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Abstract

Secondary eclipse observations of exoplanets at near-infrared wavelengths enable the detection of thermal
emission and reflected stellar light, providing insights into the thermal structure and aerosol composition of their
atmospheres. These properties are intertwined as aerosols influence the energy budget of the planet. WASP-80 b is
a warm gas giant with an equilibrium temperature of 825 K orbiting a bright late-K /early-M dwarf, and for which
the presence of aerosols in its atmosphere has been suggested from previous Hubble Space Telescope and Spitzer
observations. We present an eclipse spectrum of WASP-80b obtained with JWST NIRISS/SOSS, spanning
0.68-2.83 um, which includes the first eclipse measurements below 1.1 um for this exoplanet, extending our
ability to probe light reflected by its atmosphere. When a reflected light geometric albedo is included in the
atmospheric retrieval, our eclipse spectrum is best explained by a reflected light contribution of ~30 ppm at short
wavelengths, although further observations are needed to statistically confirm this preference. We measure a
dayside brightness temperature of Ty = 8117$) K and constrain the reflected light geometric albedo across the
SOSS wavelength range to A, = 0.204*88?6, allowing us to estimate a lo range for the Bond albedo of
0.148 < Ag < 0.383. By comparing our spectrum with aerosol models, we find that manganese sulfide and silicate
clouds are disfavored, while cloud species with weak-to-moderate near-infrared reflectance, along with soots or
low formation-rate tholin hazes, are consistent with our eclipse spectrum.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Hot Jupiters (753); Exoplanet atmospheres (487);
Exoplanet atmospheric composition (2021); Extrasolar gaseous giant planets (509)

1. Introduction more secondary eclipses (e.g., M. R. Line et al. 2014;
J. A. Kammer et al. 2015; Q. Changeat et al. 2022;
D. Deming et al. 2023; L. Dang et al. 2025), providing further
insights into the thermal structure of exoplanets. More recently,
the first emission spectra from data collected by the James
Webb Space Telescope JWST) were obtained (P. C. August
et al. 2023; T. J. Bell et al. 2023; L.-P. Coulombe et al. 2023;
E. Schlawin et al. 2024), enabling more precise dayside
atmospheric characterization than ever before, by providing
eclipse measurements over a larger wavelength range. More-
over, recent NIRISS/SOSS observations of the ultra-hot
Neptune LTT9779b have demonstrated the instrument’s
capability to simultaneously capture thermal emission and

Transiting close-in (P < 10 days) gas giants are ideal targets
for atmospheric characterization as their elevated temperatures
and high planet-to-star radius ratios produce strong transit and
eclipse spectroscopy signals. With secondary eclipse observa-
tions, it is possible to probe their thermal emission and reflected
light as they pass behind their host star. Close-in giants on
circular orbits are assumed to be tidally locked (J. F. Kasting
et al. 1993; R. Barnes 2017), implying that we observe their
permanent dayside—the hemisphere that constantly faces the
star—during secondary eclipse.

The Spitzer Space Telescope provided measurements that
led to the first detection of thermal emission from a close-in

exoplanet (D. Charbonneau et al. 2005; D. Deming et al. 2005) reﬂRecitied light (111"1:1) Eoulombelz e; al. 2(1))23)' isible and
and has since had an enormous impact by measuring many | Reflected stellar light can only be probed at visible and near-
infrared (NIR) wavelengths, as most stars emit predominantly

short-wavelength light, and aerosols reflect more in that regime.
Studying reflected light measurements can provide insights into
the presence and composition of aerosols in exoplanet atmo-
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(K. Zahnle et al. 2009; M. R. Line et al. 2011). Clouds, which
are formed by condensation through thermochemical equili-
brium, can also be expected in the atmospheres of warm Jupiters
(500 < T4 < 1000 K), as many cloud species condense at higher
temperatures than those of their atmospheres (P. Gao et al.
2021). These clouds can be made, for example, of silicates, salts,
and sulfides, species that are found in the atmospheres of brown
dwarfs in this temperature regime (M. S. Marley et al. 2002;
C. V. Morley et al. 2012; P. Gao et al. 2021).

Aerosols have an impact on the thermal structure of an
atmosphere. Their altitude and opacity determine how much
stellar radiation can penetrate the atmosphere, and in turn
influences its temperature—pressure (7-P) profile (S. Seager
et al. 2000; S. Seager & D. Deming 2010; J. K. Barstow et al.
2014; C. V. Morley et al. 2015; D. Keating & N. B. Cowan
2017). Different aerosols also shape the observed spectra in
distinguishable ways. In general, thick clouds reflect light with
weak spectral dependence at NIR and visible wavelengths
(M. S. Marley et al. 1999; C. V. Morley et al. 2015). However,
if the atmosphere contains hazes, the planet can appear brighter
in the NIR and darker at short wavelengths as most types of
hazes are more likely to absorb blue and UV light
(M. S. Marley et al. 1999; C. V. Morley et al. 2015).

To quantify these processes, the albedo of the planet must be
measured. Geometric albedo spectra can be used to identify
aerosol species (M. S. Marley et al. 1999; D. Sudarsky et al.
2000), while the Bond albedo, which can be constrained from
thermal emission measurements, dictates the energy budget of
the planet (N. B. Cowan & E. Agol 2011; J. C. Schwartz &
N. B. Cowan 2015). Warm Jupiters are expected to have low to
moderate Bond albedos (Ag < 0.4, M. S. Marley et al. 1999;
N. B. Cowan & E. Agol 2011; J. C. Schwartz & N. B. Cowan
2015; T. J. Bell et al. 2021). In contrast, cold giants
(Teq S250K) can achieve higher Bond albedos if their
atmospheres develop reflective ammonia or water clouds
(M. S. Marley et al. 1999; D. Sudarsky et al. 2000; L. Li
et al. 2018; R. J. MacDonald et al. 2018).

WASP-80 b is a warm Jupiter (Teq=2825+19K,
R, = 0.999003) Ry, M, = 0.5387003 My; A. H. M. J. Triaud
et al. 2015) with an orbital period of 3.07days
(A. H. M. J. Triaud et al. 2015; T. J. Bell et al. 2023). It is
part of the small known population of gas giants orbiting low-
mass stars: WASP-80 is a bright, late-K/early-M dwarf
(R« =0.586 R, M, = 0.577 M) with an effective temperature
of 4143 K (A. H. M. J. Triaud et al. 2015). E. M. Bryant et al.
(2023) estimated the occurrence rate of transiting giants
(0.6 < R, < 2.0 Ry) with short periods (P<10 days) around stars
with masses between 0.088 and 0.71 M. to be 0.194% +
0.072%. For comparison, M. Beleznay & M. Kunimoto (2022)
estimated the occurrence rate of hot Jupiters (9 <R, <28 Rg,
0.8 <P < 10days) around AFG dwarf stars (0.8 <M, <
23M.) to be 0.33% £0.04%. This makes WASP-80b a
uniquely important target for atmospheric study. Its relatively
low equilibrium temperature also makes its reflected light
spectrum well isolated from its thermal emission spectrum.

Using transit observations from the Hubble Space Telescope
(HST) and Spitzer, I. Wong et al. (2022) found evidence of
Rayleigh scattering produced by fine-particle hazes, as well as
the presence of a cloud deck extending up to 1 mbar on the
limbs of WASP-80b. Using Spitzer/IRAC (3.6 and 4.5 pum)
eclipse observations, they also concluded that the planet has a
low Bond albedo. B. Jacobs et al. (2023) used five secondary
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eclipse observations of WASP-80 b obtained with HST Wide
Field Camera 3 (WFC3)/G141 (1.1-1.7 um) and found an
average eclipse depth of 34 + 10 ppm in the WFC3/G141
bandpass. From this, they obtained a 30 upper limit on the
geometric albedo of A; < 0.33. Their results also show a slight
preference for deep dayside clouds over hazes. However, they
were not able to fit a consistent model to both their eclipse
spectrum and the previously published HST/Spitzer transmis-
sion spectrum, indicating heterogeneous aerosol distribution
between the dayside and limbs. T. J. Bell et al. (2023) used
transit and secondary eclipse observations of WASP-80b
obtained with the F322W2 grism of the Near Infrared Camera
(NIRCam) of JWST to detect strong absorption features of
water and methane, in agreement with theoretical predictions
on the dominance of CH; over CO for planets with
Teq S1000K (K. Lodders & B. Fegley 2002). They also
inferred the presence of optically thick clouds at pressures
<0.2 mbar (20 upper limit) on the planet terminator.

In this work, we present a red-optical and NIR
(0.68-2.83 um) secondary eclipse spectrum of WASP-80b
obtained with the Near InfraRed Imager and Slitless
Spectrograph (NIRISS; R. Doyon et al. 2023) on board JWST
in its Single Object Slitless Spectroscopy (SOSS; L. Albert
et al. 2023) observational mode. This data set includes the first
eclipse measurements of WASP-80b below 1.1 ym, which
allows us to put tighter constraints on its albedo and suggest the
presence of aerosols in its atmosphere. We describe the
observations and the data reduction in Section 2. The light-
curve fitting is detailed in Section 3, and the atmosphere and
cloud modeling is presented in Section 4. We then discuss our
results in Section 5 and conclude in Section 6.

2. Observations and Data Reduction
2.1. Observations

A secondary eclipse of WASP-80b was observed on 2023
October 26, with the SOSS mode of the NIRISS instrument on
board JWST as part of the NEAT (NIRISS Exploration of the
Atmospheric diversity of Transiting exoplanets) cycle 1
Guaranteed Time Observations program (PID: 1201; PIL
David Lafreniere). Using the GR700XD grism combined with
the CLEAR filter, the time-series observations (TSO) consisted
of 668 integrations of 21.976s each with four groups per
integration and started at 08:58:15.221 UTC for a total
exposure duration of 5.10hr. The SUBSTRIP256 subarray
was used to capture diffraction orders 1 and 2, covering
wavelengths from 0.6 to 2.83 pm.

2.2. Data Reduction

We performed a Stage 1 and 2 reduction on the TSO using
the supreme-SPOON v1.3.0 pipeline (L.-P. Coulombe
et al. 2023; A. D. Feinstein et al. 2023; O. Lim et al. 2023;
M. Radica et al. 2023; M. Fournier-Tondreau et al. 2024;
M. Radica 2024; M. Radica et al. 2024)"* and started from the
raw, uncalibrated files downloaded from the Mikulski Archive
for Space Telescopes (MAST)."

13 Note that this pipeline is now known as exoTEDRF (https: //github.com/
radicamc/exoTEDRF).

14 All the NIRISS /SOSS data used in this paper can be found in MAST
doi:10.17909 /htd7-fg43).
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Most steps included in Stage 1 of supreme-SPOON come
directly from the official jwst Data Management System
pipeline. However, we opted to skip the RefPixStep and
perform a slightly modified version of the OneOverFStep
from supreme-SPOON, as both steps serve the same purpose.
The nominal OneOverFStep applied at the group level
requires the subtraction of the zodiacal background beforehand
to avoid rescaling it during the scaling of the groupwise median
frame that will be subtracted from each image (M. Radica et al.
2023). However, in our case, where the variation in flux during
the secondary eclipse is negligible compared to the background
level in the wings of the SOSS point-spread function (PSF), we
simply subtracted a complete median frame for each group to
reveal the 1/f noise. By doing so, we avoid incorrect
background subtraction, which could lead to inaccurate 1/f
noise removal. We then masked the traces, bad pixels, and
order O contaminants. To create the trace mask, we exploited
the fact that photon noise increases in highly illuminated pixels.
That is, we created a 2D detector map of the temporal standard
deviations in flux using all median-subtracted images from the
last group in an outlier-resistant manner, then created a mask
with all pixels having a standard deviation higher than 5% of
the median value from the 2D map. Once the masks have been
applied, we computed the value of the 1/f noise by taking the
median of each column, separately for even and odd rows
(A. D. Feinstein et al. 2023; M. Radica et al. 2023). The
resulting 1/f noise, for which an example is shown in
Figure 1(b), was then subtracted from each frame.

For the JumpStep, we applied the default algorithm from
jwst with a rejection threshold of 50, as well as the jump step
algorithm from supreme-SPOON with a rejection threshold
of 100, as we found that some pixels are flagged in one
algorithm but not in the other.

In Stage 1, we added the ChargeMigrationStep
(P. Goudfrooij et al. 2024) from jwst because the signal
reaches the flux threshold of ~25,000 ADU near the blaze
peak in the order 1 trace (L. Albert et al. 2023) during the last
read for many pixels in the central region of the PSF, and
even from group 3 for the brightest ones. Although the
ChargeMigrationStep is primarily intended for imag-
ing, it is also relevant for SOSS, as the effects of nonlinearity
are the same in both observing modes for bright objects.
Groups flagged by this step were subsequently excluded from
the slope calculations in the RampFitStep (P. Goudfrooij
et al. 2024).

We then proceeded with Stage 2 to perform corrections at the
slope level. The BackgroundStep requires careful treatment
because the optimal scaling of the Space Telescope Science
Institute  (STScI)!®> SOSS SUBSTRIP256 background
model differs for each data set (M. Radica et al. 2023;
M. Fournier-Tondreau et al. 2024). For our data set, we also
find that applying a small shift to the background model prior
to its subtraction resulted in cleaner residuals around the pick-
off mirror jump at column ~700 (see Figure 1(c)). To compute
the best shift value, we used the median row between the order
2 and order 3 traces by considering only the 75 columns on
each side of the pickoff mirror jump for both the median data
frame and the background model, and we scaled the data to
match the background model level. We then minimized the

15 http:/ /jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph /
niriss-observing-strategies /niriss-soss-recommended-strategies#NIRISSSOSS
RecommendedStrategies-SOSSBackgroundObservations
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residuals between the data and the background model shifted at
different values and found that the background model must be
shifted left by 1.75 pixels.

The scaling of the background model also needs to be
performed separately for each side of the background jump
(O. Lim et al. 2023; M. Fournier-Tondreau et al. 2024). To
determine the factors for scaling the background model, we
first had to consider that no region on the detector was
completely nonilluminated due to the extended PSF wings
from all traces. After masking some outliers, we first divided
the median data frame by the shifted background model and
took the 10th percentile of the ratios in a small region on the
left side of the detector (x € [233, 244], y € [5, 105]) as the left
scale factor. Since the right side was too illuminated to use the
same method, we determined its scale factor by testing different
values and selecting the one that best eliminated the
background step. To verify this, we ensured that the slope in
the central rows around the step, where the flux is minimal, was
nearly zero after subtracting the scaled background, but slightly
positive to account for the small increase in flux from the left to
the right side of the step. Therefore, we determined that the best
scaling factors redward (x < ~ 700) and blueward (x > ~ 700)
of the background jump were 0.86 and 0.85, respectively. We
ended Stage 2 by applying the BadPixStep, which uses the
median of a surrounding box to interpolate hot, warm, as well
as all DO_NOT USE pixels. An example of the final product
for one integration is shown in Figure 1(d).

We extracted the spectra with the ExtractldStep
module of the jwst pipeline using a box width of 30 pixels.
We did not decontaminate the order 1 and 2 traces due to the
bright order 1 trace contaminant at the top of the detector,
which prevented effective modeling of the traces. Additionally,
the dilution caused by the overlap of the order 1 and
order 2 traces at the longest wavelengths is negligible
(A. Darveau-Bernier et al. 2022; M. Radica et al. 2022). We
found a small deviation between the spatial positions of the
target traces and those in the spectrace reference file,'®
which could reach 4 pixels at the red end of both traces.
Therefore, we adjusted the y positions of the traces for the
extraction. Finally, we clipped all data points that deviated by
more than 50 in time and used the wavelength solution
computed by the PASTASOSS package (T. Baines et al. 2023)
using the position of the pupil wheel during the observation of
WASP-80b. Figure 1 shows a summary of the major reduction
steps, including the box aperture used for extraction in both
traces.

We also reduced the data using another independent pipeline
to assess the self-consistency of our results, which is described
in Appendix A.

3. Light-curve Fitting
3.1. White-light-curve Fitting

Before performing the light-curve analysis, we masked all
wavelengths where contaminants overlap with the traces on the
detector, as they could dilute the eclipse signal. We masked
two zeroth-order contaminants of field stars: one in the order 1
trace affecting wavelengths between 0.905 and 0.919 um
(x €[1964,1980]), and one in the order 2 trace between
0.716 and 0.722 pum (x € [1465, 1479]). There is also an order 1

' file jwst_niriss_spectrace 0023.fits from hitps://jwst-crds.
stsci.edu/.


http://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-soss-recommended-strategies#NIRISSSOSSRecommendedStrategies-SOSSBackgroundObservations
http://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-soss-recommended-strategies#NIRISSSOSSRecommendedStrategies-SOSSBackgroundObservations
http://jwst-docs.stsci.edu/jwst-near-infrared-imager-and-slitless-spectrograph/niriss-observing-strategies/niriss-soss-recommended-strategies#NIRISSSOSSRecommendedStrategies-SOSSBackgroundObservations
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THE ASTRONOMICAL JOURNAL, 169:277 (21pp), 2025 May

250
200
150
100

50

0
250

200
150
100

50

Spatial Pixel
o

100

50

250
200
150
100 ¢

50 S

0 250 500 750 1000

Morel et al.

800

600

400

200

counts [DN]

20

15

10

-
-

|
i
|
|

1250 1500 1750 2000

Spectral Pixel

Figure 1. Data products at several stages of the reduction process for the NIRISS/SOSS eclipse observation of WASP-80 b. (a) Last group of the 113th integration,
after superbias subtraction. (b) 1/f noise in frame (a). (c) Integration 113 after ramp fitting and flat field correction. (d) Final calibrated frame after background
subtraction and bad pixels interpolation. The full and dashed lines represent the center and edges, respectively, of the aperture boxes used to extract the first (red) and

second (blue) orders. The top trace is a contaminant from another star.

contaminant from another source at the top of the detector. To
avoid it, we cut the order 2 trace at column 1575, where the
lower wing of the contaminant trace has a negligible
contribution to the order 2 flux. Cutting this portion of the
order 2 trace prevented us from using the light curves between
0.600 and 0.674 ym. However, the impact on the results is
minor, considering the large bins of the spectrum, as well as the
decreasing throughput and signal-to-noise ratio at those
wavelengths. The blue lines in Figure 1(d) show the portion
of order 2 that was used in the final spectrum.

We constructed a white-light curve for order 1
(0.850-2.827 pm) and order 2 (0.674-0.850 pm) by summing
the normalized light curves (which allows for a comparison
between different instruments) from all wavelengths for each
order. Although the fitting method is the same for both orders,
we mainly focus on the order 1 white-light curve in what

follows, as it has a higher signal-to-noise ratio than order 2, and
order 1 represents the majority of the final spectrum.

A tilt event occurred around integration 84, approximately
0.63 hr after the beginning of the observation. Tilt events are caused
by small, abrupt changes in the position of one of the primary
mirror segments of the telescope, resulting in a change in the SOSS
PSF that creates a jump in the light curves (L. Alderson et al. 2023;
L.-P. Coulombe et al. 2023; J. Rigby et al. 2023). We decided to
simply discard the first 83 integrations, as they represent a small
fraction of the baseline. The resulting order 1 white-light curve is
shown in the top panel of Figure 2, and that of order 2 is shown in
the top left panel of Figure B1.

A comparison between our order 1 white-light curve from the
supreme—-SPOON reduction and the one from the additional
reduction is shown in Figure B2 of the Appendix B. The light
curves reveal the presence of significant systematics that are
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Figure 2. Top: raw NIRISS/SOSS order 1 (0.85-2.83 um) white-light curve
with 1o error bars (gray), representing the standard deviation on the out-of-
eclipse data points and its temporally binned points (black). The best-fit model,
including the eclipse and the systematics, is overlapped in red. Second:
systematics removed from the white-light curve. The linear systematics model
from Equation (2) is shown in turquoise, and the remaining correlated noise
modeled with the GP, along with its 1o confidence interval, is shown in purple.
Third: detrended order 1 white-light curve (gray, binned points in black) once
the systematics of the second panel are removed from the data of the top panel
along with the eclipse model (red). The error bars represent the best-fit scatter
parameter (o = 102.9 ppm). As more easily seen on the binned points, the error
bars seem overestimated, as expected from our Allan variance plot from Figure
B4, which is explained by potential remaining correlated noise at the
integration level. Bottom: residuals to the best-fit model and their rms value
(based on the gray unbinned points).

independent of the reduction since they follow similar trends. These
systematics, therefore, come from the instrument and the host star,
and we correct them during the eclipse model fitting. Our complete
model is described as follows:

m(t) = F(t) - L(1) + C(2), ey

where F(?) is the eclipse model, L(7) is the linear systematics
model, and C() is the model of the remaining correlated noise.

Our linear systematics model is defined by three
components:

L(t) = b(t — fmed) + cApc, +d + 1. )

The first term is a linear trend with a slope b, centered at the
median time f,.q of the TSO. It considers any systematic
variation on a long-term basis. The second term of L(¢) is a
common trend found in every NIRISS/SOSS TSO (L. Albert
et al. 2023; L.-P. Coulombe et al. 2023; M. Radica et al. 2024,
L.-P. Coulombe et al. 2025), caused by temperature variations
in the instrument electronics compartment that induce small
oscillations in the data (L. Albert et al. 2023; M. W. McElwain
et al. 2023). To retrieve this trend, we performed a temporal
principal component analysis (PCA), which can track morpho-
logical changes in the traces, following a similar procedure as
L.-P. Coulombe et al. (2023) and L.-P. Coulombe et al. (2025).
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Table 1
Parameters of the WASP-80 Planetary System Used in This Analysis
Parameters WASP-80 References
Spectral type K7-M0 V 2)
Ry (Ro) 0.586 9917 6]
M, (M) 0.577 *003 M
[Fe/H] —0.13 *313 6]
log g (logjo cm/s?) 4.663 4913 1)
Tegr (K) 4143 133 M
Parameters WASP-80 b References
Ry (Ry) 0.999 *5037 M
M, (M) 0.538 (0% M
P (days) 3.067851945 + 0.000000026 3)
e 0 1, 3)
i (deg) 88.938 + 0.059 3)
a/Ry 12.643 + 0.032 3)
Ry/Ry 0171372386035 (1)
Teq (K) 825 + 19 )

References. (1) A. H. M. J. Triaud et al. (2015), (2) A. H. M. J. Triaud et al.
(2013), (3) T. J. Bell et al. (2023).

As shown in Figure B3 of the Appendix B, these oscillations
appear in the third principal component and translate into
changes in the FWHM of the traces. We used this third
principal component (Apc,), standardized and scaled by the
coefficient c, to detrend our white-light curve. Beforehand, we
subtracted a uniform filter of size 151 pixels to the eigenvalue
time series to keep only the high-frequency signal of this
oscillation. We did not use the first principal component of the
PCA to detrend our white-light curve because it predominantly
contains the eclipse signal. We also excluded the second
eigenvalue as we find that it does not improve the fit
(AlogZ = 0.14 £ 0.27). The third term in our linear systema-
tics model, d, is a normalization parameter.

After detrending against these systematics, we observed
remaining time-correlated signals in the residuals, which
cannot be attributed to the planet. These residuals do not
exhibit the same shape at each wavelength and may originate
from a combination of both stellar and instrumental effects. To
account for these systematic residuals, we employed a Gaussian
process (GP) with a Matérn 3/2 kernel, which we computed
using the celerite open-source python package
(D. Foreman-Mackey et al. 2017).

We simultaneously fitted all components from Equation (1) to
our order 1 white-light curve. For the eclipse model F(f), we
used the batman package (L. Kreidberg 2015) and considered a
circular orbit (e = 0), consistent with the results from T. J. Bell
et al. (2023). Using the value from A. H. M. J. Triaud et al.
(2015), we fixed the planet-to-star radius ratio at R, /
R, =0.17137. Based on the results from T. J. Bell et al.
(2023), we fixed the orbital period to P = 3.067851945 days and
put Gaussian priors on the scaled semimajor axis /R,
(N[12.643, 0.032]) and the inclination i (N[88.938, 0.059]°;
see Table 1 for the list of system parameters used in this
analysis).

When allowing for the time of mid-eclipse to vary, we
obtained a stronger eclipse detection (AlogZ = 2.33 £ 0.27)
but measured a mid-eclipse time delayed by 12.8 4 4.6 minutes
from the expected timing. This discrepancy could suggest an
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eccentricity of 0.065 £ 0.023 but is inconsistent with the results
of zero eccentricity from A. H. M. J. Triaud et al. (2015) and
T. J. Bell et al. (2023). In our case, this delay could result from
the significant systematics present in the light curve. We
therefore opted to fix the time of mid-eclipse to the expected
value from a circular orbit with a mid-transit time of
To =56487.925006 MID (T. J. Bell et al. 2023), corrected
for the light-travel time between superior and inferior
conjunctions.

To avoid bias, we allowed for negative values in the eclipse
depth F,/F, by using a wide uninformative prior
(U[—-500, 500] ppm). We fitted for a scatter parameter o to
represent the uncertainties and applied a wide uniform prior to
it (U[O, 500] ppm). The fit also included three systematics
parameters: the linear slope b (U[—1, 1]), the coefficient of the
third principal component ¢ (U[—1, 1]), and the normalization
parameter d (U[—250, 250] ppm). We finally fitted for the GP
parameters, which are the amplitude agp (LU[1, 200] ppm) and
the length-scale pgp (LU[1, 60] min). The prior on the length
scale was chosen such that the GP did not model the scatter
between individual points but modeled the visible correlated
trends that vary on length scales no longer than one hour. Our
complete model, therefore, includes nine free parameters that
we fitted using dynamic nested sampling (E. Higson et al.
2019) with the dynesty package (J. S. Speagle 2020;
S. Koposov et al. 2023). We initialized the baseline run with
450 live points and a A InZ tolerance of 0.05, and we allowed
for an infinite number of iterations.

The priors and results of the order 1 white-light-curve fits for
both reductions are detailed in Table C1. Figure 2 shows the
order 1 white-light curve from the supreme-SPOON
reduction, along with its best-fit model and the systematics-
corrected white-light curve. The residuals follow the Poisson
noise trend (1/ \/]_\/g , where N is the number of integrations) at
bin sizes larger than ~300s, as shown in Figure B4. We
explain the steeper slope at bin sizes <300 s by the presence of
remaining correlated noise at frequencies that are not targeted
by the GP.

3.2. Spectrophotometric Light-curve Fitting

We then proceeded with fitting the spectrophotometric light
curves of both order 1 and order 2. We fixed the time of mid-
eclipse to the expected value, and the scaled semimajor axis
and the inclination to their values from the model of the order 1
white-light curve with the highest likelihood (see Table C1).
Since the order 2 light curves present similar systematics as that
of order 1, the same methods described in the previous section
were also applied to the order 2 light curves. Given this
presence of significant systematics in the data, we binned the
light curves to an average resolving power of R ~ 22 for order
1 and R ~ 9 for order 2 to enhance the signal-to-noise ratio of
each bin. This results in a spectrum comprising 26 bins from
order 1 and 2 bins from order 2.

For the spectroscopic fit, we narrowed some priors to facilitate
convergence for each bin while ensuring the 99.7% confidence
interval of each parameter from the white-light-curve fit
remained within the prior ranges. For each bin, we fitted for
the linear slope b (U[—5 x 1073, 107%]), the coefficient ¢ of
the third eigenvalue from the PCA (U[—107%, 1073]), the
normalization parameter d (U[—50, 150] ppm), the scatter
parameter o (U[0, 1000] ppm) and the eclipse depth F,/F
(U[—100, 400] ppm). As mentioned earlier, the correlated noise
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C(¢) is chromatic, which is why we allowed the GP parameters to
vary for each bin. Thus, we also fitted for the GP amplitude agp
(LU[1, 150] ppm) and the length-scale pgp (LU[1, 60] min).
The spectrophotometric fit, therefore, had seven free parameters
for each bin, which were fitted using the same nested sampling
method as for the white-light curve.

The final eclipse depth of each bin was determined by taking
the maximum of the posterior distribution and the associated
1o confidence region of the highest posterior density interval.
We proceeded in the same way for the spectrophotometric fit
with the additional, independent data reduction, except using
the highest likelihood values of the scaled semimajor axis and
inclination from its own order 1 white-light-curve fit (see Table
C1). The final eclipse spectra are presented in Figure 3 for both
reductions, where they are also compared to the HST/WFC3
data from B. Jacobs et al. (2023) and the first part
(2.42-2.81 yum) of the JWST/NIRCam spectrum from
T. J. Bell et al. (2023).

4. Atmosphere Modeling

We interpret our NIRISS /SOSS secondary eclipse spectrum
of WASP-80b using a range of atmospheric forward models
and retrievals to simulate the contributions of reflected light
and thermal emission to the measured planetary flux, as
presented in the subsections below.

4.1. SCARLET Atmospheric Retrievals

We perform atmospheric retrievals on our WASP-80b
secondary eclipse spectrum using the SCARLET framework
(B. Benneke & S. Seager 2012, 2013; B. Benneke 2015;
B. Benneke et al. 2019; S. Pelletier et al. 2021; L.-P. Coulombe
et al. 2023; P.-A. Roy et al. 2023; B. Benneke et al. 2024;
C. Piaulet-Ghorayeb et al. 2024) and following a methodology
similar to that presented in L.-P. Coulombe et al. (2025).
SCARLET takes as input a set of altitude-dependent molecular
abundances, a T-P profile, a cloud top deck pressure, and a
reflected light geometric albedo to produce a forward model of
the planetary flux. The algorithm then uses the affine invariant
Markov chain Monte Carlo ensemble sampler emcee (D. For-
eman-Mackey et al. 2013) to explore the parameter space. The
models are simulated at a fixed resolving power of R = 15,625
and subsequently binned to the resolution of the data, assuming
a uniform throughput. The modeled planetary flux is converted
to units of planet-to-star flux ratio considering a PHOENIX
model (T.-O. Husser et al. 2013) interpolated to the stellar
parameters of WASP-80 (Tepry=4145K, log g=4.6,
[Fe/H] = —0.14, A. H. M. J. Triaud et al. 2013) for the stellar
spectrum. We perform one retrieval assuming equilibrium
chemistry and one where the molecular abundances are free
and considered constant with altitude (i.e., free chemistry).

For the chemical equilibrium retrieval, we consider the
following species: H,, H, H- (K. L. Bell & K. A. Berrington
1987; T. L. John 1988), He, H,O (O. L. Polyansky et al. 2018),
CH,4 (R. J. Hargreaves et al. 2020), CO, (S. N. Yurchenko et al.
2020), CO (G. Li et al. 2015), OH (L. S. Rothman et al. 2010),
Na (N. F. Allard et al. 2019), K (N. F. Allard et al. 2016), C,H,
(K. L. Chubb et al. 2020), NH; (P. A. Coles et al. 2019), HCN
(R. J. Barber et al. 2013), H,S (K. L. Chubb et al. 2018), and
PH; (C. Sousa-Silva et al. 2015). The abundances of these
species are interpolated in temperature, pressure, metallicity
(IM/H]), and carbon-to-oxygen ratio (C/O) from a grid of
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Figure 3. Top: eclipse spectrum of WASP-80 b. The black points with the 1-o vertical error bars show the NIRISS/SOSS spectrum obtained with the supreme-
SPOON reduction pipeline, and the blue points show the spectrum obtained with the additional reduction, shifted by 0.01 pum for clarity. The bins from the order 2
trace are the first 2 points of this spectrum, and the other bins come from the order 1 trace. The HST/WFC3 data points from B. Jacobs et al. (2023) are shown in
orange, as well as the first part (2.42-2.81 um) of the JWST/NIRCam spectrum from T. J. Bell et al. (2023), in pink, binned down to the NIRISS /SOSS resolution.
Bottom: The difference in SOSS spectra between the supreme-SPOON and other pipeline is shown in dark blue, where the vertical error bars represent the maximum
ones of the two reductions for each bin. The difference between the SOSS supreme-SPOON and NIRCam spectra is shown in dark pink, where the vertical error bars

represent the square root of the sum of the squares of the individual error bars.

chemical equilibrium abundances produced using FastChem?2
(J. W. Stock et al. 2022).

We model the T-P profile using a free parameterization
(S. Pelletier et al. 2021, 2023; L.-P. Coulombe et al. 2023;
L. Bazinet et al. 2024) and considering 10 temperature points
U100, 4400] K) that are equally spaced in log-pressure
(P =10°-10""bar). The 10 T—P profile points are interpolated
to the 40 layers of the atmosphere considered for the forward
models using a spline interpolation. Following the method
described in S. Pelletier et al. (2021), we penalize against the
second derivative of the 7-P profile using a smoothing
hyperparameter value of o, = 100K/ dex? to avoid unphysical
temperature variations over short pressure length scales.

We also let free the atmospheric metallicity ([M/H],
Ul—1, 3]), carbon-to-oxygen ratio (C/O, U[0, 1]), cloud top
pressure (log Peiouds U[—8, 2]log[bar]), and reflected light
geometric albedo (Ag, U[—1, 1]). The geometric albedo is
constant with wavelength and is multiplied by the squared ratio
of the wavelength-dependent planetary radius R,(\) to the
semimajor axis a to produce the contribution of reflected light
to the planetary flux (F,/F = (Ry(\)/ a)z)Ag). We explore the
parameter space for 30,000 steps and discard the first 60% as
burn-in to produce the posterior distributions of the parameters.

We also perform a free chemistry retrieval where, instead of
the molecular abundances being dictated by the atmospheric
metallicity and carbon-to-oxygen ratio, we assume the
abundances of species to be constant with altitude and directly
fit for their values. As in T. J. Bell et al. (2023), we fit for the

volume mixing ratio of water, methane, carbon monoxide,
carbon dioxide, and ammonia. We do not fit for sulfur dioxide
as its main opacity bands are found at 4.05, 7.7, and 8.5 ym
(S.-M. Tsai et al. 2023; D. Powell et al. 2024), outside the
domain covered by our observations. We assume wide uniform
priors in log-space for the abundances (U/[—15,0]). We repeat
the same procedure as for the chemical equilibrium retrieval
and explore the parameter space for 30,000 steps, again
discarding the first 18,000 steps as burn-in.

4.2. PICASO/VIRGA Cloud Modeling

We use the PICASO (N. E. Batalha et al. 2019) and
VIRGA (C. M. Rooney et al. 2022) python packages to
produce reflected light models across the NIRISS/SOSS
wavelength range for a variety of cloud species expected to
condense at the temperatures of WASP-80b. VIRGA takes as
input a 7-P profile, an atmospheric metallicity ([M/H]=
VIRGA cannot handle nonsolar metallicities due to chemical
limitations), and a mean-molecular weight (u,, = 2.3). It then
returns a list of cloud species whose condensation curves cross
the given T-P profile at some altitude in the atmosphere. We
provide to VIRGA 1D self-consistent temperature profiles
produced with SCARLET assuming an atmosphere metallicity
of 6 times solar, a carbon-to-oxygen ratio of 0.35 (T. J. Bell
et al. 2023), Bond albedo values of Az = 0 and 0.25, and a heat
redistribution factor of f=1 (f=1 corresponds to full
redistribution and f=2 to no redistribution with a uniform
dayside). We note that, despite the fact that VIRGA can only
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produce cloud models for solar metallicity atmospheres, we
still supply a 7—P profile from a 6 times solar metallicity
atmosphere as it is likely a more accurate representation of the
planet’s thermal structure.

The condensates recommended by VIRGA are Cr[s], KCI,
Mg,Si04, MgSiO3, MnS, Na,S, and ZnS. We use PICASO to
produce the reflected light model for a specific condensate
species and assume a given vertical mixing coefficient K, and
sedimentation efficiency fi.q. For the mixing coefficient, we
follow the relation presented in J. I. Moses et al. (2021) and
consider a pressure-dependent mixing coefficient (K, = 5 x
103P~93[H /620 km][T;/ 1450 K]*), where H =232 km is the
atmospheric scale height of WASP-80b. As for the
sedimentation efficiency, we run the models considering values
of 0.1 and 3 (M. W. Webber et al. 2015), as these are generally
the values expected in hot Jupiters and our own Jupiter,
respectively. This range of values thus most likely covers the
true sedimentation efficiency of the clouds on WASP-80 b.

5. Results and Discussion
5.1. Eclipse Depth Measurements

For the broadband order 1 light curve (0.85-2.83 um)
presented in Figure 2, we retrieve an eclipse depth of
6538 ppm using the fit method from Equation (1), corresp-
onding to a 1.90 measurement. By comparing the evidence of
our best-fit model with the one from a fit using a noise-only
model, we also obtain a preference of ~2¢ for our model
including the eclipse (AlogZ = 0.98, B. Benneke & S. Seager
2013). When we do not use a GP model in the fit, keeping
everything else the same, we obtain a consistent eclipse depth
of 70f}(1) ppm, yielding a higher detection significance of 6.40.
As shown by the increased error bars, the inclusion of the GP in
the light-curve modeling seems to adequately capture the
additional uncertainties associated with the systematic noise in
the data and thus provides a more realistic uncertainty on the
eclipse depth. For the broadband order 2 light-curve
(0.674-0.850 pum) fit, presented in the left panels of Figure
B1 of the Appendix B and performed using the same method as
described in Section 3.1, the retrieved eclipse depth is
2637 ppm. This inconclusive result was expected given the
important systematics and low signal-to-noise ratio in order 2.

In the eclipse spectrum shown in Figure 3, some error bars
are larger than others and occasionally cross the zero eclipse
depth line, particularly in the bluer part of the spectrum. We
notice that when the GP parameters are more tightly
constrained in a certain bin, the error bars on the eclipse depth
become larger. Again, this is because we can better account for
the uncertainties on the correlated noise when we can model it
better. Moreover, between 1.1 and 1.7 um, our results agree
well with those from B. Jacobs et al. (2023) obtained with
HST/WEFC3.

Below 2 um, the spectrum is mostly flat and shows hints of
excess flux above what is expected from thermal emission
alone, given the temperature of WASP-80b. Although the
NIRISS/SOSS eclipse depths are mostly consistent with the
1D self-consistent models in Figure 4 within their lo
uncertainties, they are almost always systematically higher.
To better visualize this result, we performed a light-curve fit on
a large bin by summing all order 1 light curves below 1.5 ym
(0.85-1.50 pm), where the thermal emission is negligible
(~2 ppm on average). The result is shown in the right column
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of Figure B1. The measured eclipse depth for this bin is
34723 ppm, corresponding to a measurement significance
of 1.20.

We also observe a rise in the redder part of the spectrum
(A 2 2 pm), where the eclipse depth detections are more robust.
Our depths in this spectral range are larger than those from the
previous observations of WASP-80b with JWST/NIRCam
analyzed by T. J. Bell et al. (2023), as shown in Figure 3.
Between 2.4 and 2.7 um, we detect significant eclipse depths,
whereas the binned values of T. J. Bell et al. (2023) are
consistent with 0 within 1o. To quantify our detection of the
planetary flux at these wavelengths, we performed the eclipse
fit on a larger bin with a higher signal-to-noise ratio than each
bin of our spectrum by summing all light curves between 2.40
and 2.70 pm and using the same detrending method as detailed
in Section 3.1. As expected, the eclipse is deeper than that of
the order 1 white-light curve, with an eclipse depth of
128731 ppm, corresponding to a detection significance of
3.8 o in that wavelength range. The discrepancy between the
NIRISS and NIRCam data is discussed further in Section 5.6.

5.2. Effects Related to Light-curve Modeling

To assess the robustness of our light-curve modeling
approach, we computed a spectrum without using a GP model.
We observe a similar effect as with the white-light curve: the
eclipse depths are consistent with the spectrum that includes a
GP model in the light-curve fit, but the error bars on each bin
are smaller. More precisely, the 1o upper limit of each bin is
almost equal in both spectra, whereas the lower limits are
higher in the spectrum that does not include a GP model.

We also obtained a spectrum by fixing the time of mid-
eclipse to the value retrieved from the white-light-curve fit in
which it was free to vary. The resulting spectrum has mostly
the same features as our reference one but is ~30 ppm higher
on average, which was expected as the fit favors a different
baseline. However, it would lead to unexpectedly high eclipse
depths compared to previous studies and theoretical models, as
well as an unexpected eccentricity, as discussed in Section 3.1.
This spectrum still remains consistent with the reference
spectrum within their 1o confidence intervals.

The comparison between the spectra obtained from these
different modeling approaches is presented in Figure BS5.

5.3. Results from the Atmospheric Retrieval

Our fit from the chemical equilibrium retrieval on the
NIRISS/SOSS secondary eclipse spectrum of WASP-80b is
shown in Figure 4. We find that when a reflected light
geometric albedo is included in the retrieval, the short-
wavelength planetary flux is relatively well explained by a
constant contribution from reflected light of approximately
30 ppm, which could be indicative of the presence of clouds.
Toward the longer wavelengths, past 2 um, the gradual
increase in the flux is due to the onset of thermal emission.

Our retrieved 7-P profile from the chemical equilibrium
retrieval, as well as our constraints on the brightness temperature
and reflected light geometric albedo of the planet, are shown
in Figure 5. We find that the 7-P profile is consistent with
those from our self-consistent models. There is a preference
for noninverted scenarios over the photosphere (P =
107121072 bar), which results in tentative molecular absorption
features in the thermal portion of the planetary spectrum
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Figure 4. Top: median model (blue) along with the 1o and 20 confidence intervals from the SCARLET chemical equilibrium retrieval to the secondary eclipse
spectrum of WASP-80 b (black). The inclusion of a reflected light geometric albedo in this retrieval leads to a contribution from reflected light of ~30 ppm to explain
the data at short wavelengths. For comparison, we show 1D self-consistent models, assuming Bond albedo values of 0 (red) and 0.25 (orange), produced with
SCARLET for an atmospheric metallicity of 6 times solar and carbon-to-oxygen ratio of 0.35. We show in green the 1o confidence region of the best-fit model to the
NIRCam secondary eclipse spectrum (purple, binned down to the NIRISS/SOSS resolution) as presented in T. J. Bell et al. (2023). Bottom: cross sections of water
(blue), methane (brown), carbon dioxide (green), carbon monoxide (red), and ammonia (purple); the species considered in the free chemistry retrieval over the
NIRISS/SOSS wavelength range. The cross sections, shown at a fixed resolving power of R = 100, are computed at a temperature of 800 K and pressure of 10 mbar,
roughly corresponding to the photospheric conditions of WASP-80 b. Increasing cross sections correspond to stronger absorption and, thus, lower thermal emission.
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Figure 5. Left: median temperature profile from the chemical equilibrium retrieval, along with its 1 and 20 confidence regions. Our constraints show a slight
preference for a noninverted profile over the photosphere (P = 10~'-1072 bar). The temperature profiles from the 1D self-consistent models, shown in red (Ag = 0)
and orange (Ag = 0.25), are consistent within 1o of our measured profile. Center: constraint on the brightness temperature (7g = SIIf% K) as measured from the
samples of the thermal emission spectra obtained from the retrieval. The equilibrium temperature of WASP-80 b (Tq = 824 £ 19 K) assuming a Bond albedo of 0 and
full heat redistribution (f'= 1) is shown for comparison. Right: constraint on the reflected light geometric albedo (A = 020413931y, which is constrained to 3.60

above 0. Our measured reflected light geometric albedo is consistent with the 3o upper limit from HST (A, < 0.33, B. Jacobs et al. 2023).
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(Figure 4), consistent with expectations for planets in this
equilibrium temperature regime (C. Baxter et al. 2020). We also
constrain the brightness temperature of the planet over the
NIRISS/SOSS bandpass by first integrating the samples of
the thermal emission spectra from 1.5 to 2.83 pum, weighted by
the stellar spectrum and the throughput of the instrument. We
then compute the corresponding blackbody temperature that
would produce the same value of the bandpass-integrated
flux. Our measured value of dayside brightness temperature
is Ty = 811750 K.

We obtain a constraint on the reflected light geometric
albedo of Ay = 02047593 " in agreement with the 30 upper
limit of A, < 0.33 derived from HST/WFC3 by B. Jacobs et al.
(2023). This measurement suggests that there is excess
planetary flux at NIR wavelengths over what we would expect
from thermal emission alone. This excess in planetary flux
could be caused by the presence of aerosols over the dayside
that reflect a certain fraction of the incoming stellar radiation.
From the chemical equilibrium retrieval, we find that the cloud
top pressure, atmospheric metallicity, and carbon-to-oxygen
ratio are unconstrained and span the full range of their prior.
Nevertheless, we observe that a certain region of the [M/H]
and C/O parameter space appears to be excluded by the data,
where scenarios of atmospheric metallicities above a hundred
times solar with carbon-to-oxygen ratios between 0.6 and 0.8
are disfavored at more than 3¢ by the retrieval (see Figure B6).

From the free chemistry retrieval, we find a brightness
temperature of 73 = 804135 K and a reflected light geometric
albedo of A, = 0.21 173939 which are consistent within 1o of
the constraints from the chemical equilibrium retrieval. We also
find that the posterior probability of water, methane, carbon
dioxide, carbon monoxide, and ammonia all span the full range
of their prior (see Figure B7), which is expected given the lack
of any significant molecular features in the spectrum. We use
the brightness temperature and geometric albedo measurements
from the chemical equilibrium retrieval, which are more
conservative given their larger uncertainties, for the rest of
our interpretation.

We further quantify the significance of the preference for a
nonzero geometric albedo by comparing the maximum
likelihood of retrievals with and without the geometric albedo.
We measure an increase in the log-likelihood of 2.4 when
including it, corresponding to a p-value of 0.09 (significance of
1.30). While this is not sufficient to claim that the inclusion of
the geometric albedo in the retrievals is statistically preferred,
we find that our measured dayside brightness temperature is in
apparent conflict with previous studies when the geometric
albedo is not considered. Indeed, without including the albedo,
we measure a brightness temperature of Ty = 959731 K—4.3
and 3.0c away from the brightness temperatures of 791 £ 30 K
and 871+ 16K measured from the Spitzer/IRAC 3.6
and 4.5 ym secondary eclipses in I. Wong et al. (2022),
respectively. This temperature is also in slight disagreement
with T. J. Bell et al. (2023), who found the dayside temperature
of the planet to be consistent with full redistribution
(Teq =825 £90K). When including the geometric albedo,
our dayside brightness temperature of 81173 K is in agreement
with I. Wong et al. (2022) and T. J. Bell et al. (2023).

There is an apparent discrepancy between the significance of
our measurement of short-wavelength flux at the light-curve
fitting and atmospheric retrieval stages: we obtain a geometric
albedo measurement that is more than 30 away from 0, but the
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Figure 6. Equilibrium temperature as a function of the Bond albedo, Ag, and
the recirculation factor, f. Since WASP-80 b is a warm gas giant, it is expected
to distribute its energy at least uniformly across its dayside (f = 2) or, at best,
across its entire surface (f= 1). The retrieved dayside brightness temperature is
plotted in black. The median value is shown by a solid line, the 1o confidence
region is delimited by dashed—dotted lines, the 20 region by dashed lines, and
the 30 region by dotted lines. The gray dashed lines represent the technically
possible 1o limits on Ag (0.113 < Ag < 0.691), while the white dashed lines
show the more realistic 1o limits on Ag (0.148 < Ap < 0.383), which cover the
possible values for g. Our measured dayside brightness temperature is
consistent with full heat redistribution.

white-light curve binned from the order 1 < 1.5 ym data only
produces a 1.20 measurement (see Section 5.1). This
inconsistency is most likely caused by the use of a GP in the
light-curve fit, which seemingly introduces a systematic error in
the eclipse depth measurement that is independent of the actual
light-curve scatter, i.e., binning in wavelength before fitting
does not improve the eclipse depth uncertainty. When looking
at the spectroscopic eclipse depth uncertainties, we observe
that, in many spectral bins, we reach a precision that is equal to
or better than that of the white-light-curve fit. Moreover, if we
bin all eclipse depth measurements below 1.5 pum, the
wavelengths from which the reflected light is most constrained,
we obtain an eclipse depth of 33 &= 11 ppm. Although no single
point within that wavelength range is detected at 30, they are
all consistently slightly above 0, leading to the ~3¢
measurement of a reflected light geometric albedo in the
atmospheric retrieval.

5.4. Interpretation of A, and Ty

With our measured brightness temperature and geometric
albedo, we can estimate the values of the Bond albedo, Ag, and
heat recirculation factor, f. These quantities are related to the
dayside equilibrium temperature via the following equation:

Ry !/
Tw:Teff,*(—) [f(1 — Ap)]V/*, 3)
2a
where T.g, is the effective temperature of the star

(D. Charbonneau et al. 2005; J. F. Rowe et al. 2006). Figure 6
shows different equilibrium temperatures for WASP-80b for
all possible values of Bond albedo and recirculation factor. We
can approximate the dayside equilibrium temperature by our
measured brightness temperature as we integrate the planetary
emission over a relatively wide range of wavelengths, making
our measured brightness temperature less sensitive to the
presence or lack of atmospheric features. In Figure 6, we have
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overplotted different confidence intervals for our measured
dayside temperature to visualize the possible values for the
Bond albedo and redistribution factor.

Moreover, we can relate the Bond albedo to the geometric
albedo using the relation Ag = gA,tor, Where A, ror is the
geometric albedo integrated over all wavelengths and g is the
phase integral (D. Sudarsky et al. 2000). Given that WASP-
80 b is a warm gas giant, the value of the phase integral must be
1.0 < g < 1.5 J. F. Rowe et al. 2006; J. F. Rowe et al. 2008;
J. C. Schwartz & N. B. Cowan 2015). The lower limit is
explained by the semi-infinite atmosphere limit for gas giants
with thick atmospheres, while the upper limit is explained by
the isotropic limit from a Lambert sphere (D. Sudarsky et al.
2000; J. F. Rowe et al. 2006; J. F. Rowe et al. 2008;
J. C. Schwartz & N. B. Cowan 2015). In fact, several gas giants
have a higher Bond albedo than total geometric albedo,
including hot Jupiters (J. C. Schwartz & N. B. Cowan 2015;
K. Heng et al. 2021) and those in the solar system (J. F. Rowe
et al. 2006; L. Li et al. 2018).

To constrain the Bond albedo, we use a similar formalism as
in J. C. Schwartz & N. B. Cowan (2015) and constrain A, tor
using our measured reflected light geometric albedo for the
SOSS bandpass. The lowest possible limit of Ag corresponds to
the most extreme, albeit unlikely, scenario where the geometric
albedo is O for all wavelengths outside the range of SOSS (and
g=1). This limit is Ag > 0.1567003, given that the
wavelength range of our SOSS spectrum contains 76% of the
stellar flux from WASP-80 (considering the same PHOENIX
stellar model as in Section 2.2). On the opposite, we can put an
absolute upper limit on Ap using Equation (3) with our
measured Ty and f=2, corresponding to inefficient recircula-
tion of the heat. The upper limit on the Bond albedo in that case
is Ag < 05317019, The 1o lowest and highest technically
possible limits on Ag are overplotted in gray in Figure 6.

We can place more realistic constraints on Ag by considering
that our measured geometric albedo covers a significant portion
of the wavelength range where reflected stellar light is strongest
since the peak of the spectral energy density function of
WASP-80 coincides with the shortest wavelengths of our
SOSS eclipse spectrum. Therefore, we expect the geometric
albedo to be smaller at longer wavelengths than SOSS but
higher in the optical, where Rayleigh scattering and light
scattering by clouds are more efficient (M. S. Marley et al.
1999; B.-O. Demory et al. 2013; C. V. Morley et al. 2015). We
can, therefore, estimate A, ror to be close to our measured A,
with SOSS, following the same gray scenario as described in
J. C. Schwartz & N. B. Cowan (2015). If we marginalize our
constraint on A, over the possible values of g, we obtain a 1o
confidence interval of 0.148 < Ag < 0.383 for the Bond albedo.
This interval is overplotted in white in Figure 6 to better
visualize the resulting possible values of the recirculation
factor f.

Theoretical models predict full heat redistribution for
equilibrium temperatures and orbital period regimes similar
to those of WASP-80b, as the propagation of atmospheric
waves that can transport heat to the nightside is efficient
(A. P. Showman et al. 2015; T. D. Komacek & A. P. Showman
2016; T. D. Komacek et al. 2017). Full heat recirculation would
also be consistent with the good agreement between the
dayside and terminator spectra obtained by T. J. Bell et al.
(2023) with JWST/NIRCam. Figure 6 shows that our possible
range for Ag, combined with our measured dayside brightness
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Figure 7. Reflected light models of WASP-80 b for a variety of cloud species
produced with PICASO and VIRGA, considering a Bond albedo of 0.25. The
full and dashed lines correspond to models with sedimentation efficiencies fi.q
of 0.1 and 3, respectively. The models are compared to our measured secondary
eclipse spectrum (black and white points, binned by a factor of 2) for
wavelengths below 1.6 ym, where the contribution from thermal emission is
minimal, as shown by the pink dotted line. The short-wavelength spectrum is
best explained by either chromium (Cr), intermediate-sedimentation sodium
sulfide (Na,S), potassium chloride (KCl), or low-sedimentation zinc sulfide
(ZnS) clouds.

temperature, is indeed consistent with efficient heat redistribu-
tion (f~1). In contrast, the measured dayside temperature
from the retrieval without the reflected light geometric albedo
would lead to inefficient heat redistribution, reinforcing the
need to include a geometric albedo in our analysis.

5.5. Clouds and Hazes in the Atmosphere of WASP-80 b

With the aim to determine the type of aerosols that produce
reflected light spectra consistent with our observations, we first
compare our short-wavelength (A < 1.6 ym) spectrum with our
reflected light models produced with PICASO/VIRGA in
Figure 7. We present only the models with Ag = 0.25, as this
value is more likely to approximate the true Bond albedo of
WASP-80b compared to Ag=0. Additionally, the cloud
models for both albedo values are very similar, as expected,
given their closely matching 7—P profiles (see Figure 5).

We conduct a x® test between our short-wavelength
spectrum and the cloud models and reject the species that are
more than 30 away from the expected value of x?, equal to the
number of degrees of freedom (v =14 data points—1 = 13),
based on the following equation'”:

X —v

N

The results for the reduced X2 (Xi) and n, are presented in

Table C2. Some values of Xi are below unity (and their
corresponding values of n, negative), given the large error bars
on our data.

The test allows us to rule out manganese sulfide (MnS)
clouds, as well as forsterite (Mg,Si0,4) and enstatite (MgSiO3)
clouds, as they all have n,>3c for both sedimentation
efficiencies. The latter rejections were expected, as silicate

“)

Ny =

17 From Section 7.2.1 of P. Gregory (2005).
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Figure 8. Haze (tholin and soot) models from B. Jacobs et al. (2023) for two metallicities: [M/H] = 0 (solid) and [M/H] = 1 (dashed). The various formation rates are
shown in cool colors for the tholins and in warm colors for the soots. The haze models are compared to the NIRISS/SOSS ecligse spectrum of WASP-80 b. If the
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aerosols are hazes, they could consist of soots or tholins, with formation rates for tholins most likely lower than 10~'"° gcm 2 s

species are predicted to dominate the aerosol opacity at
equilibrium temperatures above 1500 K-much higher than the
temperature of WASP-80 b—while transitioning to sulfide
clouds and hazes at lower temperatures (V. Parmentier et al.
2016; P. Gao et al. 2021). Silicate clouds would also be too
reflective to match our observations.

Along with Figure 7, the x? test suggests that our short-
wavelength spectrum is consistent with chromium (Cr[s]) or
intermediate-sedimentation sodium sulfide (Na,S) clouds. The
reflectance spectrum of Cr[s] is relatively constant around
20 ppm for both sedimentation efficiencies tested. As for the
Na,S clouds, their reflectance spectra show a stronger
dependency with f;.q but could possibly explain our short-
wavelength spectrum for an f.q value that is between 0.1 and 3.
This would be consistent with theoretical expectations, which
predict the condensation of Na,S in the temperature regime of
WASP-80b (M. S. Marley et al. 1999). A combination of both
species might also be possible, given that Cr[s] could provide
the seed particles for sulfides like Na,S at temperatures similar
to that of WASP-80b, as suggested by E. K. H. Lee et al.
(2018). Based on the X2 test, KCI and ZnS clouds are also
consistent with our short-wavelength spectrum, although
Figure 7 shows that the latter is systematically above their
spectra. Both species are expected to condense at the
temperature of WASP-80b (C. V. Morley et al. 2012; P. Gao
et al. 2020) and could also coexist, as KCI particles can act as
condensation nuclei for ZnS (P. Gao & B. Benneke 2018;
P. Gao et al. 2020).

We also compare our eclipse spectrum with haze models
from B. Jacobs et al. (2023), as shown in Figure 8, for solar and
10x solar atmosphere metallicities and column haze produc-
tion rates ranging from 10~ to 107°° gecm ™ *s~'. Two haze
compositions are considered: soots, which are made of
complex hydrocarbons (K. Zahnle et al. 2009; C. V. Morley
et al. 2015; P. Lavvas & T. Koskinen 2017; P. Gao et al. 2020),
and tholins, which are created from organic compounds and
nitrogen under strong UV radiation, like those in Titan’s
atmosphere (B. Khare et al. 1984; C. V. Morley et al. 2015).
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Photochemistry is expected to be important on WASP-80 b, as
this planet receives high UV and X-ray irradiation from its host
star (G. W. King et al. 2018).

We conduct a similar x? test between our spectrum and the
haze models, for which the results for the XIZ/ and n, values are
presented in Table C3 (here, v = 28 data points —1 = 27). The
test indicates that if tholins are present in the dayside
atmosphere of WASP-80 b, their formation rate is most likely
lower than 10" gcm ™25, as the n,, values for higher rates
are >30 and >2450 for [M/H]=0.0 and [M/H]=1.0,
respectively. This aligns with the conclusions drawn by
B. Jacobs et al. (2023). If the aerosols are composed of soots,
the x” test does not show any strong preference for a particular
formation rate (0.38 <n, < 1.17). From Figure 8, the longest
wavelengths (>2.7 pm) suggest their production rate would
also be low, with a value most likely no greater than
107" gem ?s™!, given the discrepancy between the
expected eclipse depths and our measured spectrum at these
wavelengths. Our eclipse depth measurements at short
wavelengths (<1.5 pm) also seem inconsistent with soot
models with a high production rate, as soots typically mute
thermal emission features in the SOSS wavelength range rather
than reflecting stellar light.

5.6. Comparison Between NIRISS/SOSS and NIRCam

As mentioned in Section 5.1, we find a potential discrepancy
between our measured eclipse depths with NIRISS/SOSS and
those measured by T. J. Bell et al. (2023) with NIRCam/
F322W2 in the wavelength range that is common to both
instruments. The disagreement between each bin ranges from
0.40 to 2.60, with a mean of 1.60, once the NIRCam data is
binned down to the resolution of our NIRISS /SOSS spectrum.
The disagreement is slightly less important with the additional
reduction, as it ranges from 0.2¢ to 2.60, with a mean of 1.30.

This discrepancy could simply be the result of systematic
noise, which is significant in the NIRISS/SOSS and NIRCam/
F322W?2 eclipse data. The wavelengths where the two spectra
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overlap correspond to regions of the NIRISS/SOSS and
NIRCam detectors with lower throughput, where choices in
data reduction are more likely to bias the secondary eclipse
spectrum. Offsets between transmission spectra from different
instruments or detectors have been observed before
(A. L. Carter et al. 2024; N. L. Wallack et al. 2024), and
similar effects could also occur in eclipse spectroscopy, as
predicted by J. K. Barstow et al. (2015). The difference
between the two spectra could also be explained by different
light-curve modeling approaches, such as whether a GP model
is included, as a GP can remove trends that might otherwise
bias the retrieved eclipse depths. We also note that the NIRCam
data points are not well represented by their best-fit emission
spectrum model where the discrepancy is observed, as shown
in Figure 4. Their best-fit model for the emission spectrum has
an average eclipse depth of ~58 ppm in this wavelength range,
supporting the expected eclipse detection in this region.
However, our retrieved atmosphere model is consistent with
theirs within its 20 confidence region (see Figure 4).

Another possible explanation could be temporal variability
in the aerosol distribution in the atmosphere of WASP-80b.
T. J. Bell et al. (2023) did not include the effect of aerosols in
their retrieval of their emission spectrum, but the NIRISS/
SOSS data is consistent with the presence of reflective aerosols
that increase the eclipse depths in the NIR. Given that the
observations were made one year apart, temporal variability in
the aerosol coverage could explain the difference in the
measured eclipse depths. Such variability has been observed in
brown dwarfs (S. A. Metchev et al. 2015; B. P. Bowler et al.
2020; Y. Zhou et al. 2022; J. M. Vos et al. 2023), where their
phase curve amplitudes vary over time on timescales of several
days due to a heterogeneous cloud coverage caused by weather
processes, such as radiative cloud feedback, cloud dissipation,
and storms, as predicted by 3D circulation models (X. Tan &
A. P. Showman 2019; J. Y.-K. Cho et al. 2021; Q. Changeat
et al. 2024). A similar argument was used to explain the
temporal variations in the eclipse depths of the brown dwarf
KELT-1b (H. Parviainen 2023). It is unclear, however, if such
processes also apply to colder gas giants (T.q < 2000 K).

6. Conclusion

In this work, we presented the eclipse spectrum of WASP-
80 b obtained with JWST/NIRISS, providing the first eclipse
measurements below 1.1 ym for this planet, which enabled us
to enhance our investigation of potential reflected light by its
atmosphere. We find that the spectrum is most consistent with a
combination of reflected light and thermal emission, as our
measured dayside temperature from the retrieval that includes a
reflected light geometric albedo is in better agreement with
previous measurements of the temperature of WASP-80 b. This
result suggests the presence of aerosols over the dayside of this
warm Jupiter.

We tightly constrain its reflected light geometric albedo for
the first time between 0.68 and 2.83 ym to a value of
A, = 0.20470:93}. From this measurement, we estimate the
Bond albedo to be constrained within the interval
0.148 <Ag < 0.383 by marginalizing our constraint on A,
over the possible values of the phase integral. Given our
measured dayside brightness temperature of Ty = 81179 K,
our result for Ag is consistent with the prediction of effective
heat recirculation from the dayside to the nightside of the
planet.
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By comparing cloud models with our short-wavelength
(A< 1.6 um) spectrum, we rule out the possibility of
manganese sulfide and silicate clouds in the observable
atmosphere of WASP-80b and find that Cr[s], Na,S, KCl, or
ZnS clouds can explain our observations. A comparison
between our eclipse spectrum and haze models from
B. Jacobs et al. (2023) also shows that if tholins are present
in the dayside atmosphere of the Elanet, their production rate is
likely smaller than 10~ '"° g cm s ™. If soot hazes are present
in its atmosphere, our results show no preference for a
particular formation rate.

Although we are able to constrain the reflected light
geometric albedo at more than 30 when it is included in the
retrieval, the inclusion of this parameter in the retrieval is
statistically preferred at less than 30. We, therefore, keep the
possibility that no aerosols are present in the dayside
atmosphere of this warm Jupiter.

Further work combining all known observations of WASP-
80b, including data taken with JWST NIRCam (GTO 1185)
and MIRI (GTO 1177), will shed further insights into the
presence and composition of aerosols in its atmosphere.
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Appendix A
Additional Reduction

A custom, fully independent pipeline was developed to
validate the analysis of SOSS relative to other reductions and
techniques. The pipeline applies instrumental corrections to
imaging data, extracts spectrophotometry, and corrects for
aperture contamination from spectral overlap that is common
for SOSS observations. The analysis uses Stage 0 data products
(e.g., uncal.fits) and applies JWST reference files. The
pipeline then uses a two-step process (described below) to
apply a 1 /fnoise group-level correction using difference image
techniques. The premise is that difference imaging will provide
differential spectrophotometry measurements, which are then
scaled by analyzing a median deep-stack image. This approach
should be robust against chromatic aperture dilution from other
stellar sources in the field. Figure 3 shows a comparison of the
extracted eclipse spectrum of WASP-80b against supreme-
SPOON (see Section 2.2). A fit to the white-light curve using
the method described in Section 3.1 estimates the white-noise
component to be 112.87%/ ppm for the custom reduction and
106.0°39 ppm for supreme-SPOON, with small differences
likely due to the aggressiveness of correcting for cosmic-ray
hits and hot pixels. Overall, the agreement between the two
pipelines provides strong evidence that any systematics present
in the extracted spectrophotometric light curve, as shown in
Figure B2, are unlikely due to data processing errors.

Nonlinearity and superbias corrections were made using the
same reference files as adopted in Section 2.2. Reference pixels
corrections used simple means with 3o rejection for outliers.
The pipeline uses a saturation reference map to flag any group
during an exposure that exceeds saturation. Saturated group
values for each pixel were subsequently excluded when
integrating “up-the-ramp” to estimate the electron counts for
each pixel for each integration. Bad pixels were flagged as due
to either total saturation or nonzero values of bit 0 from the
data-quality flags and replaced by the mean of a 3 x 3 box
centered on the offending group value.

A two-step iterative process was used to calculate count rates
and to correct for 1/f noise using difference images. Figure 1
shows the first-, second-, and third-order spectrum for WASP-
80 as well as a field star. Difference imaging reduces the impact
of the PSF wings on any calculation that depends on a
statistical average to estimate column averages of the
background level, which we interrupt as an estimate to correct
for 1/f noise. The first stage used linear regression of ramp
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values to estimate residual bias (zpf) and the integrated electron
count rate. Column and row means of the zpt values for each
integration were computed and then used as an additional bias
correction for each group image. Differences relative to the
superbias were found at the ADU level. A stacked median
image for each group step was calculated using all integrations.
This produced four 256 x 2048 deep-stacks based on 668
integrations. Thus, there were four samples of the ramp for
each integration. Difference images for each group set were
then used to measure the 1/f noise correct using column
medians. Only pixels more than 9 pixels away from the spectral
trace were used when calculating the median. The second stage
applied 1/f corrections at the group level, and we repeated the
ramp integration to calculate count rates based on a robust
mean of forward differences, with outliers excluded at the 2o
level.

A median image was then used to calculate difference time-
series images by subtracting the median image from each ramp-
corrected integration. Aperture photometry along the spectral
trace for the first and second order used an aperture radius of 16
pixels to extract the differential spectrum.

We estimated the median stellar flux using the deep-stack
median image. This allowed the results from difference
imaging to be converted to relative photometry. As observed
in Figure 1, there is a physical overlap between the first and
second-order traces of WASP-80. Additionally, the extended
PSF wings from the first-order spectrum will contaminate the
second-order spectrum. We estimated the contamination for
each order by fitting a capped-Lorentzian model to each
column centered on the position of each visible trace on the
spectrum. Two examples of the fitted model are shown in
Figure B8. The best-fit model for each column was then
integrated over the photometric aperture to calculate the
amount of dilution present. The model was also corrected for
the background due to scattered zodiacal light. We found that
contamination of the first-order trace peaks at the red edge of
the spectrum near 2.8 pm with a total contribution of 200 ADU
from the second-order trace corresponding to a contamination
of less than 2%. Additionally, PSF blending from the second
order near 1.5 um contributes contamination less than 0.15%.
The second-order trace has significantly more contamination,
peaking at 80% near 1.25 ym, and a complete loss of the trace
for wavelengths shorter than ~0.67 ;xm due to the field star. We
extracted aperture spectrophotometry from the stacked median
image and applied corrections for contamination and back-
ground based on our PSF model. The photometry from the
median image was then used to convert the difference imaging
photometry to relative photometry, as presented in Figure 3.

Appendix B
Additional Figures

We present two light-curve fits for two different wavelength
ranges in Figure B1. Figure B2 shows the comparison between
the order 1 white-light curves of both reductions. We present
the results from the PCA in Figure B3. Figure B4 shows the
rms of the residuals from the order 1 white-light-curve fit for
different bin sizes. Figure BS shows the resulting eclipse
spectra for different modeling approaches. We also present the
posterior distributions from the chemical equilibrium retrieval
and the free chemistry retrieval in Figures B6 and B7,
respectively. Figure B8 shows two cross sections of the SOSS
2D image of the WASP-80 field for the additional reduction.
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Figure B1. Left: order 2 white-light-curve fit (0.674-0.850 pum). Right: light-curve fit for a large bin of the order 1 trace spanning 0.850—1.500 pm. Both light curves
show similar systematics, supporting the need to model the order 2 light curves like the order 1 light curves. Top: raw NIRISS/SOSS light curves (gray) and their
temporally binned points with 1o error bars (black). The best-fit models, including the eclipse and the systematics, are overlapped in red. The retrieved eclipse depth
for the order 2 white-light curve (left) is 26*37 ppm, and the one for the short-wavelength order 1 bin (right) is 34733 ppm. The latter measurement corresponds to a
tentative detection of reflected light at short wavelengths. Middle: detrended light curves (gray, binned points in black) once systematics are removed, along with the
eclipse models (red). In each case, the error bars on the binned points are computed from the best-fit scatter parameter on the unbinned points (left: ¢ = 194.9 ppm,
right: ¢ = 110.0 ppm). Bottom: residuals to the best-fit models and their rms values (based on the gray unbinned points).
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Figure B2. Top: raw NIRISS/SOSS order 1 (0.85-2.83 pm) white-light curves with 1o error bars for the supreme-SPOON reduction (red) and the additional one
(blue) with their temporally binned points. Bottom: difference between the white-light curve from the additional reduction and the one from supreme-SPOON. The
error bars on the residuals represent the maximum ones between the two reductions. In general, both white-light curves follow the same trends.
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Figure B3. Results from the principal component analysis of the calibrated data products (without considering the integrations before the tilt event). (a) Eigenvalue of
the first principal component, which clearly contains the eclipse. (b) First principal component, i.e., the one with the highest variance in the time series. (c) Eigenvalue
of the second principal component. (d) Second principal component. This component represents changes in the spatial direction of the traces, resulting in the trade of
flux between the upper and lower parts of the traces. (e) Eigenvalue of the third principal component. This beating pattern is caused by temperature variations in the
instrument electronics compartment. We use this component to detrend our light curves. (f) Third principal component. This component results in changes in the
FWHM of the traces, as shown by the trade of flux between the wings and center of the traces.
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Figure B4. rms of the residuals from the order 1 white-light-curve fit (black line) as a function of the bin size. The blue line shows the decrease in the rms for Poisson

noise. Our residuals fall below this line, but they follow the Poisson law for bin sizes larger than ~300 s, as shown by the red line. This can be explained by the
presence of remaining correlated noise at bin sizes smaller than the frequencies that the GP removes. Pure photon noise is represented by the gray dashed line. Our

noise level is ~1.5x the photon noise.
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Figure B5. NIRISS /SOSS eclipse spectrum of WASP-80 b according to different modeling approaches. Each eclipse depth is shown with its 1o error bars. The black
points represent the reference spectrum used for the analysis. The purple points, shifted by -0.01 pm for clarity, show the spectrum obtained without using a GP model
in the light-curve fitting. The inclusion of a GP in the light-curve fit produces more realistic error bars on the spectrum. The green spectrum, shifted by +0.01 pm,
follows the same modeling approach as the reference spectrum, but the time of mid-eclipse was fixed to the best-fit value from the white-light-curve fit in which it was
allowed to vary. This time is delayed by 12.8 minutes compared to the expected value.
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Figure B6. Corner plot of the parameters included in the chemical equilibrium retrieval, except for the 10 temperature—pressure profile parameters.
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Figure B7. Corner plot of the parameters included in the free chemistry retrieval, except for the 10 temperature—pressure profile parameters.
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Figure B8. Top: cross section (column 1300) of the SOSS 2D image of the WASP-80 field. The photometric aperture used to extract the spectrum in the additional
reduction of the first and second-order traces are highlighted by the light-red and orange boxes. The imaged field star is highlighted by the light-blue box. The red,
orange, and blue lines show the PSF model used to model the distribution of starlight across the field. The PSF model was used to estimate photometric contamination
inside the aperture of each trace and repeated for each column to construct a decontamination model to accurately measure eclipse depths in the additional reduction.
Bottom: same as top panel, but for column 1575, which is the last column used in the extraction of order 2. The contamination from the imaged field star on the order 2
extracted flux is <1% at this column.

Appendix C Table C2 and C3 present the x> values obtained for the
Additional Tables . oY
comparison of our NIRISS/SOSS eclipse spectrum of WASP-
Table C1 contains the priors and results for the order 1 80 b with the cloud models and with the haze models,
white-light-curve fit for both data reduction pipelines. respectively.
Table C1
Priors and Results for the Order 1 White-light-curve Fit for the supreme-SPOON and Additional Reductions
supreme-SPOON Additional Reduction
Parameters Priors Highest HPD Highest HPD
Likelihood Interval Likelihood Interval
a/R, N[12.643, 0.032] 12.646 126455003 12.645 12.643500%
i (deg) N[88.938, 0.059] 88.868 88.934+0.004 89.036 88.937+0.037
F,/Fy (ppm) U [—500, 500] 69 65+28 62 54139
o (ppm) U0, 500] 102.9 106.059 112.5 112.8+47
d (ppm) U[—250, 250] 36 44422 28 3142
b Ul-1, 1] —1.06 x 1073 —1.065935 x 1073 —1.00 x 1073 —1.03503% x 1073
¢ Ul-1, 1] 2.58 x 107° 2767939 x 1073 232 x 107° 226793 x 1073
agp (ppm) LU, 200] 57 55018 51 52112
pGp (min) LU, 60] 2.5 31452 2.5 3.0

Note. For each reduction, the results include the values of each parameter for the model with the highest likelihood and the highest posterior density (HPD) interval of
each parameter.

Table C2
X,z, Values Between the Short-wavelength (<1.6 um) NIRISS/SOSS Eclipse Spectrum of WASP-80 b and the Cloud Models with the Respective n, Values
Computed from Equation (4) Considering 13 Degrees of Freedom

Cr Na,S KCl ZnS MnS MgSiO; Mg,SiO,
fed X Ny x> n, X2 n, x2 ny x> ny X2 Ny x> n,
0.1 0.66 —0.86 1.34 0.86 1.08 0.21 0.94 —0.14 9.96 22.86 5.19 10.69 751 16.61
3 0.63 ~0.95 0.82 —0.47 1.53 1.34 1.53 1.36 2.40 3.57 2.88 4.80 748 16.53

Note. The sedimentation efficiency is denoted by fieq.
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Table C3
X,z, Values Between the NIRISS/SOSS Eclipse Spectrum of WASP-80 b and the Haze Models from B. Jacobs et al. (2023) with the Respective n, Values Computed
from Equation (4) Considering 27 Degrees of Freedom

Tholins Soots
Formation rate [M/H] = 0.0 [M/H]=1.0 [M/H] = 0.0 [M/H]=1.0
(gem™?s7h X2 Ny X2 Ny X2 Ny X2 ny
le-14 1.32 1.18 1.12 0.43 1.32 1.17 1.12 0.43
3e-13 1.28 1.05 1.13 0.48 1.25 0.93 1.22 0.80
3e-12 1.42 1.53 1.29 1.06 1.11 0.41 1.19 0.69
3e-11 1.88 3.24 1.67 2.45 1.10 0.38 1.13 0.47
3e-10 1.92 3.39 1.72 2.65 1.12 0.44 1.14 0.50
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