Chapter 3 of

Lamers & Cassinelli 1999). The result is:

1

v

dv

dr
=

1

v2 − c2s

(2cs
r
− GMp

r2
+

3GM?r

a3

)
. (E4)

The sonic point is the singular point of Equation (E4)

where the numerator and denominator of the right-hand

side both go to zero. The latter condition gives v = cs,

identically to the original Parker wind solution. Requir-

ing the numerator to go to zero gives the cubic:

3GM?r
3

a3
+ 2c2sr −GMp = 0. (E5)

This is the major difference from the Parker wind con-

sidered by Oklopčić & Hirata (2018). Neglecting the

tidal gravity term, we obtain the original sonic point

solution in Equation (E2), but the general solution be-

haves differently:

Rs = a

(
3

√
M1 +

Mp

2

3M?
− 3

√
M1 − Mp

2

3M?

)
, (E6)

where M1 is further defined as:

M1 =

√(Mp

2

)2

+
8M2

?

81

( cs
vK

)6

, (E7)

and vK =
√
GM?/a is the Keplerian velocity. Equa-

tion (E6) agrees with Equation (E2) in the limit of large

sound speed, but the crucial point here is to consider the

case where the sound speed is very small, corresponding

to cold outflows. Whereas the original sonic point so-

lution would have these outflows fall outside the Roche

radius, in this limit M1 = Mp/2, and substitution into

Equation (E6) yields Rs = RRoche.

Therefore, when the sonic point in our original models

(which neglected the tidal gravity term) began to ven-

ture outside the Roche lobe, it meant that our model was

not providing an adequate representation of the density

and velocity profiles, which are dominated by the stel-

lar gravity. In general, Equation (E7) shows that stellar

gravity begins to dominate the outflow behavior when:

32

81

( cs
vK

)6(M?

Mp

)2

. 1. (E8)
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Expanding out the Keplerian velocity term on the left-

hand side, this condition scales with c6sa
3/(M?M

2
p);

therefore the tidal gravity term is important in plan-

ets with cool outflows and planets in close proximity to

more massive stars. For our sample, the relevant quan-

tities are approximately vK ∼ 100 km/s, cs ∼ 10 km/s,

and Mp/M? ∼ 3 × 10−4, and Equation (E8) is nearly

satisfied, indicating that the tidal gravity term in the

momentum equation appreciably alters our results. The

new momentum equation (Equation E4) is readily inte-

grated from the sonic point (Rs, cs) to an arbitrary point

(r, v(r)) to obtain the velocity profile:

v(r)

cs
exp

(
− v(r)2

2c2s

)
=
(Rs

r

)2

exp

[
− GMp

c2sr
+
GMp

c2sRs

− 3GM?r
2

2a3c2s
+

3GM?R
2
s

2a3c2s
− 1

2

]
,

(E9)

and using the continuity equation we can obtain the

density profile:

ρ(r)

ρs
= exp

[
GMp

c2sr
− GMp

c2sRs

+
3GM?r

2

2a3c2s
− 3GM?R

2
s

2a3c2s
+

1

2
− v(r)2

2c2s

]
. (E10)

The updated Parker wind structure has been included

into the latest release of the p-winds code (dos Santos

et al. 2022).
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Alam, M. K., Nikolov, N., López-Morales, M., et al. 2018,

AJ, 156, 298. doi:10.3847/1538-3881/aaee89

Allart, R., Bourrier, V., Lovis, C., et al. 2018, Science, 362,

1384. doi:10.1126/science.aat5879

Allart, R., Bourrier, V., Lovis, C., et al. 2019, A&A, 623,

A58. doi:10.1051/0004-6361/201834917

Alonso-Floriano, F. J., Snellen, I. A. G., Czesla, S., et al.

2019, A&A, 629, A110. doi:10.1051/0004-6361/201935979

Anderson, D. R., Collier Cameron, A., Delrez, L., et al.

2014, MNRAS, 445, 1114. doi:10.1093/mnras/stu1737

Armstrong, D. J., Lopez, T. A., Adibekyan, V., et al. 2020,

Nature, 583, 39. doi:10.1038/s41586-020-2421-7

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et

al. 2013, A&A, 558, A33.

doi:10.1051/0004-6361/201322068

Astropy Collaboration, Price-Whelan, A. M., Sipőcz, B. M.,
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