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JWST-TST DREAMS: Quartz Clouds in the Atmosphere of WASP-17b

Abstract

Clouds are prevalent in many of the exoplanet atmospheres that have been observed to date. For
transiting exoplanets, we know if clouds are present because they mute spectral features and cause
wavelength-dependent scattering. While the exact composition of these clouds is largely unknown, this
information is vital to understanding the chemistry and energy budget of planetary atmospheres. In this
work, we observe one transit of the hot Jupiter WASP-17b with JWST's Mid-Infrared Instrument Low
Resolution Spectrometer and generate a transmission spectrum from 5 to 12 um. These wavelengths
allow us to probe absorption due to the vibrational modes of various predicted cloud species. Our
transmission spectrum shows additional opacity centered at 8.6 um, and detailed atmospheric modeling
and retrievals identify this feature as SiO2(s) (quartz) clouds. The Si02(s) clouds model is preferred at
3.5-4.20 versus a cloud-free model and at 2.60 versus a generic aerosol prescription. We find the Si02(s)
clouds are composed of small ~0.01 um particles, which extend to high altitudes in the atmosphere. The
atmosphere also shows a depletion of H20, a finding consistent with the formation of high-temperature
aerosols from oxygen-rich species. This work is part of a series of studies by our JWST Telescope
Scientist Team (JWST-TST), in which we will use Guaranteed Time Observations to perform Deep
Reconnaissance of Exoplanet Atmospheres through Multi-instrument Spectroscopy (DREAMS).
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Abstract

Clouds are prevalent in many of the exoplanet atmospheres that have been observed to date. For transiting
exoplanets, we know if clouds are present because they mute spectral features and cause wavelength-dependent
scattering. While the exact composition of these clouds is largely unknown, this information is vital to
understanding the chemistry and energy budget of planetary atmospheres. In this work, we observe one transit
of the hot Jupiter WASP-17b with JWST’s Mid-Infrared Instrument Low Resolution Spectrometer and
generate a transmission spectrum from 5 to 12 yum. These wavelengths allow us to probe absorption due to the
vibrational modes of various predicted cloud species. Our transmission spectrum shows additional opacity
centered at 8.6 um, and detailed atmospheric modeling and retrievals identify this feature as SiO,(s) (quartz)
clouds. The SiO,(s) clouds model is preferred at 3.5-4.2¢ versus a cloud-free model and at 2.60 versus a
generic aerosol prescription. We find the SiO,(s) clouds are composed of small ~0.01 um particles, which
extend to high altitudes in the atmosphere. The atmosphere also shows a depletion of H,O, a finding consistent
with the formation of high-temperature aerosols from oxygen-rich species. This work is part of a series of
studies by our JWST Telescope Scientist Team (JWST-TST), in which we will use Guaranteed Time
Observations to perform Deep Reconnaissance of Exoplanet Atmospheres through Multi-instrument
Spectroscopy (DREAMYS).

Unified Astronomy Thesaurus concepts: Exoplanet atmospheres (487); Transmission spectroscopy (2133)

1. Introduction transmission measurements of an exoplanet atmosphere
(Charbonneau et al. 2002; Fortney et al. 2003). Aerosols may
contribute significant opacity, impacting how light is reflected,
absorbed, and reradiated, and characterizing them is therefore
crucial to understanding the entire energy budget, chemistry,
and dynamics of exoplanet atmospheres.

Observationally, the presence of aerosols is generally inferred by
Original content from this work may be used under the terms the .mutmg’ or ent]re. obscuration, ‘of spectral features (e'g."
of the Creative Commons Attribution 4.0 licence. Any further Kreidberg et al. 2015; Sing et al. 2016; Wakeford et al. 2019). This
distribution of this work must maintain attribution to the author(s) and the title process can be associated with large (>1 pim-sized) particles which
of the work, journal citation and DOIL. uniformly affect all wavelengths, or by small (<1 um-sized)

Aerosols—clouds generated via condensation or hazes via
photochemistry—are fundamental components of planetary
atmospheres. Their ubiquity in the solar system’s planets has
now been extended to encompass many exoplanets (Gao et al.
2021), with indications of their presence from the very first
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particles which preferentially scatter shorter wavelengths in the
UV-optical. While there is plentiful evidence for the existence and
impact of aerosols, as yet no cloud species have been definitively
identified in a transiting exoplanet atmosphere.

Wakeford & Sing (2015) showed that uniform opacity or
scattering can be linked to the particle size and composition of
the clouds, where small submicron particles can show
prominent absorption at mid-infrared wavelengths. The absorb-
ing wavelengths (typically >3 pym) depend on the major
diatomic bond and its associated vibrational mode, and thereby
enable specific cloud species to be identified. Gao et al. (2020)
has shown that there may be a correlation between the
composition of the aerosol and temperature of a planet’s
atmosphere, where below 950 K aerosols are dominated by
hazes, and above this temperature silicate clouds dominate with
minor contributions from other oxygen-rich species. Silicates
(as individual species or as a mixture of different silica-based
grains) have previously been identified in brown-dwarf atmo-
spheres using Spitzer spectroscopy (e.g., Cushing et al. 2006;
Sudrez & Metchev 2022) and are largely held responsible for
the L-T transition which spans typical hot Jupiter temperatures.
Identifying these cloud species in exoplanet atmospheres is
now possible with JWST’s Mid Infrared Instrument (MIRI;
Wright et al. 2023), the only instrument suitable for transit
spectroscopy that provides wavelength coverage beyond 5 pm,
and has already detected the presence of silicates in the directly
imaged spectrum of the planetary-mass companion VHS 1256-
1257b (Miles et al. 2023).

In this study, we observed WASP-17b, a hot Jupiter in a
retrograde orbit around an F6 star (Anderson et al. 2010; Triaud
et al. 2010) with an orbital period of 3.735 days (Alderson et al.
2022). WASP-17b has a mass, radius, and equilibrium
temperature of 0.477 My, 1.932 Ry, and 1771 K, respec-
tively (Anderson et al. 2011; Southworth 2012). These
parameters mean that WASP-17b has a huge atmospheric
scale height of ~2000km, making it an ideal target for
transmission spectroscopy. Furthermore, WASP-17b’s tidally
locked orbit and permanent dayside irradiation are predicted to
create large day-to-night and morning-to-evening differences in
the atmospheric properties (Kataria et al. 2016; Zamyatina et al.
2023). In particular, temperatures of ~1300 K, at 0.1 mbar
pressure levels on the limb, may provide the necessary
conditions for the condensation of various cloud species which
are detectable with MIRIL.

WASP-17b has been previously observed with ground-
based, high-resolution instruments (Wood et al. 2011; Zhou &
Bayliss 2012; Bento et al. 2014; Sedaghati et al. 2016;
Khalafinegjad et al. 2018), observed with the Spitzer
Space Telescope (Spitzer) and Hubble Space Telescope
(HST; Mandell et al. 2013; Sing et al. 2016; Alderson et al.
2022), and has been included in numerous modeling efforts
(Barstow et al. 2016; Fisher & Heng 2018; Pinhas et al. 2019;
Welbanks et al. 2019; Min et al. 2020; Alderson et al. 2022;
Saba et al. 2022). These efforts have yielded strong detections
of H,0, a tentative detection of CO,, and a variety of detections
and nondetections of NaT and K 1. The comprehensive analysis
by Alderson et al. (2022), utilizing all of the available space-
based data, presented two results pertinent to this analysis.
First, the need to include a uniform/gray cloud deck and
wavelength-dependent scattering aerosol prescription to model
the data; and, second, a bimodality in the retrieved H,O and
metallicity values.

Grant et al.

This paper is part of a series to be presented by the JWST
Telescope Scientist Team (JWST-TST),** led by M. Mountain
and convened in 2002 following a competitive NASA selection
process. In addition to providing scientific support for
observatory development through launch and commissioning,
the team was awarded 210 hr of Guaranteed Time Observer
(GTO) time. This time is being used for studies in three
different subject areas: (i) Transiting Exoplanet Spectroscopy
(PI: N. Lewis); (ii) Exoplanet and Debris Disk High-Contrast
Imaging (PI: M. Perrin); and (iii) Local Group Proper Motion
Science (PI: R. van der Marel). A common theme of these
investigations is the desire to pursue and demonstrate science
for the astronomical community at the limits of what is
made possible by the exquisite optics and stability of JWST.
The present paper is part of our work on Transiting Exoplanet
Spectroscopy, which focuses on Deep Reconnaissance of
Exoplanet Atmospheres using Multi-instrument Spectroscopy
(DREAMS) of three transiting exoplanets representative of
key classes: hot Jupiters (WASP-17b, GTO-1353), warm
Neptunes (HAT-P-26b, GTO 1312), and temperate terrestrials
(TRAPPIST-1e, GTO 1331). Here, we present our observa-
tional analysis and interpretation of WASP-17b’s mid-infrared
(5-12 pm) transmission spectrum.

2. Observations, Data Reduction, and Spectral Generation

We observed one transit of WASP-17b with the JWST MIRI
Low Resolution Spectrometer’s (LRS) slitless mode
(Kendrew et al. 2015) as part of GTO-1353 (PI: N. Lewis)
on 2023 March 12-13 (program observation 5). For this transit
observation we used the MIRI FASTRI1 readout pattern
and obtained a total of 1276 integrations, each consisting of
175 groups, for a total exposure time of 35,716 s (9.92 hr). This
observational strategy gave us a time series spanning twice the
~4 .4 hr transit duration (Anderson et al. 2010, 2011) as well as
an additional hour to account for the observation start window
and detector settling timescales.

To reduce the WASP-17b JWST MIRI LRS transit
observation, we employ two independent pipelines designed
for JWST exoplanet time-series observations: ExoTiC-MIRI
(Grant et al. 2023) and Eureka! (Bell et al. 2022). In the
following sections, we describe specifics of the reductions
performed to generate our JWST MIRI LRS transmission
spectra of WASP-17b. We note that the reductions were
initially performed independently with limited communication
between individuals reducing the observations to ensure the
robustness of our results.

2.1. Data Reduction: EXOTIC-MIRI

The ExoTiC-MIRI*® pipeline is interoperable with the JWST
Science Calibration Pipeline (JWST; Bushouse et al. 2022),
enabling default processing steps to be switched out, or
interleaved, with custom steps when warranted. Starting from
the uncalfits files, we processed the data through the steps
DQ_INIT, SATURATION, CUSTOM_DROP_GROUPS, CUSTOM_
LINEARITY, DARK_CURRENT, JUMP, and RAMP_FIT, where the
CUSTOM_ prefix denotes an ExoTiC-MIRI step. For the default
JWST steps, standard settings from pipeline v1.8.2 were used
and CRDS context 1077, except for the jump step where the

22 hitps: //www.stsci.edu/~marel /jwsttelsciteam.html
B https: / /exotic-miri.readthedocs.io/
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rejection threshold was increased to 15 to prevent spurious
flagging of cosmic rays, and the gain value was set to 3.1
electrons per data number (Bell et al. 2023).

As for the custom steps, the 175 groups are a sufficiently
large number such that we could refine the group-level ramps
prior to ramp fitting. Inspection of these ramps revealed
evidence of the reset switch charge decay (RSCD) effect
impacting the first ~12 groups, the last-frame effect pulling
down the final group (Ressler et al. 2015; Wright et al. 2023),
and residual nonlinearity remaining in the groups between.
This nonlinearity persisted even after the default linearity
correction was applied, most likely due to the interplay
between the nonlinearity effect and debiasing-induced
brighter-fatter effect (BFE) changing the apparent sensitivity
of each pixel (Argyriou et al. 2023). As such, we performed a
self-calibration of the linearity correction. The CUSTOM_LI-
NEARITY step utilizes groups 1240 as the presumed linear
portion, and then extrapolates a linear fit from this region to
derive a correction factor based on deviations of groups
12-174. The correction factor takes the form of a fourth-order
polynomial, where the zeroth- and first-order terms are held
fixed at O and 1, respectively. The correction was derived per
detector amplifier, essentially segmenting the correction into
columns of differing fluence across the core of the point-spread
function owing to the dependence of the RSCD and BFE on
said fluence. The first 12 and final group of each integration
were dropped altogether.

After ramp fitting, the newly created rateimages.fits files
were processed with the steps ASSIGN_WCS, SRC_TYPE,
FLAT_FIELD, CUSTOM_CLEAN_OUTLIERS, CUSTOM_BACK-
GROUND_SUBTRACT, and CUSTOM_EXTRACT_1D. The cus-
tom cleaning step aims to remove any unidentified outliers as
well as replace known bad pixels from the data quality arrays.
To accomplish this, a spatial profile was estimated from
polynomial fits to the detector columns as per optimal
extraction (Horne 1986), and pixels were iteratively replaced
by this profile value if they were more than four standard
deviations discrepant or had the data quality flag DO_NOT_USE.
The background step subtracts a row-by-row background using
the median value from columns 12 to 22 and 50 to 68. A time
series of stellar spectra were then extracted using a fixed-width
box aperture. This aperture was centered on column 36 and
extended 3 pixels in either direction.

2.2. Data Reduction: EUREKA!

The Eureka!’* reduction pipeline leverages the JWST
Science Calibration Pipeline (v1.8.2, JWST; Bushouse et al.
2022) for stages 1 and 2. We started our Eureka! reduction with
the uncalfits files. In the stage 1 “ramps-to-slopes” step, the
default JWST MIRI time-series observations settings are
applied with the first and last groups of each integration
masked, default linearity correction, 150 jump rejection
threshold, and default ramp-fitting algorithm applied. In stage
2, the ramp images created in stage 1 (rateints.fits) are further
minimally calibrated according to default JWST pipeline
settings. We performed stage 2 reductions both with and
without the PHOTOM step applied to test for any sensitivity in
our solution to wavelength-dependent calibrations (e.g., from
the gain; Bell et al. 2023). The output of these first two stages

24 https: / /eurekadocs.readthedocs.io/
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are calibrated images (calints.fits) from which time-series
stellar spectra can be extracted.

In stage 3, background subtraction and spectral extraction
are performed on the calibrated integration images. Here, we
selected a half-width aperture for the spectral extraction and
background exclusion regions of 4 and 10 pixels from the
central pixel of the spectral trace, respectively, which served to
minimize the scatter in our extracted spectra and avoided
several problematic pixels. Background subtraction was
performed row by row for each integration image with outlier
identification performed along the time axis with a double-
iteration 5o threshold rejection scheme. Optimal spectral
extraction was then performed using a spatial profile defined
by a median frame constructed from the time series. A 50
threshold was applied in flagging outliers in the median frame
and then a 100 threshold for outlier rejection was used for both
constructing the spatial profile and during the optimal spectral
extraction. In stage 4, spectroscopic and white light curves
were then generated from the time series of the derived stellar
spectra with a 50, five iteration clipping of outliers to a rolling
temporal median spanning 10 data points.

2.3. Light-curve Fitting and Spectral Generation

Light-curve fitting was performed on the white light curve
(5-12 pm) and at three spectroscopic resolutions with 0.125,
0.25, and 0.5 um-wide bins for both the ExoTiC-MIRI and
Eureka! reductions. These three different spectral resolutions
were chosen to test the sensitivity of our derived spectra to the
“odd-even row effects” that are known to exist for the JWST
MIRI detector (Ressler et al. 2015). The light curves binned at
0.5 pm are shown in Figure 1. The independent ExoTiC-MIRI
and Eureka! reductions both found that the light-curve model,
f(®), that best represented the astrophysical and systematic
trends in the observations had the form

F@) =T, 0) x S, 1), ey

where T is the physical transit model, with the parameter vector
0, and the systematics model is described by

S(t, 1) = roexp(rits) x (co + cite). (2)

Here, ry, r1, co, and c¢; are constants to be fit, and ¢, and 7. are
the observation times minus the light-curve start time and
center-of-transit time, respectively.

Both the ExoTiC-MIRI and Eureka! pipelines employed
BATMAN (Kreidberg 2015) to generate the transit model,
T. The ExoTiC-MIRI light-curve fits used a fixed quadratic
limb-darkening law where the coefficients for each bin are
computed using ExoTiC-LD (Grant & Wakeford 2022) and Set
One of the MPS-ATLAS stellar models (Kostogryz et al.
2022, 2023). The Eureka! light-curve fits also used quadratic
limb-darkening but reparameterized according to Kipping
(2013), and additionally these fits decorrelated against the
measured position and width of the spectral trace. Both the
ExoTiC-MIRI and Eureka! light-curve fits also include an error
multiplier, (, to capture possible error underestimation/over-
estimation, in particular due to the uncertainties in the detector
gain (Bell et al. 2023). The ExoTiC-MIRI and Eureka! light-
curve fits cut off the first 100 (47 minutes) and 65 (30 minutes)
integrations, respectively, to alleviate the model from fitting the
worst of the systematic ramp. Additionally, the ExoTiC-MIRI
light-curve fits manually masked the first data point from each
segment, 12 in total, due to anomalous background levels,
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Figure 1. ExoTiC-MIRI (left) and Eureka! (right) spectroscopic transit light curves, binned to a resolution of 0.5 ym, and best-fit models. The times on the x-axis have
had the center-of-transit time subtracted and the wavelengths of each light curve are shown on the right-hand y-axis.

along with any remaining 4o outliers from a running median.
These same 12 integrations are flagged and removed in stage 4
of the Eureka! pipeline.

The fitting was performed on both the ExoTiC-MIRI and
Eureka!-generated light curves with the Markov Chain Monte
Carlo MCMC) algorithm EMCEE (Foreman-Mackey et al.
2013). In both the ExoTiC-MIRI and Eureka! light-curve
fitting, the white light curve was first fit to constrain the best-fit
values for the center-of-transit time. Additionally, in the
ExoTiC-MIRI light-curve fitting the semimajor axis and
inclination were estimated from the white light curve, while
Eureka! assumed the values from Alderson et al. (2022). These
system parameter values were then held fixed in the spectro-
scopic light-curve fitting; see Table 1 for a complete list of
system parameters and prior distributions used in the light-
curve fitting. The transmission spectra (R,/R«]*) derived from
each reduction are displayed in Figure 2.

2.4. EXOTIC-MIRI and EUREKA! Intercomparison

Our analysis with both the ExoTiC-MIRI and Eureka!
pipelines produces white light curves with precision
(standard deviation of the normalized residuals, or SDNR)
measured at 465 and 453 ppm, respectively. The slight
(12 ppm) precision increase in the Eureka! light curves is
driven by two choices in the reductions. First, the ExoTiC-
MIRI reduction discarded the first 12 groups from the start of

each ramp, decreasing the ramp fitting’s statistical power with
the aim of increasing accuracy, whereas the Eureka! reduction
only discarded the first group. Second, the Eureka! reduction
utilized optimal extraction rather than a box aperture, and this
was found to improve the precision.

The transmission spectra from the ExoTiC-MIRI and
Eureka! pipelines exhibit a consistent morphological structure,
albeit with one primary difference: At wavelengths <8 pm, the
Eureka! spectrum is systematically deeper. Further invest-
igation showed the different linearity corrections lead to this
discrepancy. The derived custom linearity correction in
ExoTiC-MIRI (see Section 2.1) is smaller than the default
correction for the same increase in observed data numbers, and
this correction is amplifier dependent. An analysis of the group-
level ramps revealed the default linearity correction led to
larger deviations from a linear ramp relative to the custom
linearity correction. This is true across all detector columns but,
critically, these deviations were largest (by 58%) on the
dispersion axis where most of the flux is collected. These
differences are most likely due to ExoTiC-MIRI’s custom
correction better taking into account the debiasing-induced
BFE (Argyriou et al. 2023) specific to these data, which
predominately impacts the bright pixels at the center of the
dispersion axis. This analysis indicates that the ExoTiC-MIRI
reduction is more reliable, and we choose to focus our
atmospheric modeling primarily on these data.
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Table 1

Light-curve Fitting Parameter Information
ExoTiC-MIRI Eureka!

Parameter Prior Value Prior Value
P (days) Fixed (Alderson et al. 2022) 3.73548546 Fixed (Alderson et al. 2022) 3.73548546
to (BIDpp — 2460016.7) Uu(-0.1, 0.1) 0.026452 + 0.000061 N (0.02648, 0.05) 0.026477 £ 0.000060
a/Ry U6, 8) 7.110 £ 0.040 Fixed (Sedaghati et al. 2016) 7.025
i (degrees) U(80, 90) 87.217 £ 0.135 Fixed (Alderson et al. 2022) 86.9
R, /R U(0.10, 0.15) 0.12472 4+ 0.00016 N(0.123, 0.05) 0.12506 + 0.00019
Teir (K) Fixed (Southworth 2012) 6550
Fe/H Fixed (Southworth 2012) —0.25
logg (cm 572) Fixed (Southworth 2012) 4.149
u; Fixed 0.05
U Fixed 0.06 e e
q1 U(0, 0.05) 0.0067 £+ 0.0016
q» U(0.15, 0.35) 0.258 £ 0.069
Co N1, 0.01) 1.000091 =+ 0.000035 N (1.001, 0.01) 1.006164 + 0.000055
c1 N (0, 0.01) —0.00033 +£ 0.00026 N(0, 0.01) —0.00102 + 0.00036
To N (0, 0.1) 0.00135 £ 0.00011 N(0, 0.01) 0.00151 £ 0.00022
7| U(0, 200) 40.3 £8.0 U(s, 150) 27.5+£5.1
15} UQ.1,5) 1.16 £ 0.02 N(1.5,0.5) 1.724 £ 0.035
Xo N(0, 0.1) 0.0439 £ 0.0069
X N (0, 0.5) 0.026 £ 0.020

Notes. Values are shown for the white light-curve fits. Parameter definitions: orbital period, P; time of transit center, #y; semimajor axis in units of stellar radius,
a/Ry; inclination, i; planet radius in units of stellar radius, R,/R.; stellar effective temperature, T.; stellar metallicity, Fe/H; stellar gravity, log ¢; quadratic limb-
darkening coefficients, #; and u,; Kipping (2013) reparameterization of the quadratic limb-darkening coefficients, ¢; and ¢»; systematic model parameters as defined in
Equation (2), co, ¢y, ro, 11; error multiplier, 3; decorrelation coefficients for trace position and width, x, and x;. Units for logarithmic parameters refer to the argument.

We note that at wavelengths >8 um the ExoTiC-MIRI and
Eureka! transit depths are consistent to better than one standard
deviation across all three resolutions, and the residuals between
the two reductions pass the Shapiro—Wilk test for normality
(Shapiro & Wilk 1965). Any small stochastic differences arise
from the choices to fit or fix the limb-darkening coefficients,
semimajor axis, inclination, and the type of extraction aperture.
We found the transmission spectra were insensitive to decisions
about the limb-darkening law within each reduction.

3. Atmospheric Modeling and Retrievals

We employed grids of both self-consistent equilibrium-
chemistry atmospheric forward models and “free-chemistry”
atmospheric retrievals to interpret our mid-infrared transmission
spectrum of WASP-17b. We perform our fits on the 0.25 ym
ExoTiC-MIRI reduction using the four different models detailed
below. Additional tests are run at each stage to confirm our
results. We considered the combination of our JWST MIRI LRS
spectrum with the previously presented visible-to-near-infrared
transmission spectrum of WASP-17b presented in Alderson
et al. (2022). In our spectral fitting we have accounted for the
presence of a clear positive offset (~100-200 ppm) in the transit
depths measured with JWST MIRI LRS and those measured
with HST+Spitzer, which is common for multi-instrument and
multi-epoch observations of transiting exoplanets (e.g., Benneke
et al. 2019; Th & Kempton 2021). A summary of the modeling
inputs and results is provided in Tables 2 and 3.

3.1. ATMO Grid of Forward Models

We used a planet-specific grid of self-consistent
model atmospheres for WASP-17b  generated using
ATMO (Amundsen et al. 2014; Drummond et al. 2016;

Tremblin et al. 2016; Goyal et al. 2018), with radiative-
convective equilibrium pressure-temperature (P-T) profiles
consistent with equilibrium chemistry (Goyal et al. 2020). This
grid was generated for a range of heat redistribution factors
(0.25, 0.5, 0.75, 1.0), metallicities (0.1x, 1x, 10x, 50x, 100x,
200x solar) and C/O ratios (0.35, 0.55, 0.70, 0.75, 1.0, 1.5).
The internal temperature of the planet is assumed to be 100 K,
although this value is not well known (see, e.g., Thorngren et al.
2019; Sarkis et al. 2021). We test internal temperatures of 100,
200, and 300K and find the differences in the modeled
transmission spectrum to be negligible. Using this grid of
WASP-17b model atmospheres, a grid of simulated transmission
spectra was generated at R~ 1000 for a range of Rayleigh
scattering haze factors (1x, 10x nominal Rayleigh scattering)
and gray cloud factors (0.0x, 0.5%, 1.0x, 5.0x H, Rayleigh
scattering cross section at 350 nm).

We find that the best-fit ATMO model to the combined HST +
Spitzer and JWST MIRI LRS data sets has a redistribution factor
of 0.5, solar metallicity, supersolar C/O ratio (0.7), haze factor of
10, and gray cloud factor of 0.5. This model is shown in the top
panels of Figure 3. We note that models with 0.1x to 50x solar
metallicity and 0.35 to 0.7 C/O ratios lie within the 3¢ range of
the best-fit model. We found consistent results across all three
binning regimes for both the ExoTiC-MIRI and the Eureka!
reductions presented in Figure 2, but note that the best-fit offsets
between the JWST MIRI LRS and HST + Spitzer data differed
between ExoTiC-MIRI and Eureka! pipeline reductions. As
previously discussed, the different linearity corrections applied in
the ExoTiC-MIRI and Eureka! reductions resulted in offsets in the
transit depth shortward of 8 yum. However, we find that allowing
for an offset between the JWST MIRI LRS data and the HST +
Spitzer data results in identical best-fitting atmospheric models,
which indicates that our atmospheric interpretation is minimally



THE ASTROPHYSICAL JOURNAL LETTERS, 956:1.32 (15pp), 2023 October 20

Grant et al.

1.70 4 Bin 0.50 um

1.65 A

— e ——
1.55 A ——

1.45 A
1.40 A

1.35 A

L —

1.60 A + | —

—?—_\ e 0—
' —t— |

1.704 Bin 0.25 um

1.65 A

1.60 - —4— | _+_

Transit depth / %

1.45 A

1.40 A

1.35 A

1.704 Bin 0.125 um
1.65

1.60 1 + -L &
1.55 A + H '+'_l__*_

1.45 -
1.40 ExoTiC-MIRI

4 Eureka!
1.35 A

hg 'T - -
I

5 6 7 8

9 10 11 12

Wavelength / um

Figure 2. Comparison of transmission spectra generated at three resolutions for both the ExoTiC-MIRI (yellow) and Eureka! (blue) reductions. The resolutions
correspond to bin widths of 0.50, 0.25, and 0.125 pm. The systematic differences at wavelengths <8 pm are due to the different linearity corrections used in each
reduction (see Section 2.4 for details). All data products and models are available at https: //doi.org/10.5281 /zenodo.8360121.

sensitive to differences between the ExoTiC-MIRI and Eureka!
reductions or the choice of spectral bin size.

3.2. PICASO+VIRGA Grid of Forward Models

We computed radiative-convective thermochemical equilibrium
(RCTE) atmospheric models for WASP-17b using the well-vetted
open-source model PICASO v3.1% (Batalha et al. 2019;
Mukherjee et al. 2023), which has heritage from Fortran codes
developed to study solar system giant planets (e.g., Marley &
McKay 1999) and brown dwarfs (e.g., Marley & McKay 1999).
We computed a grid of cloud-free models as a function of
interior temperature of the planet (200 and 300 K; Thorngren
et al. 2019; Sarkis et al. 2021), atmospheric metallicity (nine
values between 1x and 100x solar), C/O ratio (five values
between 0.25x and 2 x solar), and the heat redistribution factor

% htps: //github.com/natashabatalha/picaso

0.5, 0.6, 0.7, 0.8). PICASO’s RCTE module utilizes
correlated-k opacities that are detailed in Marley et al. (2021)
and released by Lupu et al. (2021). We included the opacity
sources for 29 species, but the most important for the JWST
MIRI LRS wavelength region is the line list of H,O (Polyansky
et al. 2018). The chemical equilibrium abundances are
computed on a pressure—temperature-M/H-C/O grid of
thermochemical equilibrium models presented in Marley
et al. (2021) following the work of Gordon & McBride
(1994), Fegley & Lodders (1994), Lodders (1999, 2002),
Lodders & Fegley (2002), Visscher et al. (2006), and Visscher
et al. (2010), using elemental abundances from Lodders (2010).
From our WASP-17b climate models, we computed transmis-
sion spectra using opacities resampled to R = 60,000 (Batalha
et al. 2020) from original R ~ 10° line-by-line calculations
detailed in Freedman et al. (2008) and Gharib-Nezhad et al.
(2021). We fit the cloud-free grid to both the ExoTiC-MIRI and
Eureka! JWST MIRI LRS reductions using the “MLFriends”
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Figure 3. Atmospheric modeling with ATMO (top panels, with a gray cloud and Rayleigh scattering haze prescription) and PICASO+-Virga (bottom panels, with
Mie-scattering cloud opacity of SiO,(s) included). Here we show the best-fit transmission spectra applied to a combination of our JWST MIRI LRS data (0.25 pm
ExoTiC-MIRI reduction, black circles) and the Alderson et al. (2022) HST + Spitzer data (gray squares). The corresponding pressure—temperature profiles are shown
in the right-hand panels, along with SiO,’s condensation curves as defined in Equations (3) and (4).

nested sampling algorithm (Buchner 2016, 2019) implemented
in the open-source Ultranest code (Buchner 2021), and find
agreement between the two, regardless of binning scheme. The
best-fit model from the cloud-free grid has an internal
temperature of 200 K, redistribution factor of 0.8, metallicity
of 100x solar, and supersolar C/O ratio (0.7).

In order to account for the presence of clouds in WASP-
17b’s atmosphere, we used the cloud-free grid’s pressure—
temperature profiles to compute condensation cloud profiles
using the Virga cloud model®® (Batalha et al. 2020; Rooney
et al. 2022). The cloud methodology of Virga is detailed in
Ackerman & Marley (2001). Virga models the balance between
the turbulent diffusion (K, and sedimentation (fiq) in
horizontally uniform cloud decks, and therefore requires these
two additional model parameters. We include two condensable
species, SiO,(s) and Al,O5(s), given the range of temperatures
expected in WASP-17b’s atmosphere and presence of a clear
spectroscopic feature near 8.6 um. For SiO,(s), we used the a-
crystal optical constants computed at 928 K by Zeidler et al.
(2013). For Al,O5(s), we used the amorphous optical constants
computed at 873 K by Koike et al. (1995) and Begemann et al.
(1997). We note that we did explore a number of other cloud

26 https: //github.com/natashabatalha/virga

species, including MgSiO5(s) and Mg,SiOy(s), for which we
show the cross sections in the left-hand panel of Figure Al,
within the Appendix. However, these cloud species could not
match the observed mid-infrared spectroscopic features. We
also tested the amorphous form of SiO,(s), but this results in a
worse match to the 8.6 um feature, and the reduced x? of the fit
increases from 0.98 to 1.05 (90 degrees of freedom).

The saturation vapor pressure curve of Al,O3 was calculated
in Wakeford et al. (2016). For SiO,, we calculated the vapor
pressure and condensation curve for the net thermochemical
reaction, SiO(g) + H20(g) = SiO,(s) + H2(g), which is
adopted because SiO and H,O are the dominant Si- and
O-bearing gases, respectively, at the temperatures pertinent to
WASP-17b. This leads to condensation curves given by

log Pr ~ 13.168 — 28265/T — [Fe/H], 3)
or, equivalently,
10*/Toona = 6.14 — 0.35logPr — 0.70[Fe/H], “)

where Py is in bars. These condensation curves are shown in
the right-hand panels of Figure 3.

We fit our cloudy WASP-17b spectra to the ExoTiC-MIRI
reduction combined with HST+Spitzer data from Alderson
et al. (2022) using Ultranest (Buchner 2021). For the
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Table 2
Summary of Atmospheric Forward Modeling
ATMO PICASO+VIRGA
Best-fit Fitted 1o
Parameter Range Value Range Range
Metallicity 0.1-200 1 1-100 30-100
C/O 0.35-1.5 0.7 0.1-0.9 0.4-0.7
Heat redistribution 0.25-1.0 0.5 0.5-0.8 0.6-0.7
Internal temper- fixed 100 200-300 200-300
ature (K)
Gray cloud factor 0-5 0.5
Rayleigh scattering 1-10 10
haze factor
logK.. (cm*s™") 8.7-9.8
fed -0.7-0.3

Notes. Parameter definitions: metallicity is given in units of solar metallicity.
C/O ratio is given in absolute units. Gray cloud factor is in units of H,
Rayleigh scattering cross section at 350 nm. Haze factor is in units of nominal
Rayleigh scattering. A heat redistribution value of 0.5 represents efficient
redistribution and a value of 1.0 means no redistribution. K__ is the vertical
turbulent diffusion parameter and fi.q is the sedimentation efficiency parameter.
Units for logarithmic parameters refer to the argument.

parameters confined to the grid, we obtain lo constraints of
30-100x solar metallicity, 0.4-0.7 C/O, a heat redistribution
of 0.6-0.7, and internal temperature of 200-300 K. For the two
cloud parameters, the 1o constraints are logK, = 97073
em?s™! and Jeed = 0.17022. We compared the cloudy model
with the cloud-free model using their likelihood ratio, and we
find that the SiO,(s) cloud model is preferred by 4.2¢0. The
maximum-likelihood cloudy model is shown in the bottom
panels of Figure 3. Additionally, in Figure 4 the opacity
contributions to this model are shown, highlighting that H,O
vapor and SiO,(s) clouds dominate WASP-17b’s transmission
spectrum at JWST MIRI LRS wavelengths.

3.3. POSEIDON Atmospheric Retrievals

We conducted free-chemistry retrievals with the inclusion of
compositionally specific aerosols on HST, Spitzer, and JWST
MIRI LRS observations of the transmission spectrum of
WASP-17b using the open-source atmospheric retrieval code
POSEIDON*’ (MacDonald & Madhusudhan 2017; MacDo-
nald 2023). Here, we build upon the existing cloud models in
POSEIDON to include retrievals with Mie-scattering aerosols.
We calculated a database of effective extinction cross sections
of aerosols species by adapting Zhang et al’s (2019)
implementation of the Mie-scattering algorithm presented in
Kitzmann & Heng (2018). The effective aerosol extinction
cross section is the combined absorption and scattering cross
section integrated over a log-normal radius distribution
centered around a mean particle size, r,, (in microns). For
computational efficiency, we precomputed effective extinction
cross sections from the refractive-index databases of Wakeford
& Sing (2015) and Kitzmann & Heng (2018), where the
relevant species are based on work by Henning & Mutschke
(1997), Palik (1998), Andersen et al. (2006), and Zeidler et al.
(2013). We considered mean particle sizes ranging from 0.001
to 10 um and wavelengths spanning 0.2-30 um at R = 1000.

z https: / /github.com/MartianColonist/POSEIDON
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Our POSEIDON retrievals adopt a model configuration
similar to Alderson et al. (2022), but with the addition of a
parameterized Mie-scattering cloud model. We assume a one-
dimensional H~He-dominated atmosphere (with He/H, =0.17)
with the gas phase containing free abundances of H,O, CHy,
CO,, CO, Na, and K. The specific line lists used are detailed in
the Appendix of MacDonald & Lewis (2022), with particular
reference to Polyansky et al. (2018), Yurchenko et al. (2017),
Chubb et al. (2021), Tashkun & Perevalov (2011), Li et al.
(2015), and Barklem & Collet (2016). We assume an isothermal
pressure—temperature profile, which follows from the modeling
of Alderson et al. (2022). The reference pressure is set at 10 bar.
We ran retrievals both with and without the JWST MIRI LRS
data (0.25 ym ExoTiC-MIRI reduction), but always including
the HST+-Spitzer data. We consider three models: (i) a cloud-
free model, (ii) the gray cloud+scattering haze prescription
found in Alderson et al. (2022), and (iii) Mie-scattering SiO(s)
clouds (both crystalline and amorphous states considered
separately). Aerosol clouds are parameterized by the mean
particle size, r,,,, the cloud-top pressure, P.ioug, the width of the
cloud in log pressure space, Alog P, and the constant log
mixing ratio of the aerosol in the cloud. The priors for our
POSEIDON retrievals are summarized in Table 3.

We computed the marginalized likelihood for each of the
models and compared them via the Bayes factor to assess the
support for each model. We find that the SiO(s) clouds model is
preferred over no clouds by 3.5¢ and also preferred over the
generic aerosol prescription by 2.60. The best-fit model finds the
SiO,(s) clouds are composed of small particles (~0.01 pum) with a
low mixing ratio (logX ~ —12) located high in the atmosphere
(Peoud S 1 mbar). Our data are highly informative of the particle
size, as changes to this parameter dramatically alter both the optical
scattering slope and the amplitude of the 8.6 ym vibrational-mode
feature (see Figure A2 within the Appendix). Both crystalline and
amorphous SiO,(s) aerosols are able to produce good fits to the
data, with the crystalline form producing the best match to the peak
position of the feature near 8.6 um. In addition to SiOx(s), we also
considered Fe,O5(s) aerosols based on the alignment of refractive
indices with the observed feature near 8.6 um (see Figure Al
within the Appendix). However, the best-fit model requires
particle sizes of ~0.001 pm, which is physically implausible
(Sridevi et al. 2023). Thus, we rule out Fe,Os(s) aerosols.

For completeness, we also retrieve on our 0.25 ym Eureka!
reduction. These retrievals also yield a preference for clouds,
with both the SiO,(s) and generic clouds preferred at 2.60 and
3.00, respectively, over the cloud-free model. While the
SiO,(s) model produces a better fit to the Eureka! data than
the generic clouds (reduced x* = 1.14 versus 1.17), the Bayes
factor does not support the SiO,(s) model given the additional
parameters in its definition. However, as detailed in
Section 2.4, the Eureka! reduction may be less reliable than
the ExoTiC-MIRI reduction at shorter wavelengths, and this
impacts the amplitude and detectability of the 8.6 um feature.

Retrievals that do not include JWST MIRI LRS data indicate
no preference over either of our cloud models, a result
consistent with predictions from Mai & Line (2019). In all
cases, our retrieved abundances for the gas-phase chemical
species considered are consistent with the values presented in
Alderson et al. (2022). In Figure 5, we show retrieved spectra
with 1o contours and posterior distributions for gas-phase
species (H,0, CHy, CO,, Na, K, CO), SiO,(s) cloud properties,
and isothermal atmospheric temperature.
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modeling results can be found in Table 2.

3.4. PETITRADTRANS Atmospheric Retrievals

To complement our POSEIDON retrievals, we performed
free retrievals using PETITRADTRANS?® (pRT; Molliére et al.
2019), which has been used previously to explore specific
aerosols and chemistry in brown dwarfs and directly imaged
exoplanet atmospheres (e.g., Molliere et al. 2020). Similar to
POSEIDON, we opt to use an isothermal prescription for the
pressure—temperature profile and consider the case of a
H,-He-dominated atmosphere with H,O, CO,, SO,, CH,,
CO, Na, and K as possible gas-phase species. The specific line
lists used are detailed in Molliere et al. (2019), with particular
reference to Rothman et al. (2010), Yurchenko et al. (2017),
Chubb et al. (2021), Underwood et al. (2016), Tobias et al.
(2018), and Piskunov et al. (1995). The reference pressure is set
at 100 bar. We also allow for the presence of crystalline SiO,(s)
and use the same refractive indices as POSEIDON. However,

2 https: //gitlab.com/mauricemolli/petitRADTRANS

we leverage the cloud model implementation built into pRT,
which is based on Ackerman & Marley (2001). This cloud
model includes parameters for vertical mixing, K, sedimenta-
tion efficiency, fi.q, and cloud-base pressure, Py, that give
rise to a population of cloud particles with a log-normal size
distribution and a specific mixing ratio across a range of
pressures above the cloud base. The priors for our pRT
retrievals are also summarized in Table 3.

We performed pRT retrievals on the JWST MIRI LRS data
alone (0.25 ym ExoTiC-MIRI reduction) and in combination
with the HST+Spitzer data presented in Alderson et al. (2022).
The results are displayed in Figure 5 alongside those from
POSEIDON. We find the abundances for the gas-phase species
considered are consistent with estimates from POSEIDON,
noting that only H,O is constrained from the JWST MIRI LRS
data alone and there is no strong evidence for SO,, a
photochemically produced species that has absorption signa-
tures at MIRI wavelengths (Tsai et al. 2023). In our pRT
retrievals, we find that the inclusion of SiO,(s) clouds is
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Figure 5. Atmospheric retrievals with POSEIDON and petitRADTRANS (pRT) using combinations of the JWST MIRI LRS (0.25 ym ExoTiC-MIRI reduction) and
the Alderson et al. (2022) HST+Spitzer data (see legend in the top panel). Top panel: median retrieved spectra (solid lines) and 1o confidence regions (shaded
regions). Bottom panels: retrieved posteriors for isothermal atmospheric temperature and gas-phase volume mixing ratios (columns one and two) and cloud properties
from POSEIDON (column three) and pRT (column four). POSEIDON’s agnostic cloud model is described by a constant aerosol mixing ratio, log SiO,, mean particle
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Table 3
Summary of Atmospheric Retrievals
POSEIDON PETITRADTRANS
Parameter Prior Posterior Prior Posterior
log g (cms™) UQR2,3.0) 2,670
T (K) U (400, 2300) 125014 U (1000, 2000) 11355420
Ry et (RY) 14(1.5895, 2.1505) 17255304 U1.8,2.1) 1.8340:01
log H,0 U(-12, -1) —4.53503] U-13, —1) —4.754033
log CH, U-12, -1 —8.527193 U-13, -1 —10.217%39
log CO, U(-12, -1) —5.4010:3% U-13, —1) —5.54%933
log CO U(-12, 1) —7.61533 U-13, -1) —8.0673:43
log Na U-12, -1) —9.2071%) U-13, -1) —10.0533%
log K U(-12, 1) —8.311980 U-13, -1) —10.02+}81
log SO, U-13, 1) —10.82593%
log SiO, U=30, —1) —12.5519%
log ry Si05 (um) U3, -1 —1.915018
log Peioua SO, (bars) U-1,2) —5.125117
Alog P SiO, (bars) U, 9) 2.36+193
Olnorm (cM) U(1.05, 3.0) 2,155
log K.. (cm*s™") U(5.0, 13.0) 6.367038
fred U(0.1, 10.1) 4747338
log SiO; pase U(-10, 0) —5.757077
log Ppase SO, (bars) U-10, 0) —3.101943
S1e1 (ppm) U(—1000, 1000) 12218 U(—52000, 52000) 11877}

Notes. Parameter definitions: gravity, g; isothermal atmospheric temperature, T reference radius, R, ..f; gas-phase volume mixing ratios, log X; constant aerosol
mixing ratio, log SiO,; mean particle size, log r,,, SiO,; cloud-top pressure, 10g Pcjouq SiO2; width of the cloud, Alog P SiO,; width of the particle-size distribution,
Omorm; Vertical mixing, log K.; sedimentation efficiency, f;.q; aerosol mixing ratio at the base, log SiO5 pase; cloud-base pressure, log Py, SiO,; MIRI data set offset,

rer- Units for logarithmic parameters refer to the argument.

preferred over a generic-clouds model, with x* values of 100.0
and 129.9 (80 and 82 degrees of freedom), respectively. The
SiO,(s) clouds have a cloud base in the 1-10 mbar region of
WASP-17b’s limb, and an average particle size of ~0.01 um,
which is consistent with the findings from POSEIDON. These
clouds are Eroduced within the pRT cloud model with
K..~10°cm*s™" and an f,.q on the order of 5, which is
consistent with the best-fit models from PICASO-+Virga
considering the trade-offs between these two parameters in
the context of the Ackerman & Marley (2001) cloud model.

3.5. Atmospheric Modeling Intercomparison

Our suite of forward models and retrievals for WASP-17b
have produced evidence for an atmosphere shaped by complex
chemistry, where aerosols are required to fit the transmission
spectrum of WASP-17b. Across all of our modeling efforts, we
have trialed aerosols composed of SiO5(s), Al,O5(s), Fe>O5(s),
MgSiOj3(s), and Mg,SiO4(s). We find that SiO,(s) is favored as
the dominant cloud species, and is statistically preferred over
no clouds by 3.5¢ in our POSEIDON free retrievals and at 4.2¢0
in our PICASO equilibrium-chemistry forward models. We
additionally investigated a combination of SiO,(s) and generic
aerosol parameterizations with POSEIDON, and find that
Si0,(s) is still required to fit the spectrum at the 2.60 level.
This modeling suggests that small-particle SiO,(s) clouds are
present at the limb of WASP-17b’s atmosphere.

Our free-chemistry retrievals all find an overall subsolar
abundance of H,O, while our equilibrium-chemistry forward
models have preferences for supersolar metallicities and C/O
ratios. These differences are most likely caused by the constraints
imposed by RCTE in the forward models. In particular, the
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PICASO+Virga cloudy model has its metallicity driven to higher
values because in Virga the gas mean mass mixing ratio is fixed to
a constant value. Therefore, higher-metallicity solutions may be
needed to compensate for the low cloud opacity. The difference
between the supersolar metallicity derived from both equilibrium-
chemistry forward models and the subsolar metallicities found by
the free-chemistry retrievals suggest that disequilibrium processes
could be at play in WASP-17b’s atmosphere.

All of our atmospheric models demonstrate how the mid-
infrared observations are key to identifying the cloud species,
while observations at optical wavelengths may act to further
constrain the cloud’s average grain size, density, and vertical
location. Overall, our “four-pronged” theoretical exploration of
WASP-17b’s atmospheric thermal structure and composition all
point to a planetary transmission spectrum strongly shaped by
H,0 vapor and SiO,(s) clouds, with suggestions of absorption
from CO and CO, that will be more fully explored with our
JWST Near Infrared Imager and Slitless Spectrograph and Near
Infrared Spectrograph observations of this planet (GTO-1353).

4. Discussion and Conclusions

We have presented a first look at the atmosphere of the hot
Jupiter WASP-17b in the mid-infrared with JWST MIRI LRS
from 5 to 12 ym. We performed multiple reductions of the data
and demonstrated the importance of understanding the nuances
of the MIRI detector. We found that different approaches to the
linearity correction can lead to systematic differences at
wavelengths <8 ym. Our analysis of the group-level ramps
showed that a self-calibrated linearity correction may be the
best approach for accounting for the debiasing-induced BFE
(Argyriou et al. 2023) and obtaining reliable spectra.
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The transmission spectrum suggests evidence for the specific
absorption signature of SiO,(s) clouds, with a peak in the
transmission spectrum centered at 8.6 yum. When including the
HST+-Spitzer data, this broad wavelength coverage enabled us
to constrain the size of the SiO,(s) particles (~0.01 pm)
through fitting the optical scattering slope and the amplitude of
the 8.6 yum vibrational-mode feature simultaneously. The
Si0,(s) clouds model is preferred at 3.5—4.20 versus a cloud-
free model and at 2.60 versus a generic aerosol prescription.
The shape of the feature is also likely modified from that of
pure SiO,(s) when combined with opacity from H,0, as shown
in Figure 4, or by aerosol aggregates composed of multiple
species (dirty grains). Based on the available optical constants,
we found that crystalline SiO,(s) provides a better match to the
peak position of the feature near 8.6 um compared with
amorphous SiO,(s), but we note that for both species these
have not been measured under WASP-17b conditions and
further lab work is needed in the exoplanet regime.

Atmospheric modeling of the transmission spectrum with
equilibrium-chemistry forward models and free-chemistry
retrievals found a supersolar metallicity (up to 100X solar)
with a depletion in H,O and significant opacity from aerosols.
Previous work by Alderson et al. (2022) showed a bimodal
(subsolar and supersolar) solution for H,O based on the
measured HSTH-Spitzer spectrum. We find that the addition of
the JWST MIRI LRS wavelength range serves to solidify the
finding of a subsolar abundance of H,O in WASP-17b’s
atmosphere. The depletion of H,O and supersolar C/O in the
gas phase are likely a direct result of the formation of high-
temperature aerosols, which is dominated by oxygen-rich
species. This fits well with theoretical studies which suggest
that up to 30% of oxygen can be depleted from the gas-phase
chemistry when condensate cloud formation is dominant in the
atmosphere of hot Jupiters similar to WASP-17b (e.g., Lee
et al. 2016; Lines et al. 2018).

Helling et al. (2006) first suggested that SiO,(s) should be
the most abundant solid component in L-type brown dwarf
“dust clouds” under nonequilibrium conditions and would give
rise to strong absorption features. Infrared observations and
atmospheric retrievals of brown dwarfs have shown hints of the
presence of SiO,(s) grains in their atmospheres (Burningham
et al. 2021), but nothing to match the signature that we see in
WASP-17b’s transmission spectrum. Burningham et al. (2021)
also found that SiO, may condense (instead of forsterite, but
alongside enstatite) in atmospheres with subsolar Mg/Si
abundance ratios. In studies on brown dwarfs, Helling et al.
(2006) and Helling & Woitke (2006) suggested that seed
particles of TiO,(s) would allow for heterogeneous formation
of “dirty grains” in the upper atmosphere. For hot Jupiters like
WASP-17b, it is likely that horizontal transport of cloud
particles across significant gradients in temperature could
govern a similar heterogeneous formation process. The
expected horizontal temperature range in WASP-17b’s atmos-
phere (e.g., Kataria et al. 2016; Zamyatina et al. 2023) is well
aligned with the L-dwarf scenarios explored by Helling &
Woitke (2006) that resulted in the production of a population of
small (NlO*2 pm) grains with a significant fraction of SiO,(s)
at pressures relevant to transmission spectroscopy (1-10 mbar).
This strong indication of spectroscopic features, indicative of
heterogeneous cloud formation processes in WASP-17b, opens
up many new avenues for observational, theoretical, and
laboratory exploration of aerosol formation and transport in
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exoplanetary atmospheres that will be vital for future

measurements.
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Appendix

The main cloud species considered in this work have their
effective cross sections shown in Figure Al. The dependence
of the model transmission spectra on the SiO,(s) cloud particle
size is shown in Figure A2.
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