
Evidence for the volatile-rich composition of a 1.5-R⊕ planet1

Caroline Piaulet1, Björn Benneke1, Jose M. Almenara2, Diana Dragomir3, Heather A. Knutson4,2

Daniel Thorngren1,5, Merrin S. Peterson1, Ian J.M. Crossfield6, Eliza M.-R. Kempton7, Daria3

Kubyshkina8, Andrew W. Howard9, Ruth Angus10, 11, Howard Isaacson12, Lauren M. Weiss13,4

Charles A. Beichman14, Jonathan J. Fortney5, Luca Fossati8, Helmut Lammer8, P. R.5

McCullough15,16, Caroline V. Morley17, and Ian Wong18,19
6

1Department of Physics and Institute for Research on Exoplanets, Université de Montréal, Montreal, QC, Canada7
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The population of planets smaller than approximately 1.7R⊕ is widely interpreted as con-27

sisting of rocky worlds, generally referred to as super-Earths. This picture is largely corrob-28

orated by radial-velocity (RV) mass measurements for close-in super-Earths but lacks con-29

straints at lower insolations. Here we present the results of a detailed study of the Kepler-13830

system using 13 Hubble and Spitzer transit observations of the warm-temperate 1.51±0.04R⊕31

planet Kepler-138 d (Teq,AB=0.3 ≈ 350K) combined with new Keck/HIRES RV measurements32

of its host star. We find evidence for a volatile-rich “water world” nature of Kepler-138 d,33

with a large fraction of its mass contained in a thick volatile layer. This finding is indepen-34

dently supported by transit timing variations, RV observations (Md = 2.1+0.6
−0.7M⊕), as well as35

the flat optical/IR transmission spectrum. Quantitatively, we infer a composition of 11+3
−4%36

volatiles by mass or ∼ 51% by volume, with a 2000 km deep water mantle and atmosphere37

on top of a core with an Earth-like silicates/iron ratio. Any hypothetical hydrogen layer38

consistent with the observations (< 0.003M⊕) would have swiftly been lost on a ∼ 10 Myr39

timescale. The bulk composition of Kepler-138 d therefore resembles those of the icy moons40

rather than the terrestrial planets in the solar system. We conclude that not all super-Earth-41

sized planets are rocky worlds, but that volatile-rich water worlds exist in an overlapping size42

regime, especially at lower insolations. Finally, our photodynamical analysis also reveals that43

Kepler-138 c (Rc = 1.51 ± 0.04R⊕, Mc = 2.3+0.6
−0.5M⊕) is a slightly warmer twin of Kepler-44
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138 d, i.e., another water world in the same system, and we infer the presence of Kepler-138 e,45

a likely non-transiting planet at the inner edge of the habitable zone.46

We observed 13 new transits of Kepler-138 d with HST and Spitzer (Table 1) as part of the47

HST survey program GO 13665 (PI Benneke, three transits) and the Spitzer program GO 1113148

(PI Dragomir, five transits at 3.6 µm and five transits at 4.5 µm). We chose the Kepler-138 system49

for this detailed study because the three known transiting planets on near-resonant orbits open a50

rare opportunity for measuring the masses of low-temperature, super-Earth-sized planets1;2;3;4. The51

HST and Spitzer observations critically extend the baseline for the transit-timing variations (TTV)52

analysis to over 7 years. Therefore, the new transits enable our analysis to cover nearly two super-53

periods of TTV modulation for the interaction of Kepler-138 c and d, almost doubling the baseline54

compared to the Kepler transit timing measurements alone. We complement this dataset with 2855

Keck/HIRES RV measurements of Kepler-138 that support the TTV analysis. The HST/WFC3 and56

Spitzer/IRAC light curves are extracted using the ExoTEP pipeline. The transit parameters are then57

constrained for each visit by jointly fitting a set of astrophysical and instrumental model param-58

eters (see Methods). We ensure the robustness of our transit analyses by verifying the statistical59

consistency of transit depths from individual visits with the same instrument. We also find that the60

transit timing constraints are consistent for a transit simultaneously observed with HST and Spitzer61

(Table 1).62

Results Our measured HST and Spitzer transit times for Kepler-138 d (Table 1) are in-63

consistent with the forward predictions from the photodynamical fit to the Kepler transits (Sup-64

plementary Figure 1). We therefore revisit the orbital solution using an MCMC analysis of the65

transit-timing variations (TTV) over the full 7-year dataset combining Kepler, HST and Spitzer66

transits (see Methods). No three-planet model can simultaneously reproduce the Kepler, HST, and67

Spitzer transit times of Kepler-138 d (Figure 1abc, Extended Data Figure 1). We therefore explore68

possible orbits and masses of a fourth planet (see Methods). We infer the presence of a fourth,69

likely non-transiting planet (Extended Data Figure 2) exterior to Kepler-138 d near the 5:3 reso-70

nance, providing a good match to the observed transit times (Figure 1). We subsequently analyze71

the light curves directly using a photodynamical fitting framework, and derive consistent param-72

eters with the TTV analysis for the four planets (see Methods; Supplementary Table 1and Table73

2). In parallel with the TTV analysis, we analyze the Keck/HIRES RVs of Kepler-138 (see Meth-74

ods). The data are reduced following standard data reduction procedures of the California Planet75

Search5. We then use a Gaussian Process model trained on the portion of the long-cadence Kepler76

photometry simultaneous with the HIRES dataset to mitigate stellar contamination (see Methods;77

Extended Data Figure 3, Extended Data Figure 4) and derive additional independent constraints78

on the masses of Kepler-138 b,c,d, and e (see Supplementary Table 2, Extended Data Figure 5 and79

Supplementary Figure 9).80

Accounting for the presence of the newly inferred planet Kepler-138 e has a significant im-81

pact on the masses of Kepler-138 c and d (Figure 1, Table 2). While previously believed to have82

drastically-different densities3;4, Kepler-138 c and d are revealed to be low-density “twins”, with83
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consistent masses and radii (Mc = 2.3+0.6
−0.5M⊕, Md = 2.1+0.6

−0.7M⊕, Figure 2). We confirm the Mars-84

mass of Kepler-138 b (Mb = 0.07±0.02M⊕), and the newly-discovered outer planet Kepler-138 e85

has a mass of Me = 0.43+0.21
−0.10M⊕ (Supplementary Figure 10). This uncommon configuration with86

one small planet, followed by two larger “twin” planets and a lighter outer planet resembles a scaled87

version of the inner solar system (Figure 1d). The temperate Kepler-138 e (Teq ∼ 292K assuming88

an Earth-like Bond albedo of 0.3), lies at the inner edge of the classical 1D habitable zone (Figure89

1e, Table 2, Ref.6). Kepler-138 e is, however, likely not amenable to detailed characterization as90

its orbital solution is consistent with a non-transiting geometry, in line with its non-detection in the91

Kepler light curves (see Methods and Extended Data Figure 2).92

The mass of the 1.51R⊕ planet Kepler-138 d is lower than the expectation for a rocky planet93

of its size. For an Earth-like interior composition, the measured mass of Kepler-138 d requires the94

presence of a volatile envelope with > 99.81% confidence. Even completely iron-free scenarios95

are disfavored at >98.75% confidence from the combined posterior on the mass of Kepler-138 d96

from the photodynamical and RV analyses (Figure 3). This indicates the presence of either a H2/He97

envelope, a volatile-rich layer, or a combination of the two. We explore the range of plausible com-98

positions for Kepler-138 d by coupling a four-layer (iron, silicates, water and hydrogen) interior99

model with a self-consistent non-gray atmosphere model (see Methods). This new coupled full-100

planet model enables us to account for the contributions of both the interior and the potentially101

puffy atmosphere to the measured radius (Extended Data Figure 6). In the interior model, water102

serves as a proxy for any composition of similarly-dense ices (e.g. methane, ammonia). We first103

look into how much H2/He could be present atop Kepler-138 d. For an interior composed of an104

Earth-like mixture of rock and iron, only a thin H2/He layer of maximum ∼ 0.01wt% (percent by105

mass) would be allowed to match the measured mass and radius of Kepler-138 d. Hydrogen mass106

fractions greater than 0.1% (i.e. ≈ 0.003M⊕ of H2/He) are excluded at 99.7% (3σ) confidence107

(Figure 4a). Any water present in the interior of Kepler-138 d underneath the H2/He would fur-108

ther decrease this upper limit on the amount of H2/He. The existence of such a light ≲0.01 wt%109

H2/He envelope is, however, fundamentally challenged by its vulnerability to loss to space. We110

compute the expected hydrogen envelope lifetime under the influence of hydrodynamic energy-111

limited escape, as well as using a full 1D hydrodynamic upper atmosphere model (see Methods,112

Ref.7). We calculate escape timescales of only tens of Myr, orders of magnitude shorter than the113

estimated age of the system of 1 to 2.7 Gyr (see Methods). We therefore regard the survival of114

any hydrogen-rich atmosphere with a maximum mass of 0.003M⊕ on Kepler-138 d as implausi-115

ble. Fine-tuning would be required for us to observe Kepler-138 d right before the last remains of116

the H2/He envelope are lost, which is expectantly even more unlikely given that the more highly-117

irradiated Kepler-138 c would also need to be in the same fine-tuned state. In addition, beyond118

thermal escape, non-thermal processes including ion escape could accelerate the atmospheric loss,119

with loss rates that are harder to quantify but potentially orders of magnitudes larger than what120

the inner solar system planets experience8;9. A magnetic field could at best decrease the mass-121

loss rate by a factor of a few10, while orders of magnitude would be needed for Kepler-138 d to122

safely retain a hydrogen envelope. Finally, while interior outgassing can in some cases at least123

temporarily replenish lost primary atmospheres, the resulting atmospheres are volatile-rich, rather124
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than hydrogen-dominated (see Methods, Refs.11;12).125

With the implausibility of a hydrogen-rich envelope composition, Kepler-138 d’s low density126

can instead be explained by a large exposed volatile layer dominated by water or other ices (e.g.127

methane, ammonia). We investigate this possibility using three-layer models with silicates+iron128

cores underlying a water layer with a high-metallicity water steam atmosphere13, and we explore129

the full range of water fractions consistent with Kepler-138 d’s mass and radius using the smint130

package14 (see Methods). This analysis reveals that 11+3
−4% of the mass of Kepler-138 d needs to131

be composed of water, which corresponds to ∼ 51% water by volume, for a planetary interior with132

Earth-like silicates/iron ratio (Extended Data Figure 7). This water content is in line with the water133

contents of the icy moons of the outer solar system (Jupiter’s moon Europa has a water content of134

≈ 8wt%), rather than the terrestrial planets in the inner solar system (Figure 3). When additionally135

considering silicates/iron ratios strongly deviant from Earth-like, all the way from pure silicate136

interiors to iron-rich interiors, our data indicate a water mass fractions of 14+6
−5% for Kepler-138 d137

(Figure 4). We verify that this conclusion cannot be challenged by an overestimated planet radius138

due to stellar contamination (see Methods, Extended Data Figure 8), hazes (see Methods), plan-139

etary rings (see Methods), or a partially molten rock interior15. Because of its virtually identical140

mass and radius, a similar “warm water world” composition can explain the structure of Kepler-141

138 c, with the nuance that planet c receives more intense stellar irradiation, yielding a slightly142

lower inferred water mass fraction of 9+2
−3% for an Earth-like core composition (Extended Data143

Figure 9). We do not expect our conclusions for Kepler-138 d to be affected by the presence of a144

magma ocean due to its low instellation16, however the radius of the warmer Kepler-138 c could145

potentially accommodate even larger water mass fractions if the rock near the rock-water interface146

is molten17.147

Contrary to the fragility of a light H2/He layer atop Kepler-138 d, the high mean molecular148

weight envelope of a volatile-rich water world is stable against atmosphere stripping. Small initial149

water reservoirs of a few Earth oceans could be lost due to the runaway greenhouse followed by150

water photolysis triggered by the pre-main sequence evolution of Kepler-13818. However, Kepler-151

138 d’s inferred water layer of ∼ 1000 modern Earth oceans is sufficiently massive to be robust152

against complete stripping by the star’s early high energy irradiation19. Moreover, large amounts153

of water can be shielded from early loss within the magma ocean15 while the mantle is still molten154

because of water’s high solubility in the melt17, which limits early water outgassing12. This at155

least partially molten mantle stage can last up to Gyrs and has been theorized to play a key role in156

sustaining15 and even fostering20 long-lived water reservoirs. Therefore, we conclude that a thick157

layer of water or other volatiles stands out as the most plausible explanation for the low density of158

Kepler-138 d and c.159

Beyond the constraints on bulk planetary compositions offered by the new transit and RV160

observations, our spectroscopic near-IR observations with HST, and mid-IR broadband measure-161

ments with Spitzer, enable us to simultaneously obtain first insights into Kepler-138 d’s transmis-162

sion spectrum. The retrieval analysis of the optical-to-IR transmission spectrum of Kepler-138 d163
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further supports our conclusion on its volatile-rich nature (see Methods, Extended Data Figure 10,164

Supplementary Table 3). While not conclusive in its own right, we find that the observed trans-165

mission spectrum is fully consistent with the high metallicity atmosphere of a volatile-rich water166

world as large spectral features are not observed (see Methods; Extended Data Figure 10).167

Discussion Multiple theories have been proposed to explain the formation of volatile-rich168

“water worlds”, based on different volatile supply mechanisms. Volatiles could be delivered by the169

surrounding gas and solids in the protoplanetary disk during planet formation, assuming the planet170

formed farther from its host than its present location21. This picture finds support in the dynamical171

architecture of the Kepler-138 system, with all adjacent planet pairs being close to first- or second-172

order mean-motion resonances (4:3 for b and c, 5:3 for c and d, and 5:3 for d and e). Sequential173

formation near the water ice line and subsequent inwards migration of the four planets through the174

protoplanetary disk could have locked them in this near-resonant configuration22. Alternatively,175

solids may have contributed to the water budget of Kepler-138 c and d via the plausible in-situ176

accretion of volatile-rich bodies or outgassing of meteoritic material (see Methods;11;23). Recently,177

an endogenous source of water has also been proposed. The oxygen present in the young planet’s178

magma ocean in the form of iron oxide can react with accreted nebular hydrogen and produce a179

dissolved water reservoir in the magma of up to a few percent by mass16;20. Significant amounts of180

water can be shielded in the planetary interior12;17, potentially enabling a long-lived water world181

stage following the shedding of the hydrogen due to stellar irradiation24. The inferred amounts182

of water for Kepler-138 c and d, however, suggest that this endogenous water supply mechanism183

could at best account for a fraction of the volatiles present.184

The inference of a volatile-rich “water world” composition for the warm-temperate185

(Teq,AB=0.3 = 345± 7K), super-Earth-sized (1.51 R⊕) planet Kepler-138 d reveals that the super-186

Earth population is not uniform in composition. Our analysis shows that at least some small planets187

on warm and temperate orbits have compositions akin to the icy moons rather than the terrestrial188

planets of the solar system, pointing to a distinct origins story compared to the close-in rocky super-189

Earths. Both mass measurements of individual close-in super-Earths25;26;27 (see Supplementary190

Figure 10) and theoretical predictions motivated by population studies of close-in planets28;29;30;31
191

agree on the rocky nature of short-period super-Earth-sized planets. Kepler-138 d shows that this192

is not universally true, especially at longer orbital periods and lower equilibrium temperatures.193

Previous studies had hinted at the lower density of small planets beyond 11 days using TTV mass194

measurements32, but not to the extent that a planet as small as Kepler-138 c or d would be expected195

to have a non-rocky bulk density. Future discoveries of small transiting planets at low instellations196

combined with RV/TTV follow-up and atmospheric characterization have the potential to iden-197

tify more of these temperate water worlds. This would provide us with an understanding of the198

relative occurrence of rocky vs. volatile-rich water worlds within the super-Earth size range, and199

the relative importance of incident irradiation and formation pathway20;33 for the planet’s internal200

composition.201
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Methods202

HST/WFC3 observations and light curve extraction. The HST observed three transits of203

Kepler-138 d using the G141 grism of the WFC3 instrument as part of a multi-year survey pro-204

gram (GO 13665, PI Benneke; see Table 1). The first two transit observations consisted of five205

96-minute orbits with 46-minute-long inter-orbit gaps in data acquisition due to Earth occultation,206

with the third and fourth-orbit observations deliberately timed to observe the transit ingress and207

egress of Kepler-138 d, respectively. The third transit observation, on the other hand, consisted208

of only four orbits, with the third orbit centered near mid-transit. At the beginning of each transit209

observation, we first obtained an image using the F130N filter (exposure time: 0.8s) to be used210

for the wavelength calibration purposes of the subsequent telescopic science observations. For211

each transit observation, these science observations consisted of a time-series of 103s exposures212

using the G141 grism, providing low-resolution spectrophotometry across the 1.1–1.7 µm range.213

To avoid instrumental overheads and allow for longer exposures, we used the spatial scan mode in214

which the telescope slews in time in the cross-dispersion direction. We utilize both forward and215

backward scans of maximal length across a large fraction of the detector 256 × 256 pixel subar-216

ray, again to optimize the efficiency of the observing strategy. Throughout the observations, the217

number of electron counts per pixel did not exceed 32,000, or approximately 40% of the detector’s218

saturation limit.219

The HST light curve extraction was performed within the ExoTEP framework following the220

procedures described in Refs.34;35. Starting from the 15 non-destructive reads stored in each ‘ima’221

file from the STScI standard reduction pipeline, we build one background-noise-reduced frame per222

exposure by subtracting consecutive non-destructive reads and adding only the rows of the detector223

that were illuminated by Kepler-138 in the time interval between those non-destructive reads34;36.224

A wavelength-dependent flat-field image created from the 2D wavelength solution37 is then used to225

produce a series of flat-fielded exposures from these frames34. Bad pixels are flagged as 6σ outliers226

within a region of 11×11 pixels and replaced with the mean of the pixels within this region. In227

order to build the white light curves, we add all the electron counts within a rectangle covering228

the illuminated detector area. For the spectrophotometric light curves used exclusively to build229

the transmission spectrum, on the other hand, we account for the fact that the grism dispersion230

is not perfectly uniform as the star’s spectrum is scanned across the detector. This results in a231

near-rectangular but slightly trapezoidal-shaped illuminated region on the detector. To account for232

this 2-3 pixel shift of the wavelength solution, we sum the flux in trapezoidal wavelength bins,233

built using the 2D wavelength solution37. We thus integrate the flux over trapezoidal bins defined234

by pre-computed lines of constant wavelength. We perform three distinct extractions using either235

30 nm bins, 120 nm bins, or four bins tailored to match the 1.4 µm absorption feature, spanning236

the wavelength range from 1.11 to 1.59 µm. No pre-smoothing is applied to the pixels, and we237

ensure total flux conservation by adding a fraction of the pixel fluxes that are intersected by the238

bin boundaries34. In the extraction process, small drifts in the star position resulting in x position239

shifts are accounted for exposure-by-exposure.240
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Spitzer/IRAC observations and light curve extraction. We observed 10 transits of Kepler-138 d241

with Spitzer, five in each of the 3.6 µm and 4.5 µm channels of the IRAC detector (Program GO242

11131, PI Dragomir; see Table 1). Each observing sequence was preceded with 30-minute peak-243

up mode pre-observations (using for positional reference the Pointing Calibration and Reference244

Sensor) to enable the mitigation of telescope drift and temperature variations during the transition245

to a new target38 prior to the science observations. We chose an exposure time of 2.0 s, to minimize246

nonlinear detector effects while simultaneously optimizing integration efficiency. Overall, each247

transit observation consists of 225 individual frames taken over 8 hours.248

We used ExoTEP to extract photometric time series from the Spitzer observations39, with the249

flat-fielded and dark-substracted “Basic Calibration Data” (BCD) images from the standard IRAC250

pipeline as starting point. The star position was obtained using flux-weighted centroiding with a251

radius of 3.0 pixels. Background subtraction was performed by fitting a Gaussian function to a252

histogram of pixel-count values for pixels away from the point spread function of the target star.253

We ignored all elements within 12 pixels of the star position, as well as those in the 32nd row of the254

array which are systematically lower than what is observed in the rest of the image. We removed255

3σ outliers prior to background estimation. Finally, the photometric time series were obtained by256

adding up the flux in a circular aperture centered on the star’s position. We tried aperture radii257

of [1.5, 2.0, 2.5, 3.0] pixels and selected for each visit the aperture radius that minimizes both258

the RMS in the unbinned residuals, and time-correlated noise in the systematics-corrected data.259

The light curve was median-normalized and binned to 80-seconds cadence, to ease the subsequent260

systematics removal, with BJD UTC mid-exposure times calculated from the time stamp in the261

headers of the BCD images.262

Following standard procedure, we discard the first orbit as well as the first forward and263

backward scan from each of the subsequent orbits, which are affected by a stronger systematic264

effect. We also remove the 50th and 56th exposures in the first transit observation and the 21st,265

33rd and 55th exposures in the second transit observation that are affected by cosmic ray hits.266

HST and Spitzer photometric light curve analysis. Following the procedures described in267

Refs.34;35;39, we analyze each of the HST/WFC3 and Spitzer/IRAC transit observations by simul-268

taneously fitting the astrophysical transit-light curve model, an instrument-specific systematics269

model, and the photometric scatter using Affine Invariant Markov chain Monte Carlo (MCMC)40.270

The transit light curve model f(t) is computed using batman41, and we fit to each transit observa-271

tion the transit mid-time , the apparent planet-to-star radius ratio, Rp/R⋆ in the spectral bandpass272

at hand, as well as the scaled orbital distance a/R⋆ and transit impact parameter b. We impose273

Gaussian correlated priors on a/R⋆ and b informed by the tightly-constrained posterior distribu-274

tions from the fit to the Kepler observations of Kepler-1384. For stellar limb-darkening, we use275

uncorrelated Gaussian priors to marginalize over the uncertainties of the parameters in each band-276

pass.277

The limb-darkening for the HST transits is modeled using the LDTK package42. We use278

LDTK to calculate the four coefficients of a four-parameter non-linear law as well as their un-279

7



certainties using the MCMC sampling option in LDTK, and provide as inputs to the model the280

constraints on the stellar Teff , log g⋆, and [Fe/H] (Supplementary Table 1). The choice of a281

four-parameter non-linear limb-darkening law was motivated by the impact of the choice of limb-282

darkening law on the retrieved transit depths at these wavelengths. Similar fits to the HST transits283

using a quadratic limb-darkening law resulted in a systematic offset of about 25 ppm in the white284

light curve transit depths. Meanwhile, for Spitzer/IRAC, we adopt a quadratic limb-darkening285

parametrization after checking using the same method as for HST/WFC3 that at these longer wave-286

lengths, the choice of limb-darkening law does not noticeably or systematically impact the transit287

depths.. We set the prior mean of the priors on both coefficients to the values corresponding to288

the closest-matching set of stellar parameters in a grid of precomputed coefficients43. We use the289

typical difference between parameters at neighboring nodes in the grid in terms of Teff , log g⋆, and290

[Fe/H] as the standard deviation of the Gaussian priors in this case, as the separation between grid291

nodes is greater than the uncertainty on stellar parameters.292

The systematics model for the HST/WFC3 analysis accounts for the presence of well-293

documented instrumental systematics in HST/WFC3 observations35;36;44;45 and captures visit- and294

orbit-long trends using a parametric model:295

SWFC3(t) = (cs(t) + vtv)× (1− e−atorb−(b+d(t))). (1)

The first term describes the visit-long trend and differences between forward and backward scans.296

The normalization constant cs(t) is equal to c for forward scans and cs for backward scans, while v297

is a visit-long slope that multiplies tv, the time since the start of the visit. The second term accounts298

for systematic variations within each HST orbit. We fit for the rate a of the exponential ramp as a299

function of torb, the time elapsed since the start of the orbit. The term b + d(t) describe the ramp300

amplitude and d(t) has a value of 0 for forward scans and d for background scans. This adds up to301

a total of 6 free parameters (c, s, v, a, b, d) that describe the HST instrument model and are fitted302

jointly with the astrophysical transit model parameters. Fitting the light curves with more complex303

systematics models where v or a take different values for forward vs. backward scans results in304

consistent retrieved transit times and transit depths while providing no significant improvement in305

terms of the quality of the systematics removal.306

Equivalently, the Spitzer/IRAC systematics model accounts for variations associated with307

non-uniform intra-pixel sensitivity and a temporal drift. We correct for the intra-pixel sensitivity308

variations using a pixel-level decorrelation (PLD) method39;46 and combine the PLD term with a309

‘ramp’ term describing variations in the detector sensitivity over time. We fit successively all 10310

Spitzer/IRAC light curves using ExoTEP for a variety of analytical forms for the time ramp47, and311

select the ramp description for which the residuals to the best-fit models most closely match the312

expectation for photon noise-limited precision. The full expression of the systematics model is:313

SSpitzer(t) =

(
1 +

∑9
k=1 wkDk(t)∑9
k=1Dk(t)

)
×
(
1 + r0 ln(t− t0) + r1 [ln(t− t0)]

2) . (2)
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where the Dk are the raw counts on the central 3 × 3 pixels of the IRAC detector. The Spitzer314

instrument model has 12 free parameters, including 9 PLD weights (wk) describing intra-pixel315

variations (first term in Eq. 2) and 3 additional parameters (r0, t0 and t1) that account for time-316

dependent variations (second term in Eq. 2). We discard the start of the out-of transit baseline for317

five of the visits, which were heavily affected by detector systematics. The first 30 minutes of the318

visits on 2015 Aug 8, 2015 Sep 1 and 2016 Sep 4, and the first hour of the observations taken on319

2015 Oct 17 and 2016 Aug 12 were therefore ignored in our analysis.320

Finally, in each light curve analysis, the log-likelihood function optimized for the fit to each321

visit V takes the form:322

lnL =− nV lnσV − nV

2
ln 2π

−
nV∑
i=1

[DV (ti)− SV (ti)× fV (ti)]
2

σ2
V

(3)

where nV is the number of points in the visit, SV and fV are the instrument and astrophysical mod-323

els suited to the visit and instrument at hand, and the DV (ti) are the datapoints of the broadband324

light curve. The photometric scatter σV is fitted alongside with the parameters of the instrument325

and astrophysical models. We use four times as many walkers as there are free parameters in the326

fit, run the chains for 10,000 steps and discard the first 60% as burn-in. We check for convergence327

by calculating the autocorrelation time τ of the chains and find that all have run for more than 80τ328

past the burn-in phase. The HST systematics-corrected white and spectroscopic light curves are329

shown in Supplementary Figure 2for the main extraction in four equal-width 120nm wavelength330

bins, and the Spitzer light curves are shown in Supplementary Figure 3. In the end, we obtain the331

desired transit times and their uncertainties, as well as the radius ratio (Rp/R⋆) by marginalizing332

the posterior distribution from the MCMC over all other parameters.333

TTV analysis. To infer the masses and orbital parameters of the planets in the Kepler-138 sys-334

tem, we combine the observations from our targeted HST and Spitzer transit campaign with the335

previously obtained observations from the Kepler mission. We perform both an initial exploratory336

TTV analysis based on the individually inferred transit times (using literature values for the Kepler337

transit times3), as well as a full photodynamical analysis directly leveraging the photometric obser-338

vations (see next section). The Kepler space telescope observed Kepler-138 throughout Quarters339

Q0-Q17. In total, Kepler recorded 121 transits of Kepler-138 b, 85 transits of Kepler-138 c and 51340

transits of Kepler-138 d between 2008 and 2013. Adding the HST and Spitzer observations, our341

dataset covers Kepler-138 over 7 years, with the HST and Spitzer critically extending to coverage342

from 1 to nearly 2 super-periods of the interaction between Kepler-138 c and d (see Figure 1).343

A baseline covering more than one full cycle of TTV modulation is essential to ensure that the344

exploration of the parameter space is not hindered by the presence of disconnected local likelihood345

maxima48;49;50.346

We perform the TTV analysis using TTVFast51 in combination with the Markov Chain347

Monte Carlo package emcee40. For each planet, we adopt as the fitting basis the planet mass348
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Mp and its orbital elements described by their Jacobi coordinates, consisting of the orbital period349

P , the eccentricity and argument of periastron parametrized as
√
e cosω and

√
e sinω, the incli-350

nation i, the mean anomaly M0 and the longitude of the ascending node, Ω. We use the basis351

(
√
e cosω,

√
e sinω) rather than (e cosω, e sinω) to avoid a bias towards high eccentricities in the352

MCMC52. We also fit M0 + ω rather than M0 directly, because transit observations better con-353

strain the planet’s position relative to the transit than the planet’s position relative to the ascending354

node. For a N-planet fit, we only fit Ω for N − 1 planets as the quantity of interest is the rela-355

tive value of the longitudes of the ascending node, and fix Ωc to 180 degrees. TTVFast takes356

as inputs the masses of the host star and the planets, but the quantity that is constrained by the357

TTVs is the planet-to-star mass ratio Mp/M⋆ rather than the planet masses themselves. There-358

fore, we fit the stellar mass along with the planet parameters to marginalize over its uncertainty359

when constraining planet masses. We impose a Gaussian prior on the stellar mass with a mean and360

standard deviation that match the updated Gaia DR2 stellar parameters for Kepler-138 obtained361

from empirical relations for M dwarfs53;54;55. Flat priors are used for the other parameters. Our362

TTV fit for three planets has 21 free parameters, sampled using emcee40. For the modeling of363

the TTVs, we integrate the orbital evolution of the planets from tstart[BJDTDB] = 2454955.0 to364

tend[BJDTDB] = 2457650.0 using a time step of 0.5 days.365

No three-planet model can provide a satisfactory fit to the combined set of transit times366

of Kepler-138 d from HST, Spitzer and Kepler (Figure 1abc). We therefore perform a suite of367

four-planet fits, raising the number of free parameters to 28. We scan the parameter space of368

orbits beyond Kepler-138 d for a potential planet e. In particular, a position near a mean-motion369

resonance is needed to explain the long-term deviation of the transit times of Kepler-138 d from the370

previously inferred three-planet solution4;50. Therefore, we specifically investigate the presence of371

planet e near the first-order (2:1, 3:2, 4:3, 5:4) or second-order (3:1, 5:3) mean-motion resonances372

with Kepler-138 d, as well as the third-order resonance 5:2. For this exploratory phase, we adopt373

Gaussian priors on the planets’ eccentricities (mean of 0 and standard deviation of 0.1 on
√
e cosω374

and
√
e sinω), inclinations (mean of 90 degrees, standard deviation of 2 degrees), longitudes of375

ascending node (mean of 180 degrees, standard deviation of 2 degrees) and on the period ratio376

Pe/Pd (mean at the target mean-motion resonance and standard deviation of 0.1). We test a range377

of spreads for the initialization of the emcee walkers for each parameter, and run fits where the378

proposal for the next step of each walker uses either the “stretch move”56 or the “Differential379

Evolution” move57, in order to capture potential local maxima.380

We discover that within the set of all explored orbits for Kepler-138 e, only a solution where381

Kepler-138 e is in a ∼ 38d orbit (near the 5:3 second-order mean-motion resonance with Kepler-382

138 d) can simultaneously reproduce well the observed Kepler, HST and Spitzer transit times of383

planets b, c, and d (Figure 1abc). Once this orbital solution was identified, we use it as an initial384

guess for a final TTV fit that does not impose a prior on the period ratios, to obtain statistical un-385

certainties on the planet parameters. We use 20 times as many walkers as there are free parameters.386

The chains run for 200,000 steps and we check for their convergence by ensuring that the number387

of steps exceeds 50 times the autocorrelation time for each parameter. We use this final TTV fit to388

validate the results from our photodynamical fit (see below).389

10



Photodynamical analysis. We refine system parameters following the exploratory TTV analysis390

using a photodynamical model. The photodynamical approach directly couples a dynamical code391

to a light curve model to leverage the information contained in the transit light curves, rather than392

only the fitted transit times.393

The photodynamical model is parametrized by the stellar density, the planet-to-star mass,394

radius ratio, and the orbital parameters of each planet at a reference time tref . The jump param-395

eters that are sampled with emcee are set following previous work4 such that correlations are396

minimized. We define the two jump parameters P ′ and T ′
0 as follows:397

P ′ ≡
√

3π

Gρ⋆

(
a

R⋆

)3

(4)

398

T ′
0 ≡ tref −

P ′

2π
(M0 − E + e sinE) (5)

with399

E = 2arctan

{√
1− e

1 + e
tan

[
1

2

(π
2
− ω

)]}
. (6)

Our model neglects light-time and relativistic effects, which should only be of the order of millisec-400

onds for the Kepler-138 system4;58. This timescale is orders of magnitude lower than the precision401

determined from the transit light curves. We simulate the orbital evolution of the system with402

REBOUND59 and the WHFast integrator60, using time steps of 0.01 days. We interpolate the po-403

sitions of the objects between integration points using a cubic spline for the Kepler short-cadence404

light curves and calculate their positions at 30 evenly spaced points around each observation date405

for all other transits. We compute transit light curves using the analytic description of the transit406

shape61.407

The HST and Spitzer inputs for the photodynamical fit are the best-fit systematics-corrected408

light curves. For the Kepler observations, we use simple aperture photometry (SAP) light curves409

retrieved from the Mikulski Archive for Space Telescopes, and select short-cadence over long-410

cadence observations where available (Q6-Q17). We favor the SAP over the Pre-search Data Con-411

ditioning SAP (PDCSAP) light curves because the latter are missing 1 transit of planet b and412

2 transits of planet d. There are no important differences between the SAP and PDCSAP light413

curves on the time scale over which the fitted transits occur. The light curves are processed fol-414

lowing previous work and including a correction for flux contamination4. We use a window size415

of three transit durations around each transit for the light curve modeling. The light curve within416

each transit window was normalized with a second-order polynomial (attempts using a single or417

third-order polynomial yielded similar results), and corrected for the effect of stellar activity using418

a spot model from a previous fit to the Kepler light curves4.419

We set the limb-darkening coefficients to the median value used in the Gaussian prior for the420

ExoTEP fit (fixing or fitting these coefficients did not impact our conclusions; see below), and fit421

the two parameters of a quadratic limb-darkening law to the Kepler transits. We account for any422
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detectable offsets in the Kepler, HST, and Spitzer 3.6 and 4.5µm broadband transit depths by fitting423

four values of Rp/R⋆ to the light curves of Kepler-138 d (one per bandpass).424

In total, we perform four MCMC fits using the photodynamical model to ensure that our425

results are not affected by the choice of prior on the stellar parameters, or the two degenerate so-426

lutions for the inclinations of Kepler-138 b and c4. For each of the four fits, we use the best-fit427

parameters yielded by the four-planets TTV analysis as an initial condition for the masses and428

orbital locations of Kepler-138 b, c, d, and e in our photodynamical analysis. In two of the fits, a429

Gaussian prior is imposed on the stellar density based on the most recent literature values for the430

mass and radius (Supplementary Table 1, Ref.55), while the other two invoke a flat prior on the431

stellar density. For a given stellar density prior, we initialize two fits, each with its set of emcee432

MCMC chains in one of the two degenerate inclination configuration (with ib, ic both either above433

or below 90 degrees4). Altogether, each of these analyses has 48 free parameters. For each of the434

4 MCMC runs, chains are run for 320,000 steps to sample the posterior near the solution identified435

by the TTV fits, with 200 walkers for each combination of inclination configuration and stellar den-436

sity prior. We check that the chains have reached convergence by computing the autocorrelation437

timescale for each walker and parameter, and ensuring that all chains have run for over 60 autocor-438

relation time scales. We combine the results for the two inclination configurations and the same439

stellar density prior as a postprocessing step to produce the full posterior distribution. Additionally,440

we performed another series of four-planet photodynamical fits to test the impact of marginalizing441

over the systematics in the HST and Spitzer light curves, as well as fitting the limb-darkening coef-442

ficients in these two bandpasses. For this test, we inflated the error bars on the best-fit light curves443

by adding in quadrature the additional dispersion introduced by different systematics models. The444

increase in the single-point errors is typically small (below 10 to 15%) compared to the white light445

curve error already computed for the best-fit model. The limb-darkening coefficients were fitted446

using the same laws and Gaussian priors as in the ExoTEP fit. We find that these analyses yield447

results that are statistically indistinguishable from the previous fits, with comparable parameter448

values and uncertainties. Finally, we also performed one additional photodynamical fit with only449

the three known planets Kepler-138 b, c, and d. In this case, the starting point is set the best-fit450

solution of the three-planet, instead of four-planet, TTV fit. The results from this fit illustrate451

how significantly the new transit times of Kepler-138 d deviate from the three-planet prediction452

(see Extended Data Figure 1). The new HST and Spitzer observations were essential in constrain-453

ing the timescale over which the transit times of Kepler-138 d are modulated, and reveal at high454

significance the presence of a fourth planet in the system.455

Our best fitting four-planet photodynamical model reproduces well the HST, Spitzer and Ke-456

pler transit observations (Supplementary Figure 4, Supplementary Figure 5, Supplementary Figure457

6, Supplementary Figure 7) and provides independent constraints on stellar parameters. We find458

ρ⋆ = 4.9 ± 0.5 g/cm3 for a uniform prior on ρ⋆, compared to ρ⋆ = 4.9 ± 0.4 g/cm3 using a459

Gaussian prior informed by literature values55. We obtain an independent stellar radius estimate460

of R⋆ = 0.535 ± 0.017R⊙ from the fit with the uniform prior on ρ⋆, using the literature value461

of the stellar mass (Supplementary Table 1). The choice of stellar density prior does not impact462

our inference of the stellar or planetary parameters, and we choose to report the planet parame-463
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ters inferred using the Gaussian stellar density prior (Figure 1, Supplementary Figure 8, Table 2,464

Supplementary Figure 10).465

We do not expect dilution to affect the inferred Kepler transit depth of Kepler-138 d. Both466

the consistency in the transit depths of each planet inferred from different quarters of the Kepler467

data after their independent correction for flux contamination4, and the absence of any detected468

stellar companion to Kepler-138 from adaptive optics imaging62, suggest that our results are not469

biased by this potential source of contamination.470

We derive from the photodynamical fit transit depths of 672±16 ppm, 648±44 ppm, 511±47471

ppm and 565±57 ppm in the broadband Kepler, HST/WFC3, Spitzer 3.6µm and 4.5µm bandpasses472

respectively. We validate their consistency with the results from the light curve fits (Supplementary473

Table 3), which gives further credence to the fitted orbital solution. Indeed, a poor match to the474

transit times from the dynamical model would have resulted in smaller inferred planet radii due to475

the mismatch between the light curve model and the observations. For the spectrum, we keep the476

ExoTEP results that are more conservative estimates of the transit depth uncertainties, due to the477

simultaneous fitting of the systematics and astrophysical models.478

Our photodynamical modeling also indicates that Kepler-138 e might not be transiting with479

an impact parameter of 1.8+1.9
−1.2. We confirm this using the full Kepler long-cadence PDCSAP480

light curve of Kepler-138 to search for the transit of Kepler-138 e. We correct for the modulation481

associated with the presence of stellar surface inhomogeneities using our spot model4, and then482

fold the light curves around the median transit times from the posterior distribution of the fit to483

Kepler-138 b, c, d, and e in a window of two days around each transit epoch (the 3-sigma uncer-484

tainty on the transit times of Kepler-138 e is of ∼ 50 hours). Finally, we normalize each segment485

by the out of transit median value, apply 3σ clipping to the folded light curves and superimpose486

batman transit models corresponding to the median retrieved parameters of the four planets. For487

Kepler-138 e, we assume an Earth-like composition to estimate the planet’s radius and explore488

several values for the inclination of the planet (Extended Data Figure 2). The non-detection of489

Kepler-138 e in the Kepler light curves is compatible with the constraint on its inclination. For490

example, assuming an Earth-like (vs. 90% iron, 10% silicates) composition, Kepler-138 e has a491

25.4% (25.3%) probability of transiting its host star but only a 0.3% (< 0.01%) probability of492

producing transits deeper than the ≈ 300 ppm scatter in the folded Kepler light curve.493

Keck/HIRES Radial Velocity observations and analysis. We collected a total of 28 RV mea-494

surements of Kepler-138 over 28 nights between 2011 and 2015 using the High Resolution Echelle495

Spectrometer HIRES63 on the Keck I Telescope. The observations were conducted by the Califor-496

nia Planet Search. The “C2” decker was used for data acquisition and sky subtraction, with median497

exposure times of 1920 seconds (∼ 32 minutes), reaching a median S/N of 91/pixel. Wavelength498

calibrations were performed using the iodine cell64. The HIRES data reduction followed the stan-499

dard procedures of the California Planet Search5. These RVs, and activity indicators, are included500

in Supplementary Dataset 1.501
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We analyze the Keck/HIRES RVs of Kepler-138 to independently constrain the masses of502

Kepler-138 b, c, d, and e using RadVel65. In the analysis, we account for the effect of stellar ac-503

tivity using a Gaussian process (GP) model trained on the Kepler light curve because the expected504

radial-velocity (RV) semiamplitudes K of the planetary signals are below the typical uncertainties505

of ∼ 2 m/s on the HIRES RVs. We choose to only fit for Kb, Kc, Kd, and Ke and leave other506

orbital parameters fixed to their median values from the photodynamical fit (Table 2) in the Kep-507

lerian orbit model. We use an additional jitter term σH to account for residual RV scatter due to508

stellar activity.509

The measured RVs are correlated with the S-index which acts as a stellar activity tracer510

(Pearson-r=0.67). We thus proceed to a careful treatment of the stellar activity component. We511

use a GP kernel to model the covariance between observations that are not only close in time, but512

also close in terms of their phase with respect to stellar rotation. Such analyses have proven more513

helpful to tease out low-amplitude RV variations than using a single jitter term or even parametric514

periodic models (see e.g.66;67). We build our GP model of the covariance structure of the RV dataset515

by optimizing the following Gaussian log-likelihood function:516

lnL = −1

2

(
N ln 2π + ln |Σ|+ yTΣ−1y

)
(7)

where N is the number of points in the light curve, Σ is the covariance matrix (described below),517

and y is a vector of all photometric data points. The covariance matrix is constructed such that518

each of its elements Σij describes the covariance between observations at times ti and tj following519

a quasi-periodic kernel:520

Σij = a2GP exp

−(ti − tj)
2

λ2
−

sin2
(

π|ti−tj |
PGP

)
2Γ2

+ σ2
wδij (8)

where a is the correlation amplitude, λ is the coherence timescale of the stochastic phenomena,521

Γ is the timescale of the periodic variations, PGP is the stellar rotational period and σw is a white522

noise term along the diagonal. The radial term in the exponential encodes the stochastic nature of523

the variations, while the periodic term describes the rotational modulation of the signal.524

Kepler observed Kepler-138 nearly continuously throughout Quarters 0 to 17, recording the525

star’s brightness variations over more than 60 stellar rotation cycles and providing exquisite con-526

straints on the covariance structure of time-correlated signals associated with stellar activity. We527

therefore fit the same GP model to the Kepler light curve to use this “trained” GP model as a prior528

on the covariance structure of the RV time series. We preprocess the Kepler PDCSAP light curve529

prior to training, mostly to reduce the number of data points in the training set while still retain-530

ing critical information on the stellar brightness variations on short timescales. First, we discard531

epochs where transits occur, as the star’s brightness is then affected by partial occultation from the532

planet, and perform 5σ clipping. The median-normalized light curve then passes through a median533

filtering step, followed by a resampling (1 in 20 points are kept). Finally, we retain only obser-534

vations taken after BJD=2455750, i.e. that were simultaneous with the RV time series. A subset535
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of the last 200 days of observations is shown in the left panel of Extended Data Figure 4, which536

demonstrates that the final time sampling remains sufficient for characterizing the variability in the537

stellar brightness.538

We use the george68 package for the GP model and fit the five kernel parameters to obtain539

constraints on the light curve’s covariance structure within a Bayesian framework. The parameter540

space is explored using the emcee package via a Gaussian likelihood function and Jeffreys priors541

on aGP, λ, Γ and σw. For PGP we adopt a uniform prior from 15 to 22 days, informed by previous542

studies4;69;70 and the periodogram of the light curve which exhibits significant peaks at both the543

stellar rotation period and its first harmonic (Extended Data Figure 3).544

In the training step, we run 20 chains for 5,000 iterations, 60% of which are discarded as545

burn-in. We confirm that the chains are converged by calculating autocorrelation timescales for all546

chains and ensuring that they amount to less than 1/50 of the total number of steps. We obtain pos-547

terior distributions on all parameters, including the period of the orbital modulations (see Extended548

Data Figure 4) and correlation length scales, and transfer this knowledge via the prior when fitting549

the RV data. Three GP parameters have priors informed by this training step: λ, Γ and PGP. The550

GP amplitude aGP and residual white noise term σw are fitted independently for both time series,551

as the scatter and amplitude of the stellar activity induced variations are not expected to be shared552

between photometric and RV datasets. One notable possible caveat is that the Kepler light curve553

extends to BJD=2456424, approximately 2 years prior to the last recorded RV measurements in554

2015. Therefore, any change in the covariance structure of the stellar activity signal between the555

RV and photometric time series will not be captured in our trained model.556

Our final RV fit has 9 free parameters: the four planets’ semi-amplitudes, the jitter term as557

well as aGP (the amplitude of the stellar activity component) and the three trained parameters λ,558

Γ and PGP for which we used as priors the kernel density estimates from the post-burnin samples559

of the fit to the Kepler photometry. We run 20 chains for 10,000 steps and use the same criterion560

as above to assess that convergence was achieved. We obtain the joint posterior distribution of561

the planet parameters and the stellar activity component (Supplementary Table 2, Extended Data562

Figure 5and Supplementary Figure 9). The addition of the trained GP reduces the residual jitter by563

≈ 1 m/s compared to our initial fit which did not account for the stellar activity contribution.564

We exclude from the RV dataset an outlier measurement at BJD=2457294.89 and attribute565

it to either stellar activity or instrumental noise: this point has a Mt. Wilson S-value, RV internal566

error, and amplitude a factor of 2 to 3 larger than the rest of the time series. This point lies right567

at the quadrature phase for Kepler-138 c, and biases its RV solution if included, but not those of568

the other planets. Alternatively to the trained GP model, we performed fits to the RV observations569

where stellar activity was only modeled as a residual jitter, or with a GP model fitted to the RV or S-570

index time series themselves. However, the sparsity of the datasets compared to the ∼ 20 d rotation571

period of the star hindered satisfactory modeling of the stellar activity component (Extended Data572

Figure 3).573
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Our RV observations provide stringent upper limits on the masses of Kepler-138 b, c, d, and574

e, in agreement with the mass constraints from the photodynamical and TTV fits (Supplementary575

Figure 9). In particular, the mass of > 3.5M⊕ required to invoke a rocky composition in the576

extreme case of an iron-free interior for Kepler-138 d is excluded with > 91% confidence by the RV577

fit alone. Continued precise-RV follow-up of the system with instruments that can reach sub-m/s578

precision (e.g. MAROON-X) holds the potential to provide precise mass estimates independent579

from TTV measurements.580

Transmission spectrum. We construct the transmission spectrum of Kepler-138 d by combin-581

ing the individual transit-depth measurements, (Rp/R⋆)
2(λ) in the Kepler, HST/WFC3, and582

Spitzer/IRAC bandpasses. Kepler and Spitzer/IRAC deliver broadband photometric measurement583

without spectroscopic information and we directly take the inferred transit depths from our light584

curve analysis discussed above. For HST/WFC3, however, we divide the overall bandpass of585

the G141 grism observations into four wavelength bins of equal width (see Extended Data Fig-586

ure 10). We then determine individual transit depths measurements from the spectrophotometric587

light curves extracted from each wavelength bin. When fitting these spectrophotometric HST light588

curves, we take advantage of the fact that systematics can be considered wavelength-independent589

to first order and start by dividing each spectroscopic light curve by the ratio of the white light590

curve to its best-fitting transit model34;36;44. We then model the residual systematics in each spec-591

troscopic light curve as a linear function of the x position on the detector34;35:592

SWFC3,spec.(t) = ad(t) +m(x− x(t = 0)). (9)

Here, d(t) is defined similarly to Eq. 1 and m is the slope of the linear dependence. The system-593

atics model for spectroscopic fits has 3 free parameters: a, d and m. For the final transmission594

spectrum, we use the weighted average of the results from fits to individual visits in each observed595

spectroscopic channel and bandpass (Extended Data Figure 10, Supplementary Table 3).596

Atmospheric retrievals. We model the atmosphere and transmission spectrum of Kepler-597

138 d using line-by-line radiative transfer within the SCARLET framework34;71;72;73. We use598

the nestle(https://github.com/kbarbary/nestle, Refs.74;75;76;77) nested sampling599

package to perform atmospheric retrievals and determine the range of physically-plausible scenar-600

ios that can give rise to the observed spectrum. The nested sampling method additionally enables601

us to perform Bayesian model comparison based on the Bayesian evidence to assess which param-602

eters are required to explain the observed data77. We use a total of 30,000 active samples to explore603

the parameter space. A new sample is drawn at each iteration using the multi-ellipsoid method74.604

Our stopping criterion for the drawing of new samples is a threshold placed on the ratio between605

the estimated total evidence and the current evidence:606

log(Zi + Zest)− logZi < 0.5, (10)

where Zest is the estimated remaining evidence from the highest likelihood reached so far Lmax607

and the remaining prior volume at step i, Xi (Zest = LmaxXi), and Zi the calculated evidence at608

step i.609
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None of the main infrared absorbers (H2O, CH4, CO, CO2, NH3, HCN) are significantly de-610

tected when their abundances are fitted independently. Therefore, we opt for chemically-consistent611

retrievals where the atmospheric metallicity and C/O ratio dictate the composition of each layer in612

chemical equilibrium, given a temperature structure71. We parametrize the atmospheric metallicity613

as the ratio (nZ/nH)atm / (nZ/nH)⊙ where nH is the number density of hydrogen and Z stands for614

all metals. Transmission spectroscopy only provides weak constraints on temperature gradients615

in the atmosphere72 and we elect to fit in the retrieval for the temperature of an isothermal pro-616

file. This single fitted temperature is physically representative of the atmospheric terminator region617

probed by our observations. We consider the presence of clouds at the terminator and parametrize618

them with the pressure Pcloud where the gray cloud deck becomes optically opaque to grazing light619

beams (Extended Data Figure 10). All Bayes factors for a more complex cloud model versus the620

baseline gray cloud model (including hazes, or a full Mie scattering description34) are < 1.5 and621

thus inconclusive as to whether the data supports the added model complexity (“Jeffreys’ scale”;622

Jeffreys 1961,78). The constraints obtained on the pressure level of a homogeneous cloud are in-623

herently tied to the model prescription and would have to be updated for future analyses of more624

precise data to account for the possibility of variable particle sizes or a non-uniform cloud cover-625

age34;79. Our final retrieval therefore explores a wide range of C/O ratios, metallicities, terminator626

temperatures and Pcloud in order to determine the range of scenarios consistent with the observed627

spectrum of Kepler-138 d.628

The observed transmission spectrum is consistent with the volatile-rich “water world” sce-629

nario inferred from the planet’s mass, radius, insolation, as well as atmospheric loss considerations.630

Such a high metallicity of > 100× solar at 2σ (Extended Data Figure 10) results in a high mean631

molecular weight atmosphere that does not show strong features in the transmission spectrum. For632

any H2/He-dominated atmosphere to match the transmission spectrum, one would need to addition-633

ally invoke clouds above the 0.1 bar level at 2σ (Extended Data Figure 10). These two scenarios are634

degenerate in terms of the amplitude of the resulting spectral features in transmission73;80. Mean-635

while, atmospheric compositions that would produce large features, e.g. if the atmosphere was636

cloud-free and had a near-solar metallicity, are disfavored by the observations at > 2σ (Extended637

Data Figure 10).638

Coupled interior-atmosphere structure modeling: hydrogen-rich atmospheres. We compare639

the measured mass and radius of Kepler-138 d to a grid of self-consistent four-layer (iron, silicates,640

water, and hydrogen) coupled interior+atmosphere structure models to account for the size of the641

radiative layer, the link with interior models, and the effect of non-gray opacities resulting from642

the atmospheric composition. These full-planet models are modular and can be adapted to predict643

radii for a variety of atmospheric compositions and relative fractions of iron, silicates, and water644

in the planetary interior, as well as across planet ages if coupled with a thermal evolution model.645

The first step in constructing the full-planet models is building a grid of interior models646

(methods outlined in81). Our interior models grid spans a wide range of planet masses, H2/He647

mass fractions fH2/He, internal water mass fractions fH2O, and specific entropies. The water mass648

fractions are parametrized in such a way that fH2O = 0 corresponds to a dry iron+silicates interior649
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while for fH2O = 1, the interior of the planet is modeled as a pure H2O composition underlying650

the hydrogen layer. The total water mass fraction is therefore
(
1− fH2/He

)
× fH2O , while the total651

rock/iron mass fraction is
(
1− fH2/He

)
× (1− fH2O) . The interior models are in layers of iron,652

silicates, water, and H2/He. The rock/iron component is modeled as an Earth-like mixture of 1/3653

iron and 2/3 olivine. We use the ANEOS equations of state (EOS) for the iron core and the rock654

layer. We adopt state-of-the-art EOS for the H2/He (solar composition;82) and the water layer83.655

Adiabatic temperature-pressure profiles are computed within the water and H2/He layers, while656

a uniform temperature is used for the rock/iron interior. For each interior model in the grid, we657

record the pressure, temperature, and radius as a function of the mass interior to a given mass bin658

and calculate profiles up to a pressure of 10 bar.659

We then compute a grid of self-consistent models using SCARLET34;71;72;73, from which the660

appropriate non-gray atmosphere model will be added on top of an interior model to form one661

full-planet model for each composition. For a fixed total planet mass, internal temperature of662

30 K84;85;86, and target fH2/He, we compute self-consistent non-gray atmosphere models from 10663

kbar to 10−10 bar for a range of reference radii Rref at 1 kbar. We improve SCARLET models664

upon previous work by lifting the assumption of a constant mass throughout the atmosphere in665

the hydrostatic equilibrium calculation. We rather ensure hydrostatic equilibrium self-consistently666

at each iteration by accounting for the mass contained in each atmosphere layer for the given667

temperature-pressure profile and chemical composition, and its impact on the gravitational field in668

the other layers.669

For a given planet mass, fH2/He and fH2O, we couple the interior and atmosphere models670

such that their temperature and radius match at the pressure of the radiative-convective boundary671

(RCB; see Extended Data Figure 6). To this end, the location of the RCB is identified within672

the atmosphere model for each Rref and fH2O. Therefore, for different planet model parameters,673

the atmosphere model at a fixed internal temperature of 30 K will be matched with an interior674

model that has different specific entropies85. For water-free models, in cases where fH2/He is so675

low that the total mass in the SCARLET atmosphere down to the identified RCB exceeds the total676

H2/He mass of the planet, we integrate the atmosphere mass from the top until we identify the677

pressure pbottom above which the expected H2/He mass is contained and compute the extent of678

the atmosphere using only the layers above. In all cases, the planet’s radius as measured by the679

transit is assumed to be the radius at 20 mbar87 in the combined model. Finally, we obtain a grid680

of full-planet models that maps the planet’s photosphere radius as a function of planet mass, water681

mass fraction and hydrogen mass fraction. The grid is equally spaced in log planet mass and water682

mass fraction, and equally spaced in log-space for the hydrogen mass fraction.683

For low fH2/He, the boundary between the hydrogen and water layers (HHB hereafter) can684

be located within the atmosphere model. For such a scenario, the H2/He mass in the atmosphere685

layers above the HHB reaches Mp × fH2/He. In this case, we alter the atmospheric composition686

such that 1× solar metallicity is used above the HHB, and 1000× solar metallicity is prescribed be-687

low. We acknowledge that a sharp transition from a metallicity of 1000× the solar value to a solar688

metallicity in the atmosphere is physically unrealistic. Instead, one would expect vertical mixing689
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to increase the metallicity and even result in metallicity gradients throughout the atmosphere (e.g.690

Refs.88;89, Piaulet et al. in prep). Changes in the envelope metallicity are expected to impact signif-691

icantly the radius of the model planet. Therefore, we perform a two-step analysis considering edge692

cases: we first estimate how much solar metallicity H2/He-dominated gas could be accommodated693

by the planet properties, and then estimate the range of bulk compositions compatible with a high694

metallicity, volatile-rich steam atmosphere (see next paragraph and Figure 4a and b).695

We adopt a fixed internal temperature instead of a fixed internal specific entropy because the696

internal temperature and atmospheric composition could be constrained by observations in trans-697

mission spectroscopy, and do not depend on the adopted thermal evolution model. Furthermore,698

we recognize that a fixed specific entropy would not result in mass-radius relations that represent a699

snapshot in time in terms of planet age, as lower-mass planets cool down much quicker than their700

more massive counterparts86.701

Coupled interior-atmosphere structure modeling: pure water atmospheres. We constrain the702

water content of Kepler-138 c and d using coupled interior+atmosphere three-layer models13 with703

rock+iron cores underlying water layers and steam atmospheres. These models use the Ref.83 EOS704

for water and are appropriate for irradiated water worlds. In particular, similarly to our coupled705

four-layer models, they take into account the presence of a supercritical water layer, which puffs up706

the radii of close-in planets, even with low amounts of water. The grid covers masses from 0.2 to707

20M⊕, irradiance temperatures Tirr from 400 K to 1300 K and water mass fractions fH2O of 10 to708

100% on top of a core+mantle composed of any relative fractions of rock and iron. The parameter709

f ′
core describes the fraction of the rock+iron portion of the planet composed of iron, by mass. For710

example, f ′
core = 0 in the absence of an iron core and f ′

core = 0.325 for an Earth-like composition.711

The radius at a pressure of 0.1 Pa is taken as the observable transit radius following previous work,712

and corresponds to the top of the moist convective layer for a pure water atmosphere13;90;91. We713

augment this grid using rocky planet models with various relative amounts of rock and iron92 to714

obtain planet radii down to fH2O = 0.715

Constraints on planetary composition. We compute the posterior probability distributions of716

fH2O and fH2/He within a Bayesian framework. We build a fine grid of models with various water717

and hydrogen mass fractions across a range of planet masses and compute for each of them the718

corresponding planet radius. We evaluate the match of a specific model to the measured mass719

using the combined constraint from the photodynamical and RV analyses, motivated by the strict720

upper limit on the planet mass obtained from the RV analysis alone, and leveraging the inclina-721

tion constraints from the photodynamical analysis. More specifically, we divide the posterior on722

Md sin id by sample inclinations sin id drawn from the inclination posterior from the photodynam-723

ical fit to obtain a distribution of Md from the RV fit. We emphasize that this approach leads to724

higher derived absolute masses compared to the assumption of sin id = 1, as id = 89.04 ± 0.04725

from the photodynamical fit. The resulting constraints on the significance with which rocky sce-726

narios are excluded from this distribution are therefore conservative. We then compute kernel727

density estimates (KDEs) for both the distribution of Md from the RV and the photodynamical fit,728

and multiply these KDEs together. Finally, we normalize the resulting distribution and use this729
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as the observed mass distribution to obtain our final constraints on planetary composition. The730

match to the planet radius is evaluated using a Gaussian likelihood. This Bayesian analysis pro-731

vides the two-dimensional posterior distribution of fH2/He and fH2O (Figure 4a). Our constraints732

on the H2/He mass fractions were obtained using planet models with an internal temperature of733

only 30 K and therefore serve as upper limits on the amount of hydrogen that can be accounted734

for by Kepler-138 d’s mass and radius. If both a hydrogen envelope and a water layer are to be735

invoked for Kepler-138 d, such a “Hycean” world93 could allow for a range of states in the water736

layer, ranging from vapor form to the surface of a supercritical or even a liquid water ocean (Sup-737

plementary Figure 11), depending on the water mass fraction, the planetary albedo, and the details738

of the atmosphere’s composition.739

Meanwhile, in the case of a volatile-rich atmospheric composition (in the absence of hydro-740

gen), we use the grid of pure-water atmosphere models described above to constrain the range of741

water fractions consistent with the observations for various internal compositions. We compute742

the posterior distribution of fH2O, f ′
core and Tirr for Kepler-138 c and d using MCMC sampling of743

the parameter space with emcee within the open-source smint package (see e.g.14;94). For each744

combination of parameters, we interpolate within the grid (linear interpolation in the dimensions of745

fH2O, f ′
core and Tirr, log interpolation for planet mass) to obtain the theoretical planet radius, which746

is compared with the observed transiting radius via a Gaussian likelihood. We adopt a Gaussian747

prior on Tirr informed by the system properties and use uniform priors on fH2O and f ′
core from 0748

to 1. We adopt as a prior on the planet mass the combined RV+photodynamical posterior distribu-749

tion. We rule out as having zero probability unphysical models flagged as such in the model grid750

and extend the prior on the irradiance temperature to allow for temperatures down to 285 K, i.e.751

still within the regime where only one planetary structure corresponds to one irradiance tempera-752

ture13. This allows us to fully encompass the prior on the irradiance temperature of Kepler-138 d753

(Tirr,d = 377± 7K). For models with Tirr < 400K, we compute radii assuming Tirr = 400K. This754

has no significant impact on our conclusions given the slow dependence of water mass fraction on755

Tirr and the proximity of Kepler-138 d’s temperature to the grid computation range (see Extended756

Data Figure 9and Extended Data Figure 7). We use 100 walkers and run the chains for 10,000757

steps, 60% of which are discarded as burnin. We ensure convergence was attained by calculating758

the autocorrelation timescales for the chains, which are all at least 60 times shorter than the post-759

burnin chain length. We obtain the posterior probability distribution on the water mass fraction by760

marginalizing over planet mass and temperature. Finally, we extract the 1D distribution of allowed761

water mass fractions marginalized over the full range of interior iron fractions explored by our762

Bayesian analysis (Figure 4b).763

Stellar age. We revisit the age of the M dwarf Kepler-138 using open cluster ages and find that764

this model-independent approach robustly constrains its age between 1 and 2.7 Gyr. We compare765

Kepler-138 to the stellar population of known open clusters95 in the Teff-Prot space (Supplementary766

Figure 12). We use for the equatorial rotation period Prot,eq the value inferred from the detailed767

modeling of the stellar surface to reproduce the rotational modulations observed in the Kepler light768

curve4, and for the effective temperature Teff a value inferred from stellar spectroscopy (Ref.96, Ext.769

Data Table ??). Kepler-138 falls above the precise 1 Gyr NGC 6819 sequence and below the 2.7770
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Gyr Ruprecht 147 sequence, from which we infer a model-independent age in the range between771

1 and 2.7 Gyr.772

Atmospheric escape. We investigate the longevity of a 0.01 wt% H2/He envelope atop Kepler-773

138 d using the formula for energy-limited escape as well as a detailed self-consistent 1D hydrody-774

namic upper atmosphere model. In both cases, we find that the atmosphere is swiftly lost to space775

on timescales of 10-100 Myr, indicating that a H2/He atmosphere is not stable on Kepler-138 d.776

For the case of hydrodynamic escape, we estimate the escape flux using the energy-limited777

formula97:778

Ṁ = η
π Rp R

2
effLHE

4πa2GMp

f(A) (11)

where η is the mass loss efficiency that accounts for any energy losses (e.g. radiative, hydrody-779

namic or due to ionization), Reff is the radius of the effective XUV photosphere, Rp and Mp are780

the radius and mass of the planet, a is its semi-major axis and f(A) is a factor that depends on781

the amplitude of flares98;99. For the high-energy luminosity LHE, we adopt a prescription with a782

constant value for the first 100 Myr, followed by a decay with t−1.5 (Refs.98;100;101;102;103). Although783

the mass loss efficiency is not a constant104;105;106, we adopt an approximate value of η = 10% for784

the present calculation, appropriate for super-Earths and sub-Neptunes105. At the present age of785

Kepler-138, we find short envelope loss timescales of 70 to 300 Myr depending on where exactly786

the XUV photosphere lies (considering a range of Reff from 1 to 2Rp), and whether or not we fold787

in the 4–7% mass-loss rate increase from stellar flares99.788

For a more detailed analysis, we additionally simulate the escape of a hydrogen-dominated789

atmosphere using a 1D hydrodynamic upper atmosphere model7;107. The upper atmosphere model790

accurately accounts for transitions from hydrodynamic boil-off to blow-off and hydrostatic Jeans791

escape regimes, and includes hydrogen dissociation, recombination and ionisation as well as stellar792

X-ray and EUV heating, and H+
3 and Ly α cooling. The gravitational potential includes Roche793

lobe effects108. The stellar EUV radiation is assumed to be emitted at 60 nm104, while X-ray is794

modeled as emission from a single wavelength at 5 nm. The EUV and X-ray stellar luminosities795

are computed using evolutionary tracks calibrated with X-ray and UV measurements for stars with796

similar masses as Kepler-138109. We obtain upper self-consistent atmosphere profiles up to the797

Roche lobe at ∼ 32Rp, which lies below the exobase in this model (Supplementary Figure 13).798

We find a mass-loss rate of 2.4× 109 g/s. For a H2/He mass fraction of 0.01%, the envelope could799

thus not be sustained in its blow-off state for more than about 20 Myr.800

Outgassed secondary atmosphere. Besides a primary H2/He-dominated atmosphere accreted801

from the protoplanetary nebula, which would be quickly lost to space for a planet such as Kepler-802

138 c and d, rocky planets can replenish their atmospheres from the inside-out. This secondary803

origin would also result in volatile-rich atmosphere compositions for Kepler-138 c and d.804

Secondary atmospheres can be outgassed from solid material or after lid formation12, but805

form most efficiently during the early phases of the planet’s lifetime when the interior is warm806
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enough to maintain a molten, or at least partially molten mantle23;110;111. The crystallization of the807

molten magma can be delayed or stalled by the greenhouse effect from the atmosphere11, strong808

stellar irradiation17, or tidal heating. The longer the timescale over which the magma ocean is809

maintained, the larger the potential for replenishment of even an escaping hydrogen atmosphere810

from interior outgassing. At present, both the outgassing rates and timescales of hydrogen and811

carbon-bearing molecules and the depth and composition of resulting secondary atmospheres re-812

main largely unknown. They depend not only on the volatiles’ solubility in the magma, but on813

other factors that remain observationally unconstrained such as the redox state of the interior112,814

the initial volatile budget, or the timescale for surface lid formation12 which is linked to the effi-815

ciency of the melt-solid separation113.816

If the low densities of Kepler-138 c and d were due to a stable secondary atmosphere, out-817

gassing rates would need to be large enough to balance out the atmospheric mass loss and to sus-818

tain thick gas envelopes. This would point to a mantle composition drastically different from other819

rocky super-Earth size planets which are not found to harbor such thick outgassed envelopes, and820

point to large initial volatile budgets11. The resulting atmospheres would still be rich in volatiles821

such as H2O, CH4, CO and CO2. A large atmosphere buildup of molecular H2 can be expected822

especially if the melt-solid separation is fast, for reducing mantle compositions or low C/H ra-823

tios12. Other volatiles also accumulate in parallel (H2O for low C/H ratios), resulting in volatile-824

dominated compositions. Even after the formation of a surface lid, large amounts of “trapped”825

water dissolved in the mantle could be outgassed over geological timescales.826

Impact of stellar contamination on the radius of Kepler-138 d. Unocculted stellar spots114
827

can result in an overestimate of the radius of a transiting planet due to the fact that the transit828

light source is not accurately represented by the out-of-transit spectrum. For Kepler-138 d, the829

possible levels of stellar contamination are small compared to the uncertainty on the Kepler radius830

measurement.831

We model the transmission spectrum of Kepler-138 d assuming that any transit depth vari-832

ations are due to unocculted stellar spots114. The transmission spectrum is therefore computed833

as:834

Dλ,obs =
D

1− fspot

(
1− Fλ,spot

Fλ,phot

) (12)

where fspot is the spot covering fraction, Fλ,phot and Fλ,spot are respectively the spectrum of the835

star at the effective temperature and the spot temperature and D is a scaling factor, here fitted to836

obtain the best match to the observed transmission spectrum. The stellar spectra are taken from the837

PHOENIX115 spectral library and correspond to the properties (log g, [Fe/H], Teff) of Kepler-138838

(Supplementary Table 1).839

We do not include faculae in these models, as the impact of unocculted hotter photospheric840

regions on the inferred radius would be an underestimate, rather than an overestimate. Previ-841

ous modeling of the spots of Kepler-138 based on the Kepler light curves constrained a spot-to-842

photosphere temperature difference of about 240 K, and a spot covering fraction in the range 0.1%843
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to 3%4. We therefore calculate three models with spots 240 K cooler than the effective temperature844

of Kepler-138 (Supplementary Table 1), and fspot = 0.1, 3 and 10%. We compute the 10% case845

in order to account for the fact that spots that do not cause rotational modulation of the light curve846

(e.g. polar spots) are not accounted for in the estimated range of 0.1% to 3% spot covering frac-847

tions. We find that the effect of stellar contamination on the radius estimate is negligible: even for848

10% spot covering fraction, the bandpass-integrated stellar contamination signal is smaller than the849

1σ uncertainty on the Kepler transit depth (Extended Data Figure 8). Additionally, our HST and850

Spitzer infrared transit depths measurements do not indicate the presence of any strong upwards851

slope towards the optical, while this is one of the telltale signs of contamination by unocculted852

stellar spots114.853

Potential impact of photochemical hazes on the pressure level probed by Kepler. Photochemi-854

cal hazes have the potential to significantly increase the apparent radius of a transiting exoplanet116
855

in the Kepler wavelength range, with ∼nbar, instead of mbar, pressures being probed in transmis-856

sion. The impact of such a bias on planet radius is an overestimate of the mass fractions of H2/He857

or water compared to a planet’s true volatile content.858

For Kepler-138 d, however, this would result in an even smaller hypothetical H2/He atmo-859

sphere mass fraction than what we infer above, which would be even more susceptible to escape860

and therefore physically implausible. In the “water world” case, not only is the impact of hazes861

on the near-infrared spectrum less pronounced due to shorter mixing timescales in high-metallicity862

atmospheres117, but the planet parameters would remain inconsistent with a bare rock scenario,863

given that the presence of hazes presupposes that of a gas layer as a source of haze precursors.864

Furthermore, small amounts of water would be unstable against early loss in the early active stages865

of the star’s evolution18, which suggests that if the planet retained any water to this date, it must866

have formed water-rich.867

Planetary rings. Circumplanetary rings are another explanation for anomalously large inferred868

planet radii118;119. We find that for Kepler-138 d, rings cannot explain its low density.869

The tidal synchronization timescale is very short for Kepler-138 d, and it is therefore ex-870

pected to be tidally-locked. In particular, for Qp = 106.5 typical of a gas-enveloped planet (or871

Qp = 10 to 100 characteristic or rocky planets120), Kepler-138 d becomes tidally-locked within872

440 Myr (or mere thousands of years). This tidally-locked state corresponds to a quadrupole grav-873

itational harmonic J2 of J2,tidal locking = 3.9+1.6
−0.9×10−7 (Refs.119;121). Therefore, Kepler-138 d does874

not fulfill the criterion J2 > J2,min = 1.8+0.7
−0.4 × 10−5 119;122;123 required to prevent tidal warping of875

the rings from the parent star, and could not maintain rings.876
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Start Date Epoch Instrument Transit time
UT BJDTDB- 2450000

2014-12-21 89 HST/WFC3 G141 7012.74875+0.00054
−0.00054

2015-04-15 94 HST/WFC3 G141 7128.19741+0.00045
−0.00043

2015-08-08 99 Spitzer/IRAC Ch1 7243.6457+0.0042
−0.0056

2015-09-01 100 Spitzer/IRAC Ch1 7266.7348+0.0026
−0.0025

2015-09-24 101 Spitzer/IRAC Ch2 7289.8260+0.0026
−0.0026

2015-10-17 102 HST/WFC3 G141 7312.9152+0.0018
−0.0175

2015-10-17 102 Spitzer/IRAC Ch2 7312.9147+0.0033
−0.0046

2015-11-09 103 Spitzer/IRAC Ch1 7336.0079+0.0023
−0.0021

2015-12-25 105 Spitzer/IRAC Ch1 7382.1869+0.0051
−0.0052

2016-01-17 106 Spitzer/IRAC Ch2 7405.2780+0.0022
−0.0026

2016-02-09 107 Spitzer/IRAC Ch2 7428.3685+0.0047
−0.0029

2016-08-12 115 Spitzer/IRAC Ch1 7613.0978+0.0092
−0.0070

2016-09-04 116 Spitzer/IRAC Ch2 7636.1772+0.0091
−0.0093

Table 1: Measured transit times of Kepler-138 d. Quoted errors encompass the 68% (1-σ)
confidence region. The transit epoch is relative: epoch 0 corresponds to the first transit of Kepler-
138 d observed by Kepler on 2009-05-06. On 2015-10-17, both HST and Spitzer observed the
same transit of Kepler-138 d and we retrieve consistent transit times for this visit.
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Parameter Planet b Planet c Planet d Planet e
Fitted parameters
a/R⋆ 30.3± 0.8 37± 1 51.8± 1.4 73± 2
i (◦) 88.67± 0.08 89.02± 0.07 89.04± 0.04 88.53± 1.0
b 0.7± 0.03 0.6± 0.03 0.87+0.008

−0.009 1.8+1.9
−1.2

Ω (◦) 181.3+1.1
−2.6 ≡ 180 180.5± 0.5 178.5± 1.2

M0 (◦) 40± 30 40± 20 160+20
−30 300+90

−60√
e cosω 0.10± 0.04 0.11± 0.03 −0.04+0.05

−0.03 0.08+0.07
−0.06√

e sinω 0.09+0.03
−0.04 0.06± 0.04 −0.09+0.04

−0.03 0.32+0.04
−0.05

(Rp/R⋆)Kepler 0.0109± 0.0003 0.0258± 0.0003 0.0259± 0.0003 –
(Rp/R⋆)HST – – 0.0255+0.0013

−0.0009 –
(Rp/R⋆)Spitzer3.6µm – – 0.0226± 0.0012 –
(Rp/R⋆)Spitzer4.5µm – – 0.0238± 0.0013 –
Mp/M⋆ (×10−5) 0.044± 0.013 1.3± 0.3 1.3+0.3

−0.4 0.23+0.10
−0.05

Derived parameters
P ′ (d) 10.3134± 0.0003 13.78150+0.00007

−0.00009 23.0923± 0.0006 38.230± 0.006
T ′
0 (BJD-2454000) 956.236± 0.003 955.7288± 0.0006 957.8160± 0.0009 924.1+0.3

−0.2

a (au) 0.0753± 0.0006 0.0913± 0.0007 0.1288± 0.0010 0.1803± 0.0014
e 0.020± 0.009 0.017+0.008

−0.007 0.010± 0.005 0.112+0.018
−0.024

ω (◦) 40± 20 34± 19 250+30
−20 76+10

−14

Rp (R⊕) 0.64± 0.02 1.51± 0.04 1.51± 0.04 –
Mp,phot. (M⊕) 0.08± 0.02 2.2+0.6

−0.5 2.3+0.6
−0.7 0.42+0.18

−0.10

Mp,phot.+RV (M⊕) 0.07± 0.02 2.3+0.6
−0.5 2.1+0.6

−0.7 0.43+0.21
−0.10

ρp (g cm−3) 1.7± 0.5 3.6+1.1
−0.9 3.6± 1.1 –

log gp (cgs) 2.28+0.11
−0.14 2.98+0.11

−0.12 2.99+0.11
−0.15 –

Sinc

(
kW/m2) 13.5± 1.0 9.2± 0.7 4.6± 0.3 2.36± 0.17

Sinc (S⊕) 9.9± 0.7 6.8± 0.5 3.4± 0.2 1.73± 0.12
Teq,AB=0.3 (K) 452+8

−9 410± 8 345± 7 292+5
−6

Table 2: Kepler-138 planetary parameters from the 4-planet photodynamical fit. The quoted
errors encompass the 68% confidence region. The astrocentric orbital elements are given for the
reference time tref [BJDTDB] = 2454955. For the planet masses, we include both the constraints
from the photodynamical fit alone (“phot”) and the combined constraints from the photodynamical
fit and the RV analysis (“phot+RV”). The constraints on the inclination are reported after folding
the posteriors around 90◦ in order to account for degenerate inclination configurations.
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Figure 1: Results from the 4-planet photodynamical analysis of the HST, Spitzer, and Kepler
light curves of Kepler-138. a,b,c, TTVs are shown as the residuals from a linear ephemeris fit
for Kepler-138 b, c, and d, with error bars encompassing the 68% confidence region. The median
model is shown (solid, colors), along with the 1 and 2σ contours (color shading) obtained from
the MCMC samples, and the best fit 3-planet TTV model is overlaid (dotted, black). The HST
and Spitzer transit times of Kepler-138 d cannot be reproduced with the 3-planet model but can
be matched in the presence of a fourth planet with a mass of ∼ 0.4M⊕ on a 38-day orbit. d,
Comparison to the inner solar system. Planet relative sizes and relative distances are to scale,
with a 10:1 ratio for solar system distances compared to Kepler-138. For Kepler-138 e, a size
corresponding to an Earth-like composition was used. With a small inner planet, two “twin” larger
planets, and a lighter outer planet, the sizes of the Kepler-138 planets resemble a scaled version
of the inner solar system around a colder star. e, Top-down view of the Kepler-138 system at
BJDTDB = 2455057.83. The direction of the observer, corresponding to the phase where the
planets transit in our line of sight, is shown as the grey dashed line. The star is at the center, and
circles show planets b (orange), c (green), d (blue), and e (magenta), with their relative sizes to
scale. The inner contours of the conservative (runaway greenhouse, “RG”) and optimistic (recent
Venus, “RV”) habitable zones are highlighted in green6.
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Figure 2: Comparison of Kepler-138 c and d to the population of super-Earth size planets.
Mass-radius plot of planets with super-Earth sizes and masses below 5 M⊕. Kepler-138 c and d
(bold triangles) stand out as having low densities compared to the population of small transiting
exoplanets (circles colored according to instellation, planets with masses measured at better than
3σ) and solar system planets (orange letters). Error bars correspond to the 68% confidence region
for the mass and radius of each planet. Modeled mass-radius curves are displayed for rocky planets
and gas-enveloped planets with an Earth-like composition core (models described in the Methods
and Refs.13;92;130). The transparent grey region corresponds to the “radius valley” while the solid
grey region in the bottom right corner is forbidden according to models of maximum mantle strip-
ping via giant impacts131. The best match to the mass and radius of Kepler-138 c and d is obtained
for a volatile-rich composition with approximately 10% water. Alternatively, Kepler-138 d’s low
density could be explained by a light 0.01 wt% (or about 0.0003M⊕) H2/He atmosphere, but such
an envelope would be rapidly lost to space (see text).
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Figure 3: Low density of Kepler-138 c and d compared to rocky compositions. Combined
posterior distributions on the masses of Kepler-138 c (green) and d (blue) from the RV and pho-
todynamical fits compared to the expected masses (vertical lines) for planets with the same size,
but bulk compositions similar to the rocky planets in the inner solar system: Mars-like (24% iron),
Venus-like (32% iron), Earth-like (33% iron) and Mercury-like (65% iron).
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Figure 4: Planet structure modeling results for Kepler-138 d. a, Posterior probability density
(purple shading) as a function of the H2O mass fraction in Kepler-138 d’s interior, and the mass
fraction of a hypothetical H2/He layer atop Kepler-138 d for an interior composed of a mixture
of iron and silicates in Earth-like ratios. The contours of 1, 2, and 3σ confidence are outlined.
b, 1-D posterior probability density of water mass fractions for the hydrogen-free composition
scenario, with a rocky core underlying a water layer and a steam atmosphere. The distribution is
marginalized over the full range of iron/silicate ratios in the interior. The different purple shadings
correspond to the 1, 2, and 3σ confidence regions. Concentric circles schematically illustrate the
planetary composition, where brown represents an Earth-like interior, blue represents the water
layer, and green indicates hydrogen. Best fits to the observed mass and radius are obtained with
either a water mass fraction of 14+6

−5% – or 11+3
−4% for an Earth-like composition core or by adding

a hydrogen layer of no more than 0.1 wt% at 3σ (or about 0.003M⊕) atop Kepler-138 d. The latter
would be rapidly lost to space (see text).
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Extended Data Figure 1: Three-planet photodynamical fit results. a,b,c Same as Figure 1a,b,c,
for a photodynamical fit including only the three previously-known planets Kepler-138 b,c, and d.
This illustrates the extent to which the timescale over which the predicted transit times of Kepler-
138 d are modulated (i.e. the super-period) is underestimated by the three-planet solution. This
discrepancy was already hinted at by the mismatch with the Kepler transit times but revealed at
high significance by the now longer baseline over which we obtained transits with HST and Spitzer,
at times beyond BJD=2457000.
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Extended Data Figure 2: Folded Kepler transits of Kepler-138 b, c, and d, and search for
the transit of Kepler-138e. The four panels show the corrected light curve of Kepler-138 (open
circles) folded in a 2 day window around the expected transit epochs of Kepler-138 b, c, d, and e
from the photodynamical fit (see Methods). Transit models corresponding to the median retrieved
planet parameters are superimposed to the data (solid colored lines), conservatively assuming an
Earth-like composition to estimate the radius of Kepler-138e. The transits of Kepler-138 b, c, and
d are detected in the Kepler light curve, but while Kepler-138e should be larger than Kepler-138 b,
its transit is not detected. We interpret this as originating from a likely non-transiting configuration
of Kepler-138e’s orbit, with an inclination of ≲ 89◦ consistent with the photodynamical solution,
too low to occult the stellar disk from our perspective.
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Extended Data Figure 3: Search for prominent periodicities in the RV and photometric
dataset. From top to bottom, Lomb-Scargle periodogram of the RV dataset , the Kepler light
curve , the activity indicator (S-index) and the window function of the RVs. The orbital periods
of the four planets, the rotational period of the star and its first harmonic are shown. False-alarm
probability levels of 0.1, 1 and 10% are indicated by dashed gray lines in the top two panels.
Significant signals are detected at the stellar period and its first harmonic in the light curve. No
significant periodicity was detected in the RV and S-index time series.
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Extended Data Figure 4: Gaussian Process fit to the Kepler photometry. Zoom on the last
200 days of the Kepler photometric observations (black points) and the best-fitting stellar activity
model using a GP (gray shading). The mean is the solid line and the variance is shown as the shaded
region. The lower panel shows residuals around the best-fit model divided by the single-point
scatter. Posterior constraints on the stellar rotation period from rotational brightness modulations
are shown on the right. The GP model reproduces the photometric variability and provides tight
constraints on the covariance structure of the stellar signal.
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Extended Data Figure 5: Median four-planet Keplerian orbital model for Kepler-138. A
trained GP model was used to account for stellar activity in the RV fit. The model corresponding
to the median retrieved parameters is plotted in purple while the corresponding parameters are
annotated in each panel. We add in quadrature the RV jitter term (Supplementary Table 2) with
the measurement uncertainties for all RVs. a, Full HIRES time series. b, Residuals to the best fit
model. c, RVs phase-folded to the ephemeris of planet b. The phase-folded model for planet b
is shown (purple line), while Keplerian orbital models for all other planets have been subtracted.
d,e,f, Same as c for Kepler-138 c, d, and e.
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Extended Data Figure 6: Illustration of the coupling of interior and atmosphere models. a,
Temperature-pressure and b, temperature-radius profiles computed to generate a complete planet
model for a mass of 2.36 M⊕, a H2/He mass fraction of 3%, and no water layer. Self-consistent
atmosphere models are shown down to the radiative-convective boundary (dotted, black), for the
irradiation of Kepler-138 d, but varying the reference radius at a pressure of 1 kbar. Interior mod-
els are displayed for the same composition but different specific entropies (solid, colors). For
consistency, full-planet models with a given planet mass and composition are obtained from the
combination of interior and atmosphere model that have both matching temperatures and radii at
the radiative-convective boundary (bold profiles show the closest match in this example).
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Extended Data Figure 7: Composition of Kepler-138 d for the hydrogen-free scenario. We
show the joint and marginalized posterior distributions of the planet structure fit for Kepler-138 d
in the case of a hydrosphere lying on top of a rock/iron core. The 1, 2 and 3σ probability contours
are shown. As expected, the water mass fraction is strongly correlated to the relative amount of
rock and iron. The correlation between irradiance temperature and water mass fraction is weak
across the considered temperature range.
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Extended Data Figure 8: Impact of unocculted stellar spots on the Kepler transit depth
measurement. Transmission spectrum of Kepler-138 d (black points) superimposed with three
scenarios for the level of stellar contamination: spot covering fractions of 0.1, 3 or 10% (colored
lines, colored filled circles show bandpass-integrated values). The potential impact of unocculted
stellar spots on the radius in the Kepler bandpass is small compared to its measurement uncertainty.
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Extended Data Figure 10: Constraints on the atmospheric composition from transmission
spectroscopy. a, Optical-to-IR transmission spectrum of Kepler-138 d, compared with three rep-
resentative forward models: a H2/He atmosphere with a solar composition, a high-metallicity
cloud-free atmosphere and a cloudy hydrogen-dominated atmosphere. b, Joint posterior proba-
bility density of the cloud top pressure Pcloud and atmospheric metallicity, along with the corre-
sponding mass fraction of metals Z assuming a solar C/O ratio. The color encodes the density of
posterior samples in each bin and the contours indicate the 2 and 3σ constraints. The location in
the parameter space of the three models from panel a is shown with ‘x’ markers. The constraints
reflect the well-documented degeneracy between increasing mean molecular weight of the atmo-
sphere and cloud top pressure in terms of the strength of absorption features73. The cloud-free,
solar-metallicity scenario is excluded at 2.5σ. The new planet mass leads to an increased surface
gravity which motivates further spectroscopic follow-up to obtain more precise constraints on the
atmospheric composition.
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Supplementary Figure 1: Inconsistency of the observed HST and Spitzer transit times with a
3-planet solution. Comparison of the posterior probability densities on the transit times of Kepler-
138 d from our broadband light curve fits to the HST and Spitzer transits (in color), with the forward
prediction from the photodynamical 3-planet model fitted to the Kepler transits of Kepler-138 b,
c, and d (gray, Ref.4). Our measured transit times do not agree with the 3-planet orbital solution.
The reference time used for each panel is the median predicted transit time from the fit to the
Kepler transits. On 2015-10-17, where both HST and Spitzer observed the same transit, we obtain
consistent constraints on the transit time.
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Supplementary Figure 2: HST/WFC3 light curve fits. White and wavelength-dependent
systematics-corrected light curves, residuals, and their distributions scaled by the white noise pho-
tometric uncertainty for the three HST visits (top to bottom). We show the best-fitting models as
solid curves (grey for white light curves, colored for wavelength-dependent fits). Error bars on
individual points in the light curves correspond to their fitted single-point scatter. The residuals
generally follow the expected Gaussian distribution for photon-limited precision.
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Supplementary Figure 3: Spitzer/IRAC light curve fits. The systematics-corrected 3.6 µm (left)
and 4.5 µm (right) broadband Spitzer light curves are shown for each visit, along with the residuals.
The light curves are shifted to their best-fit transit time and binned in 4-min increments. The black
curve is a transit model with a depth matching the weighted average of the results from individual
light curve fits. Error bars on individual points in the light curves correspond to their fitted single-
point scatter.

Parameter Unit Value Reference
Distance pc 66.86± 0.11 Ref.133

Effective temperature, Teff K 3841+50
−51 Ref.96

Metallicity, [Fe/H] dex −0.18± 0.10 Ref.96

Surface gravity, log g⋆ cgs 4.71± 0.03 This paper (derived)
Stellar radius, R⋆ R⊙ 0.535+0.013

−0.014 Ref.55

Stellar mass, M⋆ M⊙ 0.535± 0.012 Ref.55

Stellar mean density, ρ⋆ g cm−3 4.9± 0.4 This paper (fitted)
Stellar luminosity, L⋆ L⊙ 0.056± 0.004 This paper (derived)

Supplementary Table 1: Kepler-138 stellar parameters. Quoted error bars correspond to the
1σ uncertainty on each parameter.
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Supplementary Figure 4: Photodynamical fit to the Kepler transits of Kepler-138 b. The short-
cadence Kepler observations are shown (dots) with their 30-min averages (circles), as well as the
long-cadence light curves (circles). Each panel is labeled with the transit epoch and centered
at the predicted transit time for a linear ephemeris (gray vertical lines). We superimpose model
predictions from 1000 random MCMC steps. Our transit model accounts simultaneously for all
the known transiting planets in the system, as witnessed at the epochs where overlapping transits
occur. The median model (black line) and 1, 2, and 3σ confidence intervals are shown (three
different grey scales). The residuals obtained after subtracting the maximum a posteriori model
are shown below each panel.
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Supplementary Figure 5: Photodynamical fit to the Kepler transits of Kepler-138 c. Same as
Supplementary Figure4, for Kepler-138 c.
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Supplementary Figure 6: Photodynamical fit to the Kepler transits of Kepler-138 d. Same as
Extended Data Fig. 4, for Kepler-138 d.
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Supplementary Figure 7: Photodynamical fit to the HST and Spitzer transits of Kepler-138 d.
a,b,c, Same as Extended Data Fig. 4, for the broadband HST (a) and Spitzer channel 1 (b) and 2
(c) transits of Kepler-138 d.
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Supplementary Figure 8: Joint and marginalized posterior distributions on the system pa-
rameters from the 4-planet photodynamical fit. The 1, 2 and 3σ contours are highlighted on the
joint distributions (three grey shadings).
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Supplementary Figure 9: Joint and marginalized posterior distributions from the 4-planet
fit to the Keck/HIRES RVs. We obtain upper limits on the masses of Kepler-138 b, c, d, and
e. Contours highlight 1, 2 and 3σ limits. The expected RV semi-amplitudes from the median
parameters of the photodynamical fit are shown (dotted colored lines). The posterior distributions
of the GP parameters are omitted: the distributions of λ, Γ and PGP match their counterparts from
the training step.
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Supplementary Figure 10: Mass-radius diagram of small planets. Kepler-138 b, c, and d
(bold triangles) are shown along with the solar system planets (black letters) as well as small
transiting exoplanets (https://exoplanetarchive.ipac.caltech.edu) with masses
constrained to better than 50% uncertainty, colored according to their instellation. The 68% con-
fidence constraint on the mass of Kepler-138e is shown in the inset as the vertical shaded region.
Error bars correspond to the 68% confidence region for the mass and radius of each planet. Planets
are compared to model mass-radius curves for fixed rocky, volatile-rich and hydrogen-rich com-
positions (see Methods and Refs.13;92;130). The radius valley is highlighted (transparent turquoise
region). Kepler-138 b, c, and d all have low densities compared to a rocky composition.
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Supplementary Figure 11: Water phases at the hydrogen-water boundary. Phase of the water
at the boundary between the hydrogen-rich layer and the underlying water layer (HHB), or at the
RCB if it lies within the water layer. We draw 10,000 sample planet masses using the RV and
photodynamical mass constraints for Kepler-138 d. The amount of water is varied between 10%
and 30% (marker sizes) and the hydrogen mass fraction spans the range 0.001% to 0.1% (marker
colors). The range of conditions is dictated by Kepler-138 d’s energy budget (internal temperature,
incident flux, Bond albedo), assuming a zero Bond albedo. Higher Bond albedos would result
in lower temperatures in the water layer. Depending on the albedo and bulk composition of the
planet, supercritical and even liquid water conditions are possible.
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Supplementary Figure 12: Age of Kepler-138 in the context of known open clusters. Stars
with known rotation period, effective temperature, and kinematic ages are shown. The effective
temperature increases from right to left. Small points in the background are field stars with rotation
periods measured from Kepler light curves, with colors that correspond to their kinematic age132.
Stars that belong to known stellar clusters95 are highlighted using the same marker (see legend) and
with black marker edges. The position of Kepler-138, with Teff ∼ 3841 K (Extended Data Table 1)
and Prot ∼ 19 days4 is indicated with a black marker. Error bars correspond to the 68% confidence
interval on the parameters of Kepler-138. Kepler-138 lies above the tight 1 Gyr isochrone outlined
by the NGC 6811 cluster, and below the 2.7 Gyr old Ruprecht 147 cluster, providing a model
independent age of 1-2.7 Gyr.
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Supplementary Figure 13: Upper atmosphere profiles for an escaping hydrogen-dominated
atmosphere. a, b, c, Temperature, velocity and number density profiles for a 1D hydrodynamic
simulation of the upper atmosphere of Kepler-138 d assuming a hypothetical hydrogen-dominated
composition (blue). Such an atmosphere lies in the blow-off hydrodynamic escape regime beyond
≈ 4Rp (temperature threshold shown in orange, dashed).
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Parameter Unit Value
GP hyperparameters
Log covariance amplitude, log10 a (m s−1) −0.47+0.92

−1.03

Log exponential timescale, log10 λ (days) 1.34±−0.02
Log coherence, log10 Γ −0.51± 0.01
Periodic timescale, PGP (days) 19.52+0.15

−0.14

Additive jitter, σH (m s−1) 4.59+1.06
−1.03

Planet parameters
Kepler-138 b
RV semi-amplitude, Kb (m s−1) 0.03+0.75

−0.03

Mass, Mb (M⊕) 0.07+1.69
−0.07

Kepler-138 c
RV semi-amplitude, Kc (m s−1) 3.20+1.71

−1.58

Mass, Mc (M⊕) 7.91+4.22
−3.90

Kepler-138 d
RV semi-amplitude, Kd (m s−1) 0.02+0.64

−0.02

Mass, Md (M⊕) 0.06+1.89
−0.06

Kepler-138 e
RV semi-amplitude, Ke (m s−1) 2.18+1.48

−1.28

Mass, Me (M⊕) 7.55+5.14
−4.43

Supplementary Table 2: Fitted and derived parameters from the final RV fit. We report the
constraints on orbital and planetary properties using a trained GP activity model to account for the
effect of stellar surface inhomogeneities.

Instrument Wavelength Depth +1σ -1σ
[µm] [ppm] [ppm] [ppm]

Kepler 0.43 – 0.88 630 35 35
HST /WFC3 G141 1.11 – 1.23 651.6 43.4 43.0

1.23 – 1.35 670.3 37.7 37.6
1.35 – 1.47 650.3 36.4 36.8
1.47 – 1.59 632.2 37.4 37.7

Spitzer /IRAC Ch1 3.05 – 3.95 498.1 82.6 82.6
Spitzer /IRAC Ch2 4.05 – 4.95 644.8 61.2 61.2

Supplementary Table 3: Optical/IR transmission spectrum of Kepler-138 d (Updated HST
and Spitzer results with the posterior distributions from new fits).
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