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Water absorption in the transmission spectrum of the water-world candidate GJ 9827 d
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ABSTRACT

Recent work on the characterization of small exoplanets has allowed us to accumulate growing
evidence that the sub-Neptunes with radii greater than ~ 2.5 Rg often host Hs/He-dominated at-
mospheres both from measurements of their low bulk densities and direct detections of their low
mean-molecular-mass atmospheres. However, the smaller sub-Neptunes in the 1.5-2.2 Rg size regime
are much less understood, and often have bulk densities that can be explained either by the Hy/He-rich
scenario, or by a volatile-dominated composition known as the “water world” scenario. Here, we report
the detection of water vapor in the transmission spectrum of the 1.96+0.08 Rq sub-Neptune GJ 9827d
obtained with the Hubble Space Telescope. We observed 11 HST/WFC3 transits of GJ 9827 d and
find an absorption feature at 1.4um in its transit spectrum, which is best explained (at 3.390) by the
presence of water in GJ 9827d’s atmosphere. We further show that this feature cannot be caused
by unnoculted star spots during the transits by combining an analysis of the K2 photometry and
transit light-source effect retrievals. We reveal that the water absorption feature can be similarly well
explained by a small amount of water vapor in a cloudy Hy/He atmosphere, or by a water vapor enve-
lope on GJ 9827 d. Given that recent studies have inferred an important mass-loss rate (> 0.5 Mg /Gyr)
for GJ 9827 d making it unlikely to retain a H-dominated envelope, our findings highlight GJ 9827 d
as a promising water world candidate that could host a volatile-dominated atmosphere. This water
detection also makes GJ 9827 d the smallest exoplanet with an atmospheric molecular detection to
date.

Keywords: Exoplanets (498); Exoplanet atmospheres (487); Planetary atmospheres (1244)

1. INTRODUCTION

While many questions remain regarding the nature
of sub-Neptune exoplanets, the last decade of trans-
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mission spectroscopy with the Hubble Space Telescope
(HST) has shown that the larger sub-Neptunes are often
best described by Hs/He-dominated atmospheres (e.g.,
Benneke et al. 2019a,b, Mikal-Evans et al. 2020, Kreid-
berg et al. 2022). However, this picture is much less
clear when considering sub-Neptunes that are in the
smaller 1.5-2.2 Rg size-regime, near the radius valley
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(Fulton et al. 2017, Fulton & Petigura 2018, Van Eylen
et al. 2018, Hardegree-Ullman et al. 2020). These
planets have bulk densities than can be explained by
either the Hs/He-rich sub-Neptune scenario, or by a
volatile-dominated composition, where water (or an-
other molecule of similar mean-molecular-weight) sup-
plants Hy and He as the most abundant atmospheric
species (Rogers & Seager 2010, Luque & Pallé 2022,
Rogers et al. 2023). This type of exoplanet has been long
theorized and is referred to as “water world” (Adams
et al. 2008, Acuna et al. 2022).

These smaller sub-Neptunes, which are often inconsis-
tent with extended H-dominated atmospheres with large
scale heights (Aguichine et al. 2021, Piaulet et al. 2022),
are also found in a smaller mass regime than the larger
sub-Neptunes, making these close-in planets much more
exposed to mass-loss processes (Owen 2019), and thus
more likely to have lost their Hy and He envelope over
their lifetime. A recent study found a first line of evi-
dence for the existence of such volatile-rich water worlds
in the super-Earth Kepler-138d, by combining a thor-
ough interior analysis of the planet with mass-loss esti-
mates, effectively showing that this super-Earth cannot
be purely rocky, but that it also cannot retain a hy-
drogen layer (Piaulet et al. 2022). However, the direct
spectroscopic confirmation of a volatile-rich high mean-
molecular-weight atmosphere on a water world candi-
date still eludes us, and such a result would provide a
new line of evidence for the water worlds.

The discovery of the transiting sub-Neptune GJ 9827 d
(Niraula et al. 2017, Rodriguez et al. 2018) represents
a rich opportunity to characterize the atmosphere of a
warm sub-Neptune via transmission spectroscopy and to
deepen our understanding of this potential water world
(Aguichine et al. 2021). Rapidly orbiting (6.2 days) a
low-mass K6V star with a size of 1.96 +0.08 Rg,, & mass
of 3.4+0.6 Mg (Kosiarek et al. 2021), and a zero-albedo
equilibrium temperature of 680 + 25 K (Rodriguez et al.
2018), GJ 9827d allows us to obtain a high signal-to-
noise ratio (S/N) in transmission spectroscopy, and to
add a precious new target to the sample of sub-Neptunes
with transit spectra. While JWST now allows to ob-
serve the eclipses and phase curves of small exoplanets
deeper in the infrared (e.g., Kempton et al. 2023), tran-
sit spectroscopy remains the best method to obtain in-
depth looks into the atmospheres of sub-Neptunes and
potential water worlds with HST, as they rarely are hot
enough to provide high S/N in the near-infrared (hot
Neptune desert; Owen & Lai 2018).

While the average density of GJ 9827 d has now been
constrained (> 30) by numerous RV studies of the sys-
tem (Prieto-Arranz et al. 2018, Rice et al. 2019, Kosiarek

et al. 2021), there still remains ambiguity regarding its
bulk composition, as its density could be explained by
a range of compositions from an extended Hs/He layer
to a water world composition with a ~20 % water mass
fraction (Aguichine et al. 2021). However, the high irra-
diation of the planet, the old age of the system (Kosiarek
et al. 2021) and the non-detections of Hel and Ha ab-
sorption from the ground (Kasper et al. 2020, Carleo
et al. 2021, Krishnamurthy et al. 2023) make it un-
likely that GJ 9827 d would have retained a primordial
H-dominated envelope to date.

In this work, we present the most precise look
yet at GJ 9827d via transmission spectroscopy with
the Hubble Space Telescope Wide Field Camera 3
(HST/WFC3), and reveal a water absorption feature
in its transmission spectrum. In Section 2, we present
the observations obtained for this study and we describe
the data analysis in Section 3. Section 4 presents our
atmospheric analysis of the HST transit spectrum and
the related results are presented in Section 5. We end by
discussing our findings and presenting our conclusions
in Section 6.

2. OBSERVATIONS AND DATA REDUCTION

GJ 9827d was observed transiting its host star 11
times between December 2017 and December 2020 with
the Wide Field Camera 3 (WFC3) onboard the Hubble
Space Telescope (HST) as part of the mini-Neptune at-
mosphere diversity survey (GO 15333: PI Crossfield).
The G141 grism was used in order to obtain the trans-
mission spectrum of the sub-Neptune over the 1.1-1.7
pm range.

Each of the 11 HST/WFC3 transit observations con-
sisted of ~3 hours of observing time spanning three tele-
scope orbits with ~1 hour gaps between them. FEach
transit observation is thus composed of one orbit be-
fore, during, and after transit. The transit time series
were obtained with the G141 grism using the spatial
scan mode. In order to optimize the duty cycle of our
observation, we used both the forward and backward
detector scans. We discard one of the transits from our
analysis (November 1st 2019) since a pointing maneuver
cut orbit 1 short before the ramp was stabilized, effec-
tively carrying an unusually strong ramp to orbit 2 and
polluting the in-transit observations.

We reduce the observations following standard pro-
cedures for HST/WFC3 observations (details in Ben-
neke et al. 2019a,b). In order to minimize the back-
ground contribution, we subtract consecutive reads up-
the-ramp and then add together the background sub-
tracted frames. We then construct flat-fielded images
from the flat-field data product provided by STScl. We
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normalized broadband light curves for the 10 transits of GJ 9827 d (data points). Each visit is centered around the fitted transit
time for that visit. The best-fitting transit model is also shown as the grey line. Right: Residuals of the broadband light-curve

fits shown on the left.

use a normalized row-added flux template in order to re-
move and replace outlier pixels in our frames. We follow
Benneke et al. (2019a) in order to correct for the slight
slanted shape of the trace on the detector, which is in-
troduced by the spatial scan mode, using a trapezoidal
shape integration scheme for the wavelength bins, which
we choose to be 30nm wide. Our flux integration does
not perform presmoothing and does account for partial
pixels along the trapezoidal bin boundaries. Finally, in
order to account for the small drift of the star across the
detector during the observations, we account for a small
position shift which is measured in each frame.

3. DATA ANALYSIS

We perform the light-curve fitting of our 10 transits
of GJ 9827 d individually using the ExoTEP framework
(Benneke et al. 2017, 2019a,b). We use ExoTEP to
jointly fit the transit model with a systematics model
and a photometric noise parameter in a Markov Chain
Monte Carlo scheme (Foreman-Mackey et al. 2013). We
decide to fit the transits individually since they display
variability in the transit timings (see Figures 1, 2, and
Section 6.1).

Each visit in our data set consists of three HST orbits
which do not cover the full transit duration of GJ 9827 d
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Figure 2. Observed mid-transit time (black points) for each
of the 10 transits compared to a fitted linear ephemeris to
all transit timings presented (except the two timings with
large uncertainties; To,psjp = 2459185.987 + 0.002 , P =
6.20186 4+ 0.00002 d) . The ephemeris derived from the K2
campaign is shown (blue; Niraula et al. 2017) along with the
Spitzer transit for this planet (red; Kosiarek et al. 2021). Our
10 HST/WFC3 transits suggest that there are statistically
significant TTVs in the orbit of GJ 9827d of the order of
5-10 minutes.

(Figure 1). The in-transit observations only occur dur-
ing the second orbit of each visit, either observing the
ingress, the middle of transit, or the egress (Figure 1).
For that reason, we cannot obtain reliable constraints on
the orbital parameters out of the partial transit obser-
vations and decide to use a fixed orbital solution during
the fits (b=0.91, a/R, = 19.88).

Since the visits do not include a burn-in orbit, we
cannot follow the standard procedure to discard the first
orbit, which displays a stronger ramp in time as the
detector is still settling (e.g., Kreidberg et al. 2014). We
rather choose to keep the 2-4 last points of orbit 1 in
each visit (Figure 1), as the strong ramp has stabilized
by then, and it provides essential baseline information,
especially for visits that only have mid-transit or egress
data in orbit 2 (Figure 1). For all orbits, we discard the
first forward and backward scans.

Because GJ 9827 is a close-in, near-resonant system,
some of the visits in our data set also include transits of
GJ 9827b. Given the partial coverage of our visits, we
simply remove the points where GJ 9827b is expected
to transit, which affects visits 5 and 10. Visits 6 and 7
also include a transit of planet b, but it happens in the
first orbit which is already mostly discarded. Finally, we
remove the last 5 points of visit 3 since they are clear
outliers.

3.1. White-light-curve fit

We fit for systematics trends in the normalized tran-
sit light curves simultaneously with the transit model
using an analytical model that allows for a linear slope
throughout the visit duration and an exponential ramp
in each orbit. Following previous work (e.g., Kreidberg
et al. 2014, Benneke et al. 2019b) we use the following
parameterization to account for these systematics:

Sinode1(t) = (¢ S(t) + vty,) x (1 — elTatorn=b=d)) = (1)

Here, ¢ is the normalization constant, v is the linear
slope throughout the visit, ¢ and b are the rate and
amplitude of the exponential ramp in each orbit, and d
is an offset only for first orbit reads. S(t) is a function
that is equal to 1 for forward scans and to s for backward
scans, allowing to correct for the offset between forward
and backward scans. Finally ¢, is the time since the
start of the visit, while t,,; is the time since the start of
the orbit.

We produce our transit light-curve models using the
Batman package (Kreidberg 2015). Since we are not try-
ing to fit the orbital solution, the only two astrophysical
parameters that we are fitting in the transit light curve
are the transit depth, and the mid-transit time (Fig-
ure 2). For the limb darkening, we use the Exotic-LD
package (Grant & Wakeford 2022) to compute the coef-
ficients using 1D stellar models (Kurucz 1993) and the
quadratic limb darkening law. The impact parameter
and semi-major axis are set to the values in Niraula et al.
(2017). We obtain the posterior distribution on our pa-
rameters by running a MCMC analysis individually for
each of the 10 visits. We use four walkers per parameter
and all priors are uniform. The 10 white-light-curve fits
are shown in Figure 1.

3.2. Spectroscopic light-curve fit

We use the white-light-curve fits results in terms of
the systematics model to pre-correct the light curves
in each spectral bin (divide-white method; Stevenson
et al. 2014). Thus, we divide the spectroscopic light
curves by the white-light-curve best-fitting systematics
model before starting the fitting. We produce our spec-
troscopic transit light-curve models similarly as in the
white-light-curve case, but we now keep the mid-transit
time fixed to the best-fitting value found by the white-
light-curve fit. The limb darkening is again modelled
with Exotic-LD, and this time, our systematics model is
a three-parameter linear slope with trace position (mea-
sured during the data reduction, see Section 2). We thus
obtain 10 transmission spectra, one from each visit, by
running an MCMC analysis on each. We again use four
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Figure 3. Individual relative transit depths compared to the relative final transmission spectrum. For each of the 10 transmission
spectra, we obtain the relative transit spectrum by subtracting the average across wavelengths. We then subtract the relative
final transmission spectrum from the individual relative spectra, and display these transit depths for all visits in each channel.
The relative transit depths are consistent across the 10 visits with the final relative spectrum. Points that are significantly away
from zero (dotted lines) have larger error bars which makes them less important in the weighted average and thus do not bias
our transmission spectrum. The uncertainty on the combined spectrum is also displayed as the grey region. In the top left
panel, the broadband transit depths are shown, centered on the average across the 10 visits, highlighting the variability in the

observed broadband transit depths from the different visits.

walkers per parameter and uniform priors on all param-
eters.

3.3. Combining all the visits together

We compute a weighted average of our 10 individ-
ual transmission spectra to obtain our final transmission
spectrum of GJ 9827 d. In order to verify the robustness
of our spectrum, and to ensure that it is not affected by
that variability in the observations, we compare the rela-
tive transit depth in each channel, for each visit (Figure

3). From each spectrum, we subtract the weighted av-
erage (across wavelengths) of said spectrum, essentially
making it a relative transit spectrum centered around
zero. We then subtract the relative combined spectrum
of all visits (also centered around zero) from each indi-
vidual spectrum to effectively center each spectroscopic
transit depth around zero. We then inspect this rel-
ative transit depth for each spectroscopic bin and for
each visit, in order to ensure that the points in our fi-
nal transmission spectrum are not affected by outliers
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1o and 20 Bayesian credible intervals from the atmosphere retrieval respectively. The atmospheric median transmission model
is shown in blue and the best-fitting model is shown in red. The best-fitting TLS model is shown in orange along with the
lo and 20 Bayesian credible intervals in light orange. Right: Joint constraints on the cloud-top pressure versus the water
mixing ratio derived from our Scarlet well-mixed retrieval. The colored shading describes the normalized probability density
as a function of the water mixing ratio (assuming uniform vertical profiles) of the atmosphere, and of the cloud-top pressure.
The black contours highlight the 1, 2 and 30 Bayesian credible regions. The water abundance relative to a solar composition
atmosphere is shown on the top axis. The posterior probability distribution allows for multiple atmospheric scenarios ranging
from Hy/He envelopes with small amounts of water to water-dominated envelopes. The blue points identify two representative
samples of these two scenarios which are displayed in Figure 6.

Instrument  Wavelength Depth +lo (Figure 3). We find that for each spectroscopic channel,
[em] [ppm] [ppm] all visits mostly agree with the weighted average within

HST/WFC3 1.10 - 1.13 941.3  59.7 error bars, and points that are inconsistent have larger
1.13-1.16 1003.3 28.3 error bars, which makes them much less important in

1.16 - 1.19 939.6 24.5 the weighted average, since the weight of each points is

1.19 - 1.22 9455 234 inversely proportional to the uncertainty squared (Fig-

1.22 - 1.25 987.7 922.4 ure 3). The final average transmission spectrum is pre-

195 - 1.28 9657 18.8 sented in Table 1 and in Figure 4. We decide to discard

128 - 1.31  921.0 22.3 the last spectroscopic channel (1.67-1.70 um) since it is

131 134 9987 203 systematically lower than the rest of the spectrum, and

is near the edge of the trace on the detector where the
data is less reliable.

1.34 -1.37 1018.9 22.1
1.37-1.40 986.8 219
1.40 -1.43 10154 21.2

143 =146 960.4 221 4. ATMOSPHERIC MODELING
1.46 —1.49  982.5 23.0 .
149152 9922 225 We perform atmosphere retrievals on our GJ 9827d

transmission spectrum using the SCARLET framework
(Benneke & Seager 2012, 2013, Knutson et al. 2014,
Kreidberg et al. 2014, Benneke 2015, Benneke et al.
2019a,b, Pelletier et al. 2021, Roy et al. 2022). SCAR-
LET parameterizes the molecular abundances, the cloud
deck pressure and the temperature to fit our spectrum.
Table 1. HST/WFC3 near-infrared combined spectrum of SCARLET uses a Bayesian nested sampling analysis
GJ 9827d (with single ellipsoid sampling; Skilling 2004, 2006) to
obtain the posterior probability distribution of our pa-
rameter space and the Bayesian evidence of our models.

1.52 - 1.55 953.8 21.3
1.55 - 1.58 935.3 22.8
1.58 - 1.61  919.3 23.5
1.61 -1.64 944.0 19.1
1.64 - 1.67 941.2 21.9
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shown in the 2D posteriors. Water is the only molecule detected in our retrieval analysis.

For each set of parameters, SCARLET produces a
forward atmosphere model in hydrostatic equilibrium
(Benneke 2015), computes the opacity associated to
each molecule throughout the 40 vertical (pressure) lay-
ers of the model, computes the transmission spectrum
for that model and finally performs the likelihood eval-
uation. The model transmission spectra produced at
each step have a resolution of 16000 and are then con-

volved to the wavelength bins of the observed spectrum.
The molecules considered in our retrieval are HoO, CHy,
COg, CO and Ns, as well as Hy and He which are not pa-
rameterized and rather fill up the atmosphere (Benneke
& Seager 2013).

We assume well-mixed vertical chemical profiles,
where the abundances of molecules do not vary through-
out the atmosphere. We choose a log-uniform prior on



Retrieval model Evidence Bayes Factor N,

ln(Zl) B = ZTef/Zi

All molecules -90.68 ref. ref.
+ clouds

H20 removed -94.96 72.52 3.39
CH4 removed -90.24 0.65 0.90
CO2 removed -90.45 0.79 0.90
CO removed -90.60 0.92 0.90
N> removed -90.73 1.06 1.14
Clouds removed -90.78 1.10 1.23
H>0O, CH4 removed -94.88 66.92 3.36
Flat spectrum -97.11 620.76 4.01

Table 2. Bayesian model comparison results from our

SCARLET atmosphere retrievals in the free chemistry set-
ting

the abundance of each molecule ranging from 10719 to
1 in volume mixing ratio. We assume a constant tem-
perature structure throughout the atmosphere and use
a Gaussian prior centered on the planet’s equilibrium
temperature (6804 100K; Rodriguez et al. 2018) on
that parameter. The parameterization also includes a
cloud deck top pressure, which blocks all light rays going
through that pressure level. We again use a log-uniform
prior on that parameter from 10~% mbar to 10° mbar.
Thus, our atmosphere retrieval includes seven free pa-
rameters in total (or less when molecules are removed,
see Table 2).

5. RESULTS

The observed transit spectrum of GJ 9827d displays
a water absorption feature at 1.4 ym (Figure 4). Qual-
itatively, the transit depths in the spectrum are deeper
in the 1.4 pm water band followed by a downward slope
that follows the wing of the water absorption feature.
Quantitatively, a Bayesian model comparison analysis
of our well-mixed retrievals (Benneke & Seager 2013)
prefers models that include the presence and absorption
of water with a significance of 3.390 (Bayes Factor =
72.52; Table 2) compared to models that do not include
water.

5.1. Metallicity-clouds degeneracy

Our free chemistry retrievals show that the data can
both be explained by a water-rich atmosphere, where
water is the most abundant molecule, as well as with a
Hs /He-dominated atmosphere that still contains a small
amount of water (Figure 4). At 1o, models with a water
mixing ratio between 0.02% and 80% are preferred by
the spectrum. When compared to the amount of water
in a solar metallicity envelope, we see that this interval

in abundance ranges from 1 X solar metallicity models,
which are dominated by Hy and He gas, to 1000 x so-
lar metallicity models, where water is now the principal
species (Figure 4).

In the cases where water is present in small amounts,
a cloud deck is needed to explain the observed transit
spectrum (Figures 4, 5). This is due to the fact that the
observed spectrum does not display the large amplitude
expected from cloud-free models (Figure 6). This need
for clouds in low mean-molecular-weight atmospheres is
also seen in the marginalized probability distributions of
the other molecules (Figure 5), since their spectral fea-
tures are inconsistent with the observed spectrum, and
thus must be muted by clouds in order to yield high-
likelihood models. In cases where the water is more
abundant and becomes the principal molecule, the spec-
tra naturally display muted features because of the high
density of the atmospheres and lower atmospheric scale
height, thus removing the need for high clouds. In this
water-rich scenario, the constraint on the cloud-top pres-
sure disappears, explaining the observed posterior distri-
bution (all deep cloud decks become equally consistent;
Figure 4).

5.2. Upper limits on other molecules

While methane is known to display a similar 1.4 ym
absorption feature as water (Bézard et al. 2022), it re-
mains disfavored in our free chemistry retrieval analysis.
The spectral signatures of methane not only include a
feature around 1.4 ym, but also at 1.2 ym and at 1.7 pm,
as shown by SCARLET forward atmosphere models for
a pure methane envelope and for a solar composition
atmosphere (Figure 6). However, the observed trans-
mission spectrum of GJ 9827d does not display these
absorption features at 1.2 and 1.7 ym (Figure 6) and is
in better agreement with the water models that display a
smaller feature at 1.2 pm, no absorption at 1.7 um, and a
broader feature at 1.4 um. In order to obtain chemically
consistent models that agree with the observed transit
spectrum, the carbon-to-oxygen (C/O) ratio must be de-
creased in order to favor O-bearing molecules (here, wa-
ter) and a cloud deck must be included to mute the spec-
tral amplitude of the water absorption features. Such
models (e.g. C/O = 0.1, Metallicity = 100 x solar and
pCloud = 1 mbar) yield qualitatively and quantitatively
similar transmission spectra to those favored by our free
chemistry retrieval (Figures 4, 6).

No other molecule besides water is statistically de-
tected by our retrievals (Table 2, Figure 5). However,
we can derive upper limits in their abundances based
on our results from the free chemistry retrievals, either
from the non-detection of specific spectral features (e.g.,
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Figure 6. HST/WFC3 transmission spectrum of GJ 9827d (data points) along with SCARLET forward atmosphere models
(colored lines). Top: Two samples from our well-mixed retrieval analysis (Figure 4) are shown, representing the mini-Neptune
scenario with a cloudy Hz/He atmosphere composed of ~1% water (pale blue) and a water world scenario with a water-rich
atmosphere (dark blue). Middle: A secondary atmosphere model for a pure methane envelope is also shown (red) in order
to highlight the methane absorption features. Chemically consistent models (still assuming a uniform temperature profile) are
shown for a cloud-free, solar composition case (solar metallicity, solar C/O; orange) and for a cloudy case with C/0O=0.1 and
a 100 x solar metallicity (green). The observed spectrum is inconsistent with cloud-free low-metallicity scenarios and prefers
water absorption features to methane absorption features, mainly around 1.2 and 1.65 um. The strength of the features in the
spectrum is also displayed in units of H/He scale heights (right axis). Bottom: The best-fit model from the retrieval analysis
is shown (pale blue), along with the transmission spectrum of the same model once the water opacity is turned off (grey).
The contribution of water opacity to the spectral signatures is highlighted in blue. We also present a binned version of the
transmission spectrum where points are binned together by pair with the exception of the blue-most channel.

CH,) or because too much of anyone species increases
the mean-molecular-weight of the atmosphere, eventu-
ally yielding a flat spectrum (e.g., N3). Thus, our re-
trievals allow us to constrain the upper limits on the
mixing ratios of CHy, CO5, CO and Ny to 3.04, 19.4,
52.5 and 60.4 % at 30 significance.

5.3. Significance of a featureless spectrum

In order to evaluate how our spectrum deviates from
a featureless spectrum, we compute the deviation from
the best-fitting straight line using x? statistics. Using
the binned version (bottom of Figure 6), we obtain that
the transmission spectrum of GJ 9827 d deviates from a
straight line at 3.240. In order to assess how our water
detection compares to a featureless flat spectrum within
the Bayesian paradigm, we compute the Bayesian evi-
dence of a one-parameter flat line model Zg,;. Given
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the simplicity of this one-parameter model, we do not
need to use SCARLET nested sampling to obtain that
value, and rather numerically estimate it via the follow-
ing analytical solution:

= () (I12) ~ (a5)
N

0 2
: D0
X /91 exp ( E o7 db,

i=1 g

where N is the number of points in the spectrum, o; is
the uncertainty of the i*" point of the spectrum denoted
D;, and where 6; and 65 are the limits of our uniform
prior on the transit depth parameter . This allows us
to show that our atmosphere model is preferred to the
flat spectrum model at 4.010 (Bayes Factor = 620.76;
Table 2).

5.4. Ruling out stellar contamination

The Transit Light Source Effect (TLS, Rackham et al.
2018) can mimic water features at the 20 ppm level or
more for modestly spotted stars under certain observa-
tional configurations, and could thus create the feature
observed in our transmission spectrum. The best con-
straint available for the starspot coverage and contrast
for GJ 9827 comes from the K2 Campaign 12 (C12)
lightcurve, with an SFF-derived (Vanderburg & Johnson
2014) peak-to-valley amplitude of 0.45%, slightly lower
than the typical 0.7% for K6 spectral types (Rackham
et al. 2019). Coarse scaling laws can relate the observed
K2 amplitude to the surface coverage of starspots, under
assumptions of size, number, and location of spots on a
stellar surface (Rackham et al. 2018, Guo et al. 2018).
For a K6 spectral type, 0.45% amplitude variations re-
late (conservatively) to spot-covering fractions of 1-4%
(Rackham et al. 2019). Thus, we adopt a spot contrast
typical of a K6 star and a filling factor of 1-4% (Rackham
et al. 2019). Under these assumptions, a planet with a
1% transit depth could expect an HoO contamination
of <15 ppm from unocculted spots. GJ 9827d’s much
smaller transit depth of < 0.1% would therefore yield a
negligible TLS water contamination of < 1.5 ppm.

We perform a retrieval on our combined transit spec-
trum in which we fit for TLS parameters rather than for
atmospheric parameters. We use the 1-4% spots filling
factor as a prior in this TLS retrieval, and the other pa-
rameters are the photospheric temperature, the spots’
temperature difference and a scaling factor. Our TLS
models simulate unocculted star spots by averaging the
stellar spectrum of the star’s photoshere with the spec-
trum of the cooler spots (weighted by the spots coverage)
based on Phoenix stellar models (Husser et al. 2013). It

then simulates the transit of an airless planet to obtain
the stellar-contaminated transit spectrum. When us-
ing the photometry-derived prior, we find that the TLS
fitting is restricted to flat models which indicate that
stellar contamination is not expected for that system
(Figure 4).

Repeating the same TLS retrieval with nonrestrictive
uniform priors on all parameters further demonstrates
that the signal cannot be caused by the star. We run
the same TLS retrieval as described above, but without
using the 1-4% spots filling factor prior, to see under
what stellar conditions the signal can be explained by
the star. We find that, in order for the TLS to repro-
duce the signal in our spectrum, not only does the spots
parameters need to be unrealistically large (73% spots
coverage and < —T794K spot temperature difference),
but the model needs to adopt a strong positive ramp
towards short wavelengths (as in Moran et al. 2023),
which becomes inconsistent with the K2 transit depth
measurement. We thus conclude that stellar contam-
ination cannot explain the feature in the transmission
spectrum of GJ 9827d, and that the water detection
comes from the planet’s atmosphere.

6. DISCUSSION AND CONCLUSIONS

The HST/WFC3 transmission spectrum of GJ 9827 d
presented in this work provides a precious target in the
population of sub-Neptune exoplanets for which we have
precise transmission spectra; and highlights GJ 9827d
as the smallest exoplanet with an unambiguous atmo-
spheric molecular detection to date. Compared to the
other characterized sub-Neptunes, our detection of a ~1
H/He scale height water feature (Figure 6) makes it
stronger than for similarly hot sub-Neptunes, although
it remains broadly consistent with the previously ob-
served trend where hotter sub-Neptunes display stronger
Hy0 amplitudes (Crossfield & Kreidberg 2017). Our
analysis of the 10 observations of GJ 9827d’s tran-
sits also revealed some variability in this planet’s or-
bit, which is to be considered for further monitoring of
the system with state-of-the-art facilities such as JWST.
Finally, our detection of a water feature in GJ 9827d’s
transit spectrum provides the first detection of water in
the atmosphere of a potential water world, which, when
combined with GJ 9827 d’s large mass-loss rate, provides
a first line of evidence for this sub-Neptune hosting a
water-steam dominated atmosphere.

6.1. Variability in the transits of GJ 9827d

The analysis of the 10 transits of GJ 9827 d with HST
revealed a significant variability in the transit timings
observed from one visit to the other (Figure 2). While
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this variation is not surprising for a near-resonant sys-
tem and did not impact the features observed in the
transit spectrum (as shown by our analysis of the rel-
ative spectra; Figure 3), it still is in contrast with the
previously observed TTVs for this system which were of
the order of ~3 minutes (Niraula et al. 2017). However,
the 5-10 minutes TTVs observed for planet d in this
work are consistent with an independent study of the
TTVs of the GJ 9827 system combining all photometric
and radial velocity data (Livingston et al., in prep.).

The limited number of in-transit data points in the
time series in this program could also explain the range
of transit depths observed in our results. As described
earlier, each HST orbit displays an exponential ramp in
time that is fitted by our systematics model. This ramp
has a much stronger effect in the first few integrations
than in the last few integrations of each orbit, when it
has settled. Thus, HST/WFC3 observations inherently
provide better quality observations towards the end of
each orbit. When considering the individual visits in our
program, it seems that egress visits yield deeper tran-
sit depths than mid-transit or ingress visits (Figures 1,
3). This could then be explained by the fact that the
different visits in our data set have varying in-transit
data quality depending on whether the late-orbit inte-
grations are in the transit (ingress and mid-transit vis-
its) or are in the baseline (egress visits). For instance,
visit 6, which is an egress observation, displays a deeper
transit depth than in the other visits. However, the rel-
ative shape of the transmission spectrum, which is the
quantity of interest for this work, is consistent with the
other visits (Figure 3).

Another potential source of the TTV and transit
depth variability observed in our program is star-spot
crossing. GJ 9827 has been shown to display quasi-
periodic flux (~0.45%) variations with a period of ~30
days (Rodriguez et al. 2018, Teske et al. 2018, Prieto-
Arranz et al. 2018, Rice et al. 2019, Kosiarek et al. 2021).
If these stellar variations were caused by stellar spots,
then using a fixed orbital solution and a transit model
that does not include the effect of spots in our light-curve
fits could lead to biases in our retrieved parameters.

Because of the variability discussed above, we decided
to fix the orbital solution and limb darkening coefficients
for the light-curve fits in our program (Section 3). In
order to ensure that the limb darkening coefficients and
stellar parameters chosen do not affect our atmospheric
inference, we repeat our light-curve fits for multiple as-
sumptions on the limb darkening. Using quadratic limb
darkening coefficients, we reproduce the same fitting but
using a 3D stellar model (Magic et al. 2015) when com-
puting the coeflicients. We further try the light-curve

fits by varying the effective stellar temperature to the
+1o and —1o values of that parameter (Kosiarek et al.
2021). In all cases, we find that the limb darkening
and choice of stellar parameters only affect the retrieved
spectrum with a constant offset throughout the wave-
length range, and that the relative spectra all show the
water absorption feature and are all consistent within
lo. This thus shows that our choice for the stellar and
limb darkening parameters does not affect the shape of
the transmission spectrum, and subsequently, our atmo-
spheric analysis.

Similarly, given the difficult observational setting, we
test the robustness of the spectrum to the systematics
models used by trying two alternative light-curve fitting
methods. First, we start from the divide-white corrected
spectroscopic light curves and jointly fit a relative trans-
mission spectrum. To do so, we jointly fit (across visits)
the relative transit depth in each channel, where the
broadband average of the individually fitted spectra is
subtracted for each visit (since there sometimes are dis-
crepancies between the white-light-curve transit depths,
and average spectral depths in HST/WFC3 data). Sec-
ondly, we repeat the method presented in Section 3, but
using the RECTE systematics model and orbit 1 (and
not using the divide-white method; Zhou et al. 2017)
for the seven visits which are not affected by transits of
planet b in orbits 1 or 2. This gives us 7 transmission
spectra that we combine with a weighted average. Both
of these methods produce relative transmission spectra
that are consistent within uncertainties with the one
presented in Table 1. The spectrum obtained from the
RECTE models has increased uncertainties, both from
the smaller number of visits and from increased fitted
scatter in some visits, but is still in agreement with the
other two spectra. The spectrum presented in this work
is thus robust to the choice of systematics model.

6.2. Water in the envelope of a potential water world

The water detection in the transit spectrum of
GJ 9827d makes it the first water world candidate
with an atmospheric water detection consistent with
a water-rich envelope. It thus positions itself in the
sample of potential water worlds, with other small
sub-Neptunes and super-Earths such as Kepler-138d
(Piaulet et al. 2022), L 98-59d (Kostov et al. 2019),
TOI-1685b (Bluhm et al. 2021), GJ 3090d (Almenara
et al. 2022), TOI-270d (Giinther et al. 2019, Mikal-
Evans et al. 2023). In contrast, a water feature was also
detected in the transit spectrum of TOI-270d (Mikal-
Evans et al. 2023), but the analysis revealed that the
H-rich atmosphere scenario was favored for this sub-
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Neptune, showing that the line can be fine between a
mini-Neptune and a water world.

With its small mass of 3.42 Mg (Kosiarek et al. 2021)
and its proximity to its host star (6.2d orbit), the esti-
mated mass-loss rate of GJ 9827d is >0.5Mg /Gyr (Kr-
ishnamurthy et al. 2023). With an estimated age around
6 Gyr (Kosiarek et al. 2021), GJ 9827 d is unlikely to re-
tain an extended Hs/He envelope today. Furthermore,
monitoring of GJ 9827 d’s spectrum in the search of Ha
and Hel signatures with Keck/NIRSPEC (Kasper et al.
2020) CARMENES (Carleo et al. 2021) and IRD (Ki-
ishnamurthy et al. 2023) resulted in no evidence of an
extended Hy/He atmosphere around the planet. Hence,
the H-rich scenario with a smaller water abundance
would provide a somewhat contradictory statement to
the previous studies that observed GJ 9827d from the
ground. However, the water-rich scenario can both ex-
plain the observed HST transit spectrum, as well as the
non-detection of Ha/Hel lines from ground-based stud-
ies. The water-dominated envelope is thus the composi-
tional scenario that explains all of the data at hand on
this system in the most natural way.

In this water-rich scenario, GJ 9827 d would thus rep-
resent a larger, hotter, close-in version of the icy moons
of the giant planets in the solar system. Indeed, water
is believed to be the dominant volatile of the icy moons
of the solar system (Schubert et al. 2004). GJ 9827d
could then have formed outside of the water ice line,
where water ice is available in large amounts as a plane-
tary building block (Mousis et al. 2019, Venturini et al.
2020). It could then have migrated towards its current
stable near-resonant orbit, during which the increasingly
important stellar irradiation would have driven an im-
portant Hy /He loss, and it would be observed today with
a high mean-molecular-weight water vapor atmosphere
due to its warm temperature (Adams et al. 2008, Pier-
rehumbert 2023) and its Ho/He depletion.

While our transmission spectrum cannot unambigu-
ously distinguish between the H-rich and H-depleted
scenarios, we have provided the first water detection in
the envelope of a water world candidate, making it a
key target for further monitoring with JWST. Trans-
mission spectroscopy of GJ 9827 d with NIRISS/SOSS
and NIRSpec/G395H would provide the high-precision
continuous viewing of the full transit of the planet that
is needed to explain the variability observed with HST,
as well as provide a more precise transmission spectrum
that could not only probe the water absorption bands,
but also probe for the presence of carbon bearing species
like CO and COs above 4um. A JWST transmission
spectrum of GJ 9827d would thus lift the degeneracy
observed in our study (Figure 4) and potentially confirm
the water world nature of this sub-Neptune, simultane-
ously yielding the first direct detection of a water vapor
dominated envelope.

All of the data presented in this paper were ob-
tained from the Mikulski Archive for Space Telescopes
(MAST) at the Space Telescope Science Institute.
The specific observations analyzed can be accessed via
10.17909/dvqh-2r48.
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