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Transmission spectroscopy has so far detected atomic and molecular
absorption in Jupiter-sized exoplanets, but intense efforts to measure
molecular absorption in the atmospheres of smaller (Neptune-sized)
planets during transits have revealed only featureless spectra'. From
this it was concluded that the majority of small, warm planets evolve to
sustain atmospheres with high mean molecular weights (little hydro-
gen), opaque clouds or scattering hazes, reducing our ability to observe
the composition of these atmospheres'°. Here we report observations
of the transmission spectrum of the exoplanet HAT-P-11b (which has
aradius about four times that of Earth) from the optical wavelength
range to the infrared. We detected water vapour absorption at a wave-
length of 1.4 micrometres. The amplitude of the water absorption
(approximately 250 parts per million) indicates that the planetary
atmosphere is predominantly clear down to an altitude correspond-
ing to about 1 millibar, and sufficiently rich in hydrogen to have alarge
scale height (over which the atmospheric pressure varies by a factor of
e). The spectrum is indicative of a planetary atmosphere in which the
abundance of heavy elements is no greater than about 700 times the
solar value. This is in good agreement with the core-accretion theory of
planet formation, in which a gas giant planet acquires its atmosphere
by accreting hydrogen-rich gas directly from the protoplanetary nebula
onto a large rocky or icy core®.

We observed transits of HAT-P-11b7 (mass, M, = (25.8 = 2.9)Mg
(Mg, Earth mass); radius, R, = (4.37 = 0.08)Rg, (Rg, Earth radius);
equilibrium temperature, Teq = (878 % 50) K) in a joint programme involv-
ing NASA’s Hubble and Spitzer space telescopes. Our Hubble obser-
vations comprised 1.1-1.7 pm grism spectroscopy using the Wide Field
Camera 3 (WFC3) in spatial scanning mode. We also integrated these
data over wavelength to produce WFC3 photometry'*®. Our Spitzer
observations comprised photometry during two transits in each of the
3.6 and 4.5 um bands of the Infrared Array Camera’ (IRAC). Because
the planet lies in the field of view of NASA’s Kepler spacecraft'’, pre-
cision optical photometry (~642 nm) was obtained simultaneously with
our Spitzer observations, although not simultaneously with our Hubble
observations. Table 1 summarizes specific details of our observations, and
Fig. 1a shows our transit photometry and model fits. Because HAT-P-11
is an active planet-hosting star''"", we show that starspots on the stellar
surface are not sufficiently cool, nor sufficiently prevalent, to mimic the
effect of water vapour absorption in the planet'*. Our simultaneous Spitzer
and Kepler photometry was critical to defining the temperature of the
starspots that could otherwise, potentially mimic the effect of water
vapour absorption in the planetary atmosphere.

HAT-P-11b crosses starspots on virtually every transit'>'?, as seen
prominently Fig. 1a. Our WFC3 photometry has the sensitivity to detect
starspot crossings?, but none were observed when Hubble observed the
system. Our WFC3 observations contain large temporal gaps because
Hubble passes behind the Earth'~**'*, but not during the transit. Therefore,
unocculted starspots, rather than occulted ones, potentially affect our
transmission spectrum'®'”. When the planet blocks unspotted portions

of the stellar photosphere, the absorption lines in cool unocculted spots
become relatively more prominent'>'?.

Figure 1a shows the binned and normalized light curves of our four
simultaneous Kepler-Spitzer transits and our WFC3 band-integrated
light curve. We fitted analytic transit light curves to all of time series
with PyMC™ to generate Markov chain Monte Carlo (MCMC) distri-
butions to estimate the planetary parameters'®*. We reanalysed the
phased and binned Kepler data using improved limb-darkening coef-
ficients derived from stellar model atmospheres®'. To fit the Spitzer and
WECS3 transits, we held the orbital distance and inclination constant at
our Kepler-derived values. Although the uncertainties in the Kepler-
derived parameters were smaller than in previous studies'>", our pur-
pose was to implement the updated limb-darkening law and derive
orbital parameters for all of our observations.

Each of the Kepler light curves obtained concurrently with our Spitzer
observations shows starspot crossings as deviations in the light curves
between ~0.3 and 0.7 h after mid-transit. The amplitude of these devia-
tions is a function of both the area and the temperature of the occulted
spots'>". Because the Kepler and Spitzer photometries were concurrent,
the relative intensity is independent of the starspots’ areas. However,
because the contrast between starspot temperature and the photosphere
is a chromatic effect, the amplitude of these deviations varied with
wavelength'®"”. The spot crossings are not obvious in the Spitzer data
because thermal radiation produces a much smaller contrast between
the stellar photosphere and spot fluxes in the infrared than in the optical.
The ratio between the Spitzer and Kepler spot crossing amplitudes con-
strained lower limits on the starspot temperatures for the crossed starspots.

We included the relative shape of the spot crossings, sliced from each
residual Kepler light curve, and scaled their amplitudes as free para-
meters in our MCMC analysis with our Spitzer transits. The distribu-
tions of the Spitzer/Kepler spot crossing amplitude ratios are shown in
Fig. 1b. The dashed black lines represent the predicted spot crossing
amplitude ratios for given spot temperature contrasts. We calculated
these temperatures by representing the spots using model stellar atmo-
spheres at various temperatures®. Using y? difference (3% ) tests, we indir-
ectly detected spot crossings only at 3.6 um because only these Spitzer
observations resulted in positive, bounded photosphere-to-spot tem-
perature contrasts. The 4.5 um Spitzer observations are consistent with
zero, or a non-detection at infrared wavelengths. These measurements,
especially the non-detections, imply that the starspots crossed during
each transit are too hot to mimic water vapour absorption features in
the planetary spectrum'>'. Our starspot analysis is described in Methods
along with the distribution of Kepler spot crossing amplitudes, for com-
parison with those observed concurrently with Spitzer.

The activity of HAT-P-11"""""* produces variations in the total
brightness of the star owing to the rotation of spots in and out of view,
which will change the band-integrated transit depth measured at differ-
ent epochs. If the relative stellar brightness at the epoch of each obser-
vation is known, then the transit depths can be corrected to a common
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Table 1 | Summary of observations
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Date (uT) Start time End time Observatory (instrument) Band pass (um) Spectral resolution Cadence (s) Number of observations

7 Jul. 2011 23:11:42 06:37:52 Warm Spitzer 3.6 ~4 0.4 62,592
(IRAC Channel 1)

5 Aug. 2011 07:02:48 14:28:58 Warm Spitzer 4.5 ~4 0.4 58,112
(IRAC Channel 2)

15 Aug. 2011 01:49:20 09:15:30 Warm Spitzer 3.6 ~4 0.4 52,633
(IRAC Channel 1)

29 Aug. 2011 17:37:18 01:03:28 Warm Spitzer 4.5 ~4 0.4 62,592
(IRAC Channel 2)

18 Oct. 2012 17:37:18 01:03:28 Hubble 1.13-1.64 ~60-89 123 113

(WFC3 G141)
24 Dec. 2012 23:56:56 03:05:58 Hubble 1.13-1.64 ~60-89 123 99

(WFC3 G141)

We observed HAT-P-11b during four warm Spitzer observations, two transits at both 3.6 and 4.5 pm with th

e IRAC instrument?®, and two observations using the Hubble WFC3 G141 grism spectrometer, spanning

1.1-1.7 um. Concurrent Kepler observations were retrieved for comparison with our warm Spitzer observations, but were unavailable for our Hubble spectroscopic observations.

value. Kepler measured HAT-P-11’s relative brightness during all four
Spitzer observations, but not during our WFC3 observation. The un-
known stellar brightness during this observation introduced an addi-
tional uncertainty in our estimate of the WFC3 transit depth, relative
to the Spitzer and Kepler observations, of =51 p.p.m. In Fig. 2, the off-
set between the WFC3 spectrum and the best-fit model is ~93 p.p.m.
on average.

Figure 2 shows our HAT-P-11b transmission spectrum with Kepler,
WFEFC3 and Spitzer transits combined. We constrain the atmospheric
composition using the SCARLET tool, which is a new version of the
Bayesian retrieval framework described in previous studies**. Our
primary results are a robust 5.1¢ detection of water absorption in the
WFEFC3 data and a 3¢ upper limit on HAT-P-11b’s atmospheric metal-
licity (the proportion by mass of elements heavier than hydrogen and
helium) of ~700 times the solar metallicity’, corresponding to a mean
molecular weight of ~10.2 g mol " at the 10 mbar level (Fig. 3). Trans-
mission spectra of selected atmospheric models*~° are plotted for a
comparison with the observations in Fig. 2, with colour-matched sym-
bols in Fig. 3. Although the significance of the water vapour detection
is unaffected by uncertainties in the stellar activity because all wave-
lengths in the water band are measured simultaneously, this uncer-
tainty made it prohibitively difficult to place robust constraints on the

methane and carbon dioxide abundances and, therefore, the C/O ratio
of HAT-P-11b’s atmosphere®.

Figure 3 shows that constraints on the atmospheric metallicity and
cloud-top pressure are correlated. Atmospheric compositional scen-
arios along a curved distribution agree with the data at 3¢, spanning a
range of atmospheric metallicities from 1 to 700 times the solar metal-
licity. Figure 2 shows that a representative 10,000-times-solar (water-
dominated) spectrum is robustly excluded by the data. The high mean
molecular weight of this atmosphere would not allow the significant
water absorption feature observed in the WFC3 band pass.

We found that models with atmospheric metallicities correspond-
ing to solar metallicity require the presence of small-particle hazes to
match the HST and Kepler data points simultaneously. The fit to the
data improves towards higher metallicities, reaching the best-fit value
at 190 times solar metallicity. The presence of the water absorption feature
in the WFC3 spectrum requires that any cloud deck must be at an
altitude higher than the 10 mbar pressure level (Fig. 3), and the Kepler
and Spitzer transit depths impose a similar lower limit on the cloud top
pressure.

The atmospheric and bulk compositions of exoplanets provide impor-
tant clues to their formation and evolution. Mass and radius alone do not
provide unique constraints on the bulk compositions of these planets,
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Figure 1 | White-light transit curves and starspot crossing temperature
estimates. a, Transit curves from the Hubble WFC3 and warm Spitzer, aligned
in phase and shifted in flux for clarity. The four warm Spitzer transits at both 3.6
and 4.5 pm (ref. 9) are binned for illustration. Starspot crossings are seen as
deviations near +0.5h in the Kepler photometry (blue). b, We estimated the
starspot temperatures by dividing the Spitzer transit residuals by the Kepler

-0.5 0.0
Kepler/Spitzer spot crossing amplitude

transit residuals (colours as in a). The dashed lines represent the photosphere-
to-starspot temperatures for three stellar model atmospheres®. Water vapour
has been detected in sunspots as cool as 3,000 K, corresponding to a contrast
of ~1,800 K here'*. There is essentially no starspot temperature that can
produce sufficiently strong water absorption to mimic our result.
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Figure 2 | The transmission spectrum of HAT-P-11b. a, Our WFC3
observations show transit depth variations in agreement with a hydrogen-
dominated atmosphere. The coloured, solid lines**** correspond to matching
markers displayed in Fig. 3. The error bars represent the standard deviations
over the uncertainty distributions. An atmosphere with a high mean molecular
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Figure 3 | Spectral retrieval results of our transmission spectrum. The
coloured regions indicate the probability density as a function of metallicity
(relative to solar) and cloud-top pressure derived using our Bayesian
atmospheric retrieval framework®?*. Mean molecular weight was derived for a
solar C/O ratio at 10 mbar. Black contours mark the 68%, 95% and 99.7%
Bayesian credible regions. The depth of the observed water feature in the WFC3
spectrum required the presence of a large atmospheric scale height that can only
be self-consistently obtained for an atmospheric metallicity below 700 times
solar at 3¢ (99.7%) confidence. The atmosphere is probably predominately
cloud-free at least down to the 1 mbar level. We indicate the matching models
plotted in Fig. 2 with coloured markers.

mass (dark blue line) is ruled out by our observations by >3¢. The WFC3
spectrum was allowed to shift, as a unit, over these uncertainties. R;, stellar
radius. b, Detailed view of our WFC3 spectrum. For the purposes of visually
comparing the spectral significance, we shifted all of the models by 93 p.p.m. in
the grey region in a and in b.

which are degenerate for various combinations of rock, ice and hydro-
gen gas”’. By measuring the mean molecular weight of the atmosphere
using transmission spectroscopy, we can resolve these degeneracies
and provide stronger constraints on the interior compositions of these
planets™**”?%. Observations of water vapour dominate the shape of the
infrared spectral features for warm (planetary temperature, T,, = 1,000 K)
exoplanets. In contrast, the featureless transmission spectra observed
for several similarly small planets''® (R, = 3Rg—-4Rg) imply that scat-
tering hazes, clouds or high mean molecular weights exist in those atmo-
spheres, obscuring absorption features**** and limiting our ability to
understand their interiors directly’>***”. HAT-P-11b is the smallest and
coldest planet with an absorption signature measured by transmission;
this allows the estimation of its atmosphere’s mean molecular weight,
providing new insights into the formation history of this Neptune-mass
plarlet5,24,27730.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Observations. We observed two transits of HAT-P-11b using Hubble Space
Telescope (HST) spectroscopy near 1.4 um, and we obtained photometry for two
transits at 3.6 um and two at 4.5 um using warm Spitzer. We also analysed 208
archival Kepler transits to assess the effect of starspots and update the optical transit
depth'* (Extended Table 1); Kepler observed HAT-P-11 during our Spitzer, but not
HST, observations.

Hubble WFC3 spectroscopy and white-light photometry. We observed HAT-
P-11 using the HST Wide Field Camera 3 (WFC3) in spatial scan mode (Table 1).
We used the G141 grism, with a binned, four-column spectral resolution from 60—
89 over the wavelength range 1.1-1.7 um. Gaps in the HST observations (Extended
Data Fig. 1) occur every ~45 min during occultations of the Earth.

We scanned the spectrum in the cross-dispersion direction to maximize effi-
ciency®?". Each scan covered 135 pixels in 44's (~0.3981"" s "), yielding ~45,000
electrons per pixel (~70% of saturation). The average photon-limited signal-to-
noise ratio is ~220 per pixel, integrating to a signal-to-noise ratio of ~2,500 per
column, for 113 spectral images in transit 1. We were unable to use the second transit
because HST’s fine guidance sensors lost positional stability, which is not uncom-
mon in this observing mode>®*. This also occurred eight times during transit 1. We
further removed the entire first orbit and the first image of each orbit—a common
practice to ameliorate instrumental effects®'***—yielding 72 images for photomet-
ric and spectroscopic measurement.

Warm Spitzer IRAC. Spitzer transits were critical to establish that starspots on
HAT-P-11 are not sufficiently cool to exhibit stellar water absorption masquerading
as planetary atmospheric absorption. Spitzer also provided a long-wavelength base-
line for the planet’s radius, minimizing the effect of Rayleigh scattering while remain-
ing sensitive to absorption from carbon-containing molecules such as methane and
carbon monoxide.

Kepler archival transits. We used all 208 archival transits of HAT-P-11 that Kepler
observed at ~0.6 pm. The out-of-transit photometry yielded constraints on the disk-
integrated activity of the host star (see below). We re-fitted the phased and binned
Kepler light curve that was analysed previously'>'?, using fourth-order limb-darkening
coefficients to improve the optical radius and geometric parameters of the system.
The occurrence of 298 starspot crossings allowed us to characterize the amplitude
distribution of spots crossed by HAT-P-11b during transit.

Limb-darkening coefficients. We used a single set of planetary orbital parameters
for all analyses, and wavelength-dependent, four-parameter, nonlinear limb-darkening
coefficients® (LDCs). For the Kepler band pass, the WFC3 band-integrated band pass,
and the Spitzer band pass, we computed the LDCs by integrating stellar model inten-
sities over each instrument’s response function. For the 128 individual wavelengths
from the WFC3 grism, we used the intersection of the WFC3 response function
and a one-column (4.71 nm) square window centred at each wavelength. We held
the computed LDCs constant during subsequent analyses.

We represented HAT-P-11 using an ATLAS model*" (http://kurucz.harvard.
edu/grids.html) with a stellar effective temperature of Teg = 4,750 K (ref. 7), [M/
H] = +0.3andlog(g) = 4.5. To ensure that our exoplanet spectrum is not sensitive
to the stellar parameters, we also derived it using LDCs with T = 4,500K and
Tetr = 5,000 K. Both the exoplanet spectrum and the white-light (band-integrated)
transit depth varied negligibly (~1 and ~5 p.p.m., respectively) between the three
stellar models. Repeating our analysis with both quadratic and three-parameter
limb-darkening laws, we found similarly negligible effects (~1 and ~10 p.p.m.).
Hubble Wide Field Camera 3. Each WFC3 spatial scan comprised seven non-
destructive reads, with 7.35s of exposure per read. We combined them by sub-
tracting each read from the previous read, applying a spatial mask to the difference
and adding all of the masked differences to an initially blank image to create the
spectral frame'>*. We used edge detection algorithms® to determine the edges of
each combined image in the scanning direction and masked all pixels within 20
pixels of these edges in the scanning direction, to keep sky background and other
noise from accumulating in the final spectral image. We identified bad pixels in the
spectral images using a median filter with a 4o threshold, over a seven-pixel window,
and assigned bad pixel values to the median of the window. Extended Data Fig. 2
shows a spectral frame from the first visit (the first Hubble observation of an
individual transit epoch) displaying the spectral (dispersion) and spatial (cross-
dispersion) dimensions. The curves in Extended Data Fig. 2b show the averaged,
column-integrated spectral template (red), before (top) and after (bottom) being
fitted to the example spectrum (blue) for both the wavelength solution and the
white-light photometry, as a function of time.

We calculated the wavelength flat-field calibration using standard procedures®.
We fitted a two-dimensional Gaussian to the spectral images, and found that the
spectra shifted by at most 1.12 pixels in the wavelength direction; we corrected this
shift during the template fitting described below. The final, column-integrated
spectra were derived by dividing each raw spectral image by its corresponding flat

field and subtracting the per-column background values, and then summing the
detector in the cross-dispersion direction (down the columns).

The sky background was calculated per-column as the median of the portion of
the spectral image not scanned by the instrument. In Extended Data Fig. 2a, this
corresponds to the blue regions above and below the red/orange spectral informa-
tion. The background values varied by <3% from 1.1 to 1.7 um, but were uncor-
related* with the resultant planetary spectrum.

To derive the WFC3 spectrum for HAT-P-11b, we used the established technique'***

of spectral template fitting. We formed the spectral template by averaging the out-
of-transit spectra, and fitted it to individual grism spectra in both wavelength and
amplitude, using both Levenberg-Marquardt and spline interpolation algorithms™.
The fitted amplitudes as functions of time yield the band-integrated white-light
curve (WLC) (Extended Data Fig. 1). The WLC defines the average transit depth
over the total WFC3 band pass.
WEC3 exponential and linear baselines. The raw WLC contained both the transit
and instrument effects in the form of exponential ramps"**'* over each orbit,and a
linear trend over each visit. We simultaneously fitted for exponential parameters as
a function of HST’s orbital phase, Ex(0; A, S), a linear trend as a function of time,
L(t; m, b), and an additive offset for the second half of the in-transit data, O(t; 6, O,)
(i € {0,1,...,113}) (see below), with an analytic transit light curve®’, MA(t; p, T, P, b,
a, uy, Uy):

Ep(0;A,8) =1 + Aexp{S(0); — Ornin)}
O(t5 0, 00) = O68(0; — 02)1(t)

L(t; m, b) = m(ti - tmin) +b

Model = MA(t; p, T, P, b, a, uy, ) Er(0; A, So)L(t; m, b) + O(t;3 0, O,)

Here 0 represents HST’s orbital phase, {4, S} are the exponential amplitude and
scale factor, and {m, b} are the slope and intercept of the linear function. O(¢; 0, O,)
is a small (~100 % 50 p.p.m.) step function, y(t;), correcting an unexplained offset
in the band-integrated photometry (see Extended Data Fig. 1 between phases ~0.2
and ~0.7). The offset is probably related to a small shift in the position of the spectrum
that does not occur in other HST orbits. Including the offset in our model improved
the WLC fits significantly, without degrading the Bayesian information criterion***
(BIC) or altering the significance of the water detection.

We tested four different models for WFC3’s WLC exponential baseline*'**’, and
selected among them on the basis of the BIC. The BIC for our adopted model differed
only slightly from optimum (ABIC < 2)*”*, but the transit depth was more phys-
ically realistic when compared to atmospheric models. WFC3 WLCs are known to
have noticeable red noise"**2, so we also implemented a wavelet analysis to include
both the white noise (o, = 12.81 p.p.m.) and the red noise (¢, = 61.89 p.p.m.) com-
ponents of the residuals into our final uncertainties®.

We use a MCMC procedure'® to fit the transit and instrument parameters

simultaneously, thereby incorporating correlations between parameters into our
reported uncertainties. Extended Data Fig. 3 compares the posteriors graphically.
The Pearson correlation coefficient over each parameter showed the correlations to
be insignificant (—0.10 < max;;(P) <0.10 for all i, j € {fitted parameters}).
HST WFC3 exoplanet spectrum derivation. We calculated the planetary spectrum
differentially relative to the WLC, by dividing the spectral template, Sp(4), into each
individual spectrum S(4, t;) (calculating S(4, ;)/St(4)), allowing for small wavelength
shifts (<1.12 pixels). The planetary spectrum, P(4), is derived from the normalized
residuals, or differential light curves:

DLC(4, t;) = (S(4, t;) — St(4, :))ISt(4, t;)

We fitted the DLC(4, t;), with differential analytic light curves, DALC(4, t,;), by
renormalizing the analytic WLCs, MA(t;):

DALC(A,t;)=
(MA(t;) —max, {MA(t;) })/(max, {MA(t;) } — min;{MA(#;) }) + max, {MA(¢;) }
where the minima and maxima are taken over the time domain.

We fitted the normalization amplitude, P(4), of the DALCs, simultaneously
with wavelength-dependent linear trends, using linear matrix inversion
DLC(4, t;) = P(A)DALC(4, 1)) + m;(t; — tmin) + b5,

Extended Data Fig. 4 shows all 32 wavelength dependent light curves (blue to red)
and corresponding analytic light curves (black) ranging from 1.167 to 1.675 pm
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with 18 nm spacing in wavelength. We used the linear matrix fits as initial condi-
tions for MCMCs to probe posterior distributions for each wavelength, forming
the final planetary spectrum P(A) shown in Fig. 2b and detailed in Extended Table 2.
The DALCs were modified to include wavelength-dependent limb darkening described
above. Our analysis also included smoothing in wavelength with a triangle function
to reduce the effect of known spectral undersampling from the WFC3 detector'**.
The full-width at half-maximum of the smoothing triangle was four columns,
resulting in 32 DLCs at a spectral resolution of R =~ 75.
Warm Spitzer IRAC. We performed aperture photometry on the Spitzer images
(Table 1), after subtracting a background value determined as a median of the pixel
values well away from the stellar image. We applied a newly developed base vector
analysis to the subsequent photometry to decorrelate the well-known Spitzer intra-
pixel effect'®****, We tested this decorrelation method on both published and unpub-
lished Spitzer exoplanet eclipses, and found that it consistently reduces both the BIC
and red-noise by comparison with previous methods**~*. Our base vector algorithm
fits linear coefficients to the nine pixel values centred at and surrounding the stellar
point spread function'® over time:

Flux(t) = a~ ' ()Y nanpixel,(t), n={1,...,9}
where a(t) is the normalization for each 3 X 3-pixel box as a function of time. Our
Spitzer fitting simultaneously solved for the transit depth and amplitudes of
starspot crossings, by scaling the more precise (and strictly simultaneous)
Kepler spot crossings as described below.
Kepler archival transits. We used the Kepler data for two completely independent
purposes. The first purpose was to derive an improved optical transit depth and
geometric parameters. The second purpose was to characterize the nature of star-
spots on HAT-P-11.
Improving the optical transit depth. To improve the optical transit depth, we im-
proved on the previous analysis'?, using all four years of Kepler data Q0-Q16, incorp-
orating fourth-order limb darkening in the analysis. We detrended the stellar variations
by fitting linear trends to the normalized fluxes within one transit duration of first
and fourth contacts. After dividing by linear baselines centred at each transit, we
phase-folded all 208 short-cadence Kepler archival transits into a single, very high-
precision transit having 60 s time resolution. We fitted an analytic transit model*
to this phase-folded light curve, including the LDCs described above, and to geo-
metric parameters from radial-velocity measurements*. This determined both the
transit depth and the geometric parameters (for example impact parameter) to high
precision. All of the values were within 1o of the original analysis'*, but now followed
the same limb-darkening model as all of our data sets.
The nature of starspots on HAT-P-11. Our second analysis of the Kepler data
characterized the nature of starspots that occur on the disk of HAT-P-11. We used
the properties of spots crossed by the planet during transit to verify that uncrossed
spots cannot mimic water absorption in the planetary spectrum. This involves deter-
mining the relative temperature (spot versus photosphere) of the spots crossed during
the Spitzer transits, and also demonstrating that those spots are representative of the
uncrossed spots.

To determine the relative amplitude (Spitzer versus Kepler) of the spot crossings,
we first measured their profiles in the Kepler transits as the residual of the individual
Kepler light curves relative to the phased and binned model. We include the Kepler
spot-crossing profile as a term in the MCMC fitting'*~° to the Spitzer transits, fitting
the spot crossing amplitude simultaneously with the transit parameters. Negative
ratios are statistically possible here because of the low signal-to-noise ratio of the
spot crossing profiles. We allowed our MCMC chains to probe these unphysically
negative values of spot crossing amplitudes. In Fig. 1b, the grey region represents
the noise-dominated regime and the white region represents the physically relevant
regime. Because the spot area crossed by the planet is the same for the simultaneous
Spitzer and Kepler transits, the relative amplitudes can be converted to relative tem-
peratures in Fig. 1b.

To establish that the crossed spots are typical of the uncrossed ones, we fitted a
Gaussian profile to each of the 298 Kepler starspot crossing profiles—during the
208 Kepler transits observed over four years—to determine the full distribution of
the spot crossing amplitudes (Extended Data Fig. 5), as discussed below.
Constraining the significance of water vapour in starspots. The amplitude of
the starspot effect that mimics exoplanetary absorption is given as fed (ref. 8), where f
is the fractional coverage of spots on the stellar disk, ¢ is the depth of the transitand 0
is the water vapour absorption line depth (relative to the spectral continuum) in the
spatially resolved starspot spectrum, at the observed spectral resolution. Because the
planet’s orbit is not synchronous with the star’s rotation, spot crossings in the Kepler
data were used to estimate a flux deficit of 0.0179 (ref. 12). Accounting for the (small)
optical intensity of dark starspots lead to f = 0.02. ¢ = 0.0036 is measured directly
by our WFC3 photometry (Fig. 1a). Because we cannot obtain spatially resolved
spectra of the starspots on HAT-P-11, we here estimate ¢ from Phoenix model
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stellar atmospheres™, using a relative temperature constraint for the starspots
based on Fig. 1b.

To establish that the spots occulted in our simultaneous Kepler and Spitzer
photometry are typical of HAT-P-11, we plotted the distribution of spot crossing
amplitudes (Extended Data Fig. 5) over the entire set of Kepler photometry for
HAT-P-11 (Extended Data Fig. 6).

Spots that cover the disk of the star cause a brightness variation as the star
rotates. This variation has a peak-to-peak modulation of approximately 2%, con-
sistent with the spot coverage inferred from our previous Kepler study'. The times
of our Spitzer and WFC3 observations are indicated in Extended Data Fig. 6 by
blue and red lines, respectively. Similarly, the spot crossing amplitudes during our
Spitzer observations are identified in Extended Data Fig. 5 by the coloured, dashed
lines. From this, we concluded that the total effect of spots on the disk of HAT-P-
11 is approximately the same during our observations as during other times, and
that spots crossed during our Spitzer observations are typical of the unocculted
spots during our WFC3 observations.

Next we must determine 0, the depth of the 1.4 pm water absorption feature in
the spectrum of starspots. We approximate the starspot spectrum as equivalent to
a star of the same abundance and surface gravity as HAT-P-11, but having a lower
temperature. We examined Phoenix model atmospheres that are enriched in oxygen
by +0.3 in the log of abundance®’, and we convolved their spectra to the resolution
of WEC3.

Even in the extreme case with a temperature contrast of 1,800 K (Fig. 1b), the

Phoenix spectrum shows that 6 =~ 0.024 at 1.4 pm, yielding fed < 2 p.p.m., which is
two orders of magnitudes less than the absorption we derived for the exoplanetary
atmosphere. Because fand ¢ are small, there is essentially no starspot temperature
that can produce sufficiently strong water absorption to mimic our result, given
our inferred values for fand e.
Self-consistent atmospheric retrieval for exoplanets. We interpret the observed
transmission spectrum using a new variant of our atmospheric retrieval frame-
work described in previous studies™**. The new SCARLET framework combines a
self-consistent, line-by-line atmospheric forward model with the nested-sampling
technique to efficiently compute the joint posterior probability distribution of the
atmospheric parameters. We probe the multidimensional parameter space spanned
by the metallicity (that is, the overall abundance of heavy elements), the C/O ratio,
the cloud-top pressure, the planetary radius at the 1 bar level and the planetary Bond
albedo.

For a given set of parameters, the atmospheric forward model self-consistently
computes the molecular abundances in chemical equilibrium and the temperature
pressure profile in radiative-convective equilibrium. Line-by-line radiative trans-
fer based on pre-calculated opacity look-up tables enables us to model molecular
absorption accurately for the entire range of compositions. Rayleigh scattering is
included using the two-stream approximation. In this study, we included clouds as
agrey opacity source that cuts off the transmission of starlight below the parameterized
cloud-top pressure.

We included the planetary Bond albedo as a free parameter to capture the uncer-
tainty in the atmospheric composition introduced by the unknown albedo. For a
given atmospheric composition, the Bond albedo introduced the dominant uncer-
tainty in the planetary temperature profile, which (via the scale height) affects the
relation between observed depths of the absorption features and the mean molecu-
lar mass.

The nested-sampling algorithm repeatedly invoked the atmospheric forward model
to probe the agreement between model spectra and the observational data throughout
the multidimensional parameter space. In total, several 10* self-consistent, line-by-
line atmospheric models were computed. The algorithm was initiated by randomly
sampling 1,000 active samples within the full multidimensional parameter space.
The active samples then iteratively migrated towards the regions of high likelihood
by replacing the lowest-likelihood active sample, that is, the worst fit to the obser-
vations, with a new, better-fitting random sample**. Convergence was obtained once
the logarithm of the Bayesian evidence, Z, computed from the active sample no
longer changed by more than A(log(Z)) = 0.0001. The algorithm is robust to multi-
modal posterior distributions and highly elongated curving degeneracies frequently
encountered in exoplanet atmospheric retrieval studies™.
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Extended Data Figure 1 | HST white-light curve with exponential ramp
two-parameter (scale and amplitude) exponential function over time.

effects. The gaps resulted when HAT-P-11 was occulted by the Earth during
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Extended Data Figure 2 | An example of WFC3 scanning-mode observation  directions. b, Integrated spectrum (blue) and spectral template (red) before
spectral images. a, Example spatial scan spectral image with the normalized  (top) and after (bottom) fitting; the amplitudes and colours are normalized to
summations in the dispersion (upper) and cross-dispersion or scanning (right) ~ 1.0.
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Extended Data Figure 3 | Correlations between all fitted parameters for magnitude). Blue represents regions of lesser posterior density and red
our HST WFC3 white-light curve. We calculated the Pearson correlation represents regions of greater posterior density, with green and yellow in
coefficient over the posteriors of each parameter, and found the correlations the middle.

to be small (<0.10 in magnitude), or in most cases negligible (<0.01 in
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Extended Data Figure 4 | Wavelength-dependent transit light curves. The  shifted for display purposes only. The differential light curves were fitted with
coloured points are the wavelength light curves, ranging from blue (1.17 pm) to  differential analytic transit curves to derive the planetary spectrum seen in
red (1.67 um) with 18 nm spacing. The black lines represent the best-fit transit ~ Fig. 1. We added the white-light curve into the differential light curves to derive
light curves over the wavelength range from 1.1 to 1.7 um. The curves are the data above.
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Extended Data Figure 5 | The distribution of Kepler starspot crossing crossing amplitudes observed during our four concurrent Spitzer observations.

anomalies. We fitted a Gaussian profile to each of the 298 spot crossings seen  In particular, note that all four spot crossings with concurrent Spitzer
during the 208 transits observed by Kepler. Here we show the distribution of ~ observations are at the larger end of the distribution. In addition, the spot
starspot amplitudes, calculated as the height minus baseline of the fitted crossing on UT 7 July 2011, the largest spot crossing feature observed during
Gaussian profile in parts per million. The dashed lines represent the starspot ~ our concurrent Spitzer observations, crossed a spot with AT = 900 K.
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Extended Data Figure 6 | HAT-P-11 Kepler light curve for ~4 yr of short The times of our Spitzer observations are marked with vertical blue lines. The
cadence. The variation in flux has a peak-to-peak modulation of ~2%, time of our HST WFC3 observation, included in this analysis, are marked with a
consistent with the spot coverage inferred from our previous Kepler study'>. vertical red line.
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Extended Data Table 1 | Transit depths as a function of wavelength for Kepler, HST WFC3, Spitzer IRAC1 and Spitzer IRAC2

Wavelength Transit Depths Transit Depth Bandpass- /
[microns] [ppm] Uncertainties Bin- width
[ppm] [microns]
0.642 3365 8 0.2415
1.153 3502 40 0.0094
1.172 3407 47 0.0094
1.190 3421 46 0.0094
1.209 3445 38 0.0094
1.228 3350 41 0.0094
1.247 3377 38 0.0094
1.266 3380 45 0.0094
1.284 3457 40 0.0094
1.303 3436 35 0.0094
1.322 3448 39 0.0094
1.341 3476 43 0.0094
1.360 3536 44 0.0094
1.379 3499 46 0.0094
1.397 3498 40 0.0094
1.416 3524 41 0.0094
1.435 3591 44 0.0094
1.454 3524 43 0.0094
1.473 3520 39 0.0094
1.492 3447 39 0.0094
1.510 3344 45 0.0094
1.529 3513 41 0.0094
1.548 3471 50 0.0094
1.567 3438 49 0.0094
1.586 3414 53 0.0094
1.604 3383 45 0.0094
1.623 3415 38 0.0094
1.642 3480 48 0.0094
1.661 3498 60 0.0094
1.680 3376 74 0.0094
3.521" 3384 20 0.3685
4.471" 3363 27 0.5021
3.521 3421 29 0.3685
3.521 3347 29 0.3685
4.471 3321 38 0.5021
4.471 3407 37 0.5021

*Kepler transit depth determined from all 208 phased and binned Kepler transits.
+Weighted mean of the two other independent Spitzer transits for each channel.
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Extended Data Table 2 | The system and planetary parameters of HAT-P-11b

HST WFC3 Spitzer IRAC1 Spitzer IRAC1 Spitzer IRAC2 Spitzer IRAC2
UT 07-07-11 UT 08-15-11 UT 08-05-11 UT 08-29-11
Wavelength (um) 0.641 1.419 3.521 3.521 4.471 4.471
Period (days)” 4.8878018 - - . - -
(@ays) +£7.1x10°

Teenter (HJDurc)" 54811.1786727 54811.1785254 54811.1791713 54811.1788248 54811.1790119 54811.1789256

+ 0.0000082 + 0.0000663 +0.0001272 + 0.0001239 + 0.0001541 + 0.0001591
Inclination (°)* 89.549 + 0.114 -- -- -- -- --
b® (impact parameter)  0.135 + 0.034 -- -- - - --
a/Rs 17.125 + 0.060 - - - - -
R./ Rs§ 0.05852 0.05887 0.05849 0.05785 0.05762 0.05837

¢ + 0.00007 + 0.00025 + 0.00025 + 0.00033 + 0.00033 + 0.00032
F3

Transit Depth’ (ppm) 3424+ 8 3466 + 29 3421+ 29 3347 £ 29 3321 +38 3407 £ 37
c1” 0.7547 £ -- 0.6718 £ -- 0.5750 + -- 0.5750 + -- 0.6094 + -- 0.6094 + --
c2” -0.9164 + -- -0.1618 £ -- -0.3825 + -- -0.3825 £ -- -0.7325 £ -- -0.7325 £ --
c3” 1.6411 £ - 0.2855 + -- 0.3112 + -- 0.3112 + -- 0.7237 £ -- 0.7237 £ --
c4” -0.6328 + -- -0.1551 £ -- -0.1099 + -- -0.1099 + -- -0.2666 + -- -0.2666 + --
Eccentricity'IT 0.232+0.054 = = = = e
Longitude 1?f 7% 25° - - -- -- -
Periastron

A dash indicates that the value was held constant for all MCMC chains.
*Ref. 12.

+Ref. 45.

1 Derived from MCMC posteriors over our phased and binned Kepler transit.
§ Transit depths are uncorrected for stellar activity.

|| Derived from ATLAS models.

Y Ref. 46.



