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ABSTRACT

Context. Hot Jupiters are giant planets subject to intense stellar radiation. The physical and chemical properties of their atmosphere
make them the most amenable targets for atmospheric characterization.

Aims. In this paper we analyze the photometry collected during the secondary eclipses of the hot Jupiter WASP-3 b by CHEOPS,
TESS, and Spitzer. Our aim is to characterize the atmosphere of the planet by measuring the secondary eclipse depth in several
passbands and constrain the planetary dayside spectrum.

Methods. We updated the radius and the ephemeris of WASP-3 b by analyzing the transit photometry collected by CHEOPS and
TESS. We also analyzed the CHEOPS, TESS, and Spitzer photometry of the occultations of the planet, measuring the eclipse depth at
different wavelengths.

Results. Our update of the stellar and planetary properties is consistent with previous works. The analysis of the occultations returns
an eclipse depth of 92+21 ppm in the CHEOPS passband, 83+27 ppm for TESS, and >2000 ppm in the IRAC 1-2-4 Spizzer passbands.
Using the eclipse depths in the Spitzer bands, we propose a set of likely emission spectra that constrain the emission contribution in
the CHEOPS and TESS passbands to approximately a few dozen parts per million. This allowed us to measure a geometric albedo of
0.21+0.07 in the CHEOPS passband, while the TESS data lead to a 95% upper limit of ~0.2.

Conclusions. WASP-3 b belongs to the group of ultra-hot Jupiters that are characterized by a low Bond albedo (<0.3+0.1), as predicted
by different atmospheric models. On the other hand, it seems to efficiently recirculate the absorbed stellar energy, which is not typical
for similar, highly irradiated planets. To explain this inconsistency, we propose that other energy recirculation mechanisms are at play
besides advection (for example, the dissociation and recombination of H,). Another possibility is that the observations in different
bandpasses probe different atmospheric layers; this would make the atmospheric analysis difficult without an appropriate modeling of

the thermal emission spectrum of WASP-3 b, which is not feasible with the limited spectroscopic data available to date.

Key words. techniques: photometric — planets and satellites: atmospheres — planets and satellites: detection —
planets and satellites: gaseous planets — planets and satellites: individual: WASP-3b

1. Introduction

Hot Jupiters (HJs), giant exoplanets similar to our Solar System’s
Jupiter in terms of mass and size, are characterized by orbital
periods as short as ten days or less. They are thus subject
to intense stellar irradiation, which increases their equilibrium
temperature by thousands of kelvins compared to their cooler
prototype. Moreover, HJs are expected to be tidally locked (Léger
et al. 2009) and thus rotate nearly synchronously with their
orbits. By consequence, one planetary hemisphere constantly

* The CHEOPS program IDs are CH_PR 100016 and CH_PR100052.
** Corresponding author; gaetano.scandariato@inaf.it

faces the host star, while the other experiences an eternal night.
According to theoretical models, this leads to unusual atmo-
spheric dynamics, including vertical stratification, strong winds,
and super-rotating equatorial jets (Perryman 2011; Fortney et al.
2021).

Two key parameters that are thought to determine HJ cli-
mates are the Bond albedo and the recirculation efficiency
(Seager & Dotson 2010; Cowan & Agol 2011; Heng 2017). The
Bond albedo quantifies the fraction of incoming stellar radiation
that a planet reflects back into space. It sets the energy balance of
the planetary atmosphere, impacts the overall climate, and influ-
ences circulation patterns in the atmosphere. By studying the
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Table 1. Stellar and system parameters.

Parameter Symbol Units Value Ref.
V mag 10.63 Hgg et al. (2000)
Spectral type F7v Street et al. (2007)
Effective temperature Te K 6440 + 120  Montalto et al. (2012)
Surface gravity logg logc.g.s. 4.49+0.08  Montalto et al. (2012)
Metallicity [Fe/H] - —0.02 £0.08 Montalto et al. (2012)
Projected rotational velocity — vsini km/s 134+1.5 Montalto et al. (2012)
Stellar radius R, Re 1.335 +0.010 this work
Stellar mass M, Mg 1.236 + 0.040 this work
Stellar age te Gyr 1.5%02 this work

albedo, we gain insights into the planet’s atmospheric properties,
such as cloud cover, atmospheric composition, and scattering
behavior. A high albedo suggests reflective surfaces (e.g., sili-
cate clouds; Sudarsky et al. 2000), while a low albedo implies
absorption.

The recirculation efficiency refers instead to how efficiently
a planet redistributes the absorbed energy from its dayside to
its nightside. A high recirculation efficiency implies an effective
heat redistribution, which leads to more uniform temperatures
across the planet. Conversely, a low efficiency results in stark
day—night temperature contrasts. By constraining the recircu-
lation efficiency, we can understand atmospheric circulation
patterns, including jet streams, winds, and other heat transport
mechanisms (see, e.g., Cowan & Agol 2011).

WASP-3 b is a prototypical HJ and was first reported by
Pollacco et al. (2008). Its close orbit, its large radius, and the
high effective temperature of its host star place WASP-3 b in the
group of strongly irradiated HJs. It is thus an extremely interest-
ing target for albedo and recirculation measurements that would
enhance our understanding of the planetary climate and inform
theoretical atmospheric models.

For this reason, WASP-3 b was observed as part of the
guaranteed time observation (GTO) program of the CHEOPS
(CHaracterising ExOPlanet Satellite) mission (Benz et al. 2021;
Fortier et al. 2024). This program was aimed at detecting sec-
ondary eclipse HJs, which can be used to directly constrain the
reflectivity of a planetary atmosphere. Since the beginning of the
mission, this program has proved CHEOPS’s capacity to retrieve
faint eclipse signals on the order of tens to hundreds of parts
per million (see for example Lendl et al. 2020; Brandeker et al.
2022). In some cases, when data from other facilities operating
at different wavelengths were available, CHEOPS optical obser-
vations helped in constraining the climate properties of several
HIJs (see for example Scandariato et al. 2022; Parviainen et al.
2022; Singh et al. 2022; Hoyer et al. 2023; Pagano et al. 2024).

We present the atmospheric characterization of WASP-3 b
using CHEOPS observations and other public space photometry
data: TESS (Transiting Exoplanet Survey Satellite) in the optical
and Spitzer in the infrared. Firstly, we revise the stellar param-
eters in Sect. 2. We present the CHEOPS, TESS, and Spitzer
photometric datasets in Sect. 3 and their analysis in Sect. 4;
there, we update the orbital parameters and measure the plan-
etary radius and the secondary eclipse depths. In Sect. 5 we
combine the derived system parameters to constrain the albedo
and recirculation efficiency of WASP-3 b and discuss the impli-
cations for its climate. We conclude with our final remarks in
Sect. 6.
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2. Stellar radius, mass, and age

The atmospheric stellar parameters were taken from Montalto
et al. (2012) since there were no additional higher quality spectra
available in public spectra archives.

To determine the stellar radius of WASP-3, we used broad-
band photometry from Gaia G, Ggp, and Ggrp, 2MASS J, H,
and K, and WISE W1 and W2 (Skrutskie et al. 2006; Wright
et al. 2010; Gaia Collaboration 2023) and the stellar spectral
parameters listed in Table 1 in a modified Markov chain Monte
Carlo infrared flux method framework (Blackwell & Shallis
1977; Schanche et al. 2020). We produced synthetic photom-
etry from constructed spectral energy distributions built using
stellar atmospheric models from the ATLAS catalog (Castelli &
Kurucz 2003) and fitted them to the observations to derive the
stellar bolometric flux. We converted this to the stellar effective
temperature and angular diameter, and finally the stellar radius
using the offset-corrected Gaia parallax (Lindegren et al. 2021).

The effective temperature, the metallicity, and the radius
along with their uncertainties constitute the basic input set to
derive the isochronal mass (M, ) and age (¢,) of the star. To this
end, we employed the isochrone placement algorithm (Bonfanti
et al. 2015, 2016) to interpolate the input parameters within two
different sets of grids of isochrones and tracks generated using
two different stellar evolutionary codes, namely PARSEC! v1.2S
(Marigo et al. 2017) and CLES (Scuflaire et al. 2008). For each
set of grids we computed a mass and an age estimate, and after
merging the two respective pairs of outcome following the sta-
tistical treatment outlined in Bonfanti et al. (2021), we obtained
M, =1.236 £0.040 Mg and 1, = 1.5f8:g Gyr.

3. Observations and data reduction
3.1. TESS observations

Observations of WASP-3 by the TESS mission (Ricker et al.
2015) with a cadence of 120 s are available for 5 sectors (26, 40,
53, 54, 74) covering 54 transits and 57 secondary eclipses. These
observations span the date range 2020-06-09 to 2024-01-30.

We used the pre-search data conditioning SAP fluxes (PDC-
SAP_FLUX) available from the TESS Science Processing Oper-
ations Centre (SPOC) and downloaded using the software pack-
age LIGHTKURVE 2.0 (Lightkurve Collaboration 2018)?. Our

I PAdova & TRieste Stellar Evolutionary Code: http://stev.
oapd.inaf.it/cgi-bin/cmd
2 https://lightkurve.github.io/lightkurve/
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Table 2. Log of CHEOPS observations.
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File key Event®  Start date Dur.”’  Eff.©) Decorrelation
(UTC) (h) (%)  parameters @

1 CH_PR100016_TG014001_V0200  Ecl. 2021-07-03T07:32:18 10.45 66 x,y, sin¢, sin2¢, sin 3¢, cos 3¢
2 CH_PR100016_TG014002_V0200  Ecl. 2021-07-05T02:27:59 10.50 65 y,cos¢
3 CH_PR100016_TG014003_V0200  Ecl. 2021-07-06T23:13:58 11.91 65 bg, t, cos ¢, cos2¢
4 CH_PR100016_TG014004_V0200  Ecl. 2021-07-08T19:34:58 10.42 65 x,y,sing, sin2¢, sin3¢
5 CH_PR100016_TG014005_V0200  Ecl. 2021-07-10T17:11:38 10.24 65 sing, sin2¢, sin 3¢
6 CH_PR100016_TG014006_V0200  Ecl. 2021-07-12T12:09:58 10.45 65 bg, cos2¢, cos 3¢
7  CH_PR100016_TGO014007_V0200  Ecl. 2021-07-19T22:35:58 10.49 67 y,t, sing, sin3¢
8 CH_PR120052_TG002201_V0200 Tr. 2022-06-22T02:27:39 3.17 67 sing, cos¢
9  CH_PR100016_TGO014008_V0200  Ecl. 2022-06-22T21:43:39 10.49 66 bg, x, sin @, cos 2¢, sin 3¢
10 CH_PR120052_TG002202_V0200 Tr. 2022-06-23T23:37:38 2.57 79  cos¢,sin2¢, cos 2¢
11 CH_PR120052_TG002203_V0200 Tr. 2022-06-25T18:41:00 3.17 59 y,cos2¢
12 CH_PR100016_TGO014009_V0200  Ecl. 2022-06-26T14:37:39 10.62 66 1y, sing, cos3¢
13 CH_PR100016_TGO014010_V0200  Ecl. 2022-07-09T12:18:59 10.59 65 t,sing, sin3¢
14 CH_PR100016_TG014011_V0200  Ecl. 2022-07-13T04:06:59 12.06 67 x,y,t sing
15 CH_PR120052_TG002204_V0200 Tr. 2022-07-14T05:59:58 2.68 78 y, cos ¢, sin3¢
16 CH_PR100016_TGO014012_V0200  Ecl. 2022-07-15T00:13:59 10.82 70  x, bg, sin¢

Notes. @Either a secondary eclipse (Ecl.) or a transit (Tr.). ®The duration of the observing interval. )The fraction of the observing interval covered
by valid observations of the target. “This column reports the variables used for the de-correlation against the instrumental noise: spacecraft roll

angle, ¢, time, ¢, image background level, bg, and the centroid of the target PSF on the detector (x.y).

analysis improves on the results of Wong et al. (2021), who ana-
lyzed only sector 26, the only one available at the time of their
writing.

3.2. CHEOPS observations

We observed 12 complete secondary eclipses of WASP-3 b as
part of the GTO program ID-016 “Occultations”. WASP-3 was
also included in the GTO program ID-052 “Short-period EBLM
and hot-Jupiter systems”. This is a “filler” program that makes
use of gaps between other GTO programs. The four observations
of a few hours each from the filler program do not cover complete
transits by themselves, but do cover the full orbital phase range
of the transit when taken together. Observations from both pro-
grams used an exposure time of 60 s. The log of the observations
is shown in Table 2.

The data used here were processed using version 13 of the
CHEOPS data reduction pipeline (DRP; Hoyer et al. 2020). We
used light curves (LCs) generated from the CHEOPS imagettes
with the point spread function (PSF) photometry package PIPE?
developed specifically for CHEOPS (Brandeker et al., in prep.;
Szabd et al. 2021; Morris et al. 2021). Previous studies have
shown that PIPE LCs give results that are consistent with LCs
computed using synthetic aperture photometry by the DRP but
typically with improved precision because the PIPE LCs are less
affected by instrumental noise (Brandeker et al. 2022; Oddo et al.
2023; Krenn et al. 2023).

3.3. Spitzer observations

The Spitzer Space Telescope observed four eclipses LCs of
WASP-3 b from three visits (Table 3). All observations were
carried out using the Infrared Array Camera (IRAC) instrument
(Fazio et al. 2004), sampling three different bands. The 2008

3 https://github.com/alphapsa/PIPE

Table 3. Spitzer secondary eclipse observations of WASP-3 b.

Band (1) Date PI (program)

IRAC 2 (4.5 um) 2008-09-18 P. Wheatley (50759)
IRAC 4 (8.0 pum) 2008-09-18 P. Wheatley (50759)
IRAC 1 (3.6 um) 2009-10-26 H. Knutson (60021)
IRAC 2 (4.5 um) 2016-11-10 D. Deming (13044)

observations were obtained during the cryogenic mission, in full-
array mode, with a cadence of 12.0 s per frame. The 2009 and
2016 observations were obtained during the warm mission, in
sub-array mode, with a cadence of 2.0 s per frame.

4. Data analysis
4.1. TESS light curve analysis

We performed the analysis of the TESS LCs using PlanetModel
model in pycheops (Maxted et al. 2022)*. This model uses
the qpower2 algorithm (Maxted & Gill 2019) to compute the
LCs for the transit assuming the power-2 limb-darkening law,
Ii(u) = 1—-c(1 —u®), where u is the cosine of the angle between
the surface normal and the line of sight. The flux from the planet
is calculated using a Lambertian phase function, and the sec-
ondary eclipse due to the occultation of this reflected flux is
computed assuming a uniform disk for the planet. There is no
evidence for any orbital eccentricity in the orbit of WASP-3 b
from either the radial velocity measurements or the phase of the
secondary eclipse, so we also assumed that the planet has a cir-
cular orbit, as is typical for short-period HJ systems (Bonomo
et al. 2017). We only used data from within one transit dura-
tion of the times of mid-transit or mid-eclipse, which resulted in
18 812 observations being used for this analysis. The flux values
for each transit or secondary eclipse were divided by a robust

4 https://github.com/pmaxted/pycheops
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Fig. 1. Phase-folded TESS LC of WASP-3 (pale red points) centered on the planetary transit (left column) and secondary eclipses (right column).
Our best-fit model is shown with a dark blue line. The dark red points show the mean value of the observations and residuals in bins of 0.001 phase

units (160s).

straight-line fit (Siegel 1982) to the flux values on either side of
the primary or secondary eclipse. There is no evidence of vari-
ability in the TESS LC between the transits on the timescales
expected for stellar rotation. The amplitude of any such variabil-
ity is less than 500 ppm; therefore, WASP-3 is not a magnetically
active star and so we do not expect any significant variability in
the transits due to the planet occulting star spots.

We used the CHEOPS exposure time calculator’ to estimate
that the granulation noise on a timescale of 3 hours is 15 ppm.
This is an order of magnitude smaller than the white noise and
a factor of a few less than the eclipse depth, so we assumed
a Gaussian white-noise model with equal standard deviations
o, for each observation. The free parameters in the fit are: the
time of mid-transit, Ty; the orbital period, P; the transit impact
parameter, b = a cos(i)/R, where a is the orbital semimajor axis
and i is the orbital inclination; the transit depth parameter, D =

(Rp1/R4)* = k?; the transit width, W = (R, /a) /(1 + k)* — b?/m;
the limb-darkening parameter h; = IA(%) =1-c(1-27%),;the
planet’s geometric albedo assuming zero thermal emission, A, o;
the log of the standard error per observation, log o,. We assume
uniform priors on cosi, logk, loga/R,. The limb-darkening
parameter iy = [ ,1(%) —11(0) = 27 has a negligible effect on the
quality of the fit and so was fixed at the value h, = 0.44, appro-
priate for a star of this type (Maxted 2018). All other parameters
have broad uniform priors. To sample the posterior probabil-
ity distribution (PPD) of the model parameters we used emcee
(Foreman-Mackey et al. 2013) with 64 walkers and 256 steps
after 512 burn-in steps. Convergence of the sampler was checked
by visual inspection of the sample values for each parameter
and each walker as a function of step number. The mean and
standard error for each parameter calculated from the samples’
PPD are given in Table 4 and the best fit to the LCs is shown
in Fig. 1. Correlations between selected parameters from the
PPD are shown in Fig. 2. The parameter of interest is the eclipse
depth,

R\
Occl =Ag,0 (_P) 5
a

so we also quote this value in Table 4. We also tried a model with
zero albedo and pure thermal emission from the planet and found
that there was a negligible change in the results (i.e., the value

6]

5 https://cheops.unige.ch/pht2/exposure-time-
calculator/
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Table 4. Results from our fit to TESS LCs of WASP-3.

Value
2459606.789477 + 0.000052

Parameter @ (Unit)

To (BJD1pB)

P (days) 1.8468354 + 0.0000002
D 0.011043 + 0.000054
W (phase) 0.06118 +0.00012
b 0.510 £ 0.015
Ago 0.195 + 0.063
h 0.828 + 0.007
hy® =0.44
Inoy, —-6.736 + 0.005

Derived parameters

k= Rp /Ry 0.10509 + 0.00026
a/Ry 5.099 + 0.047
6ecl (Ppm) 83 +27
ow (ppm) 1188 +6
Tirr = Teﬂ VR*/(J (K) 2850 + 50

Notes. T, is the time of mid-transit, P is the orbital period, D =
(R /R,)? is the transit depth, W is the transit width, b is the transit
impact parameter, A, is the planet’s geometric albedo assuming zero
thermal emission, /4, and h, are the parameters of the power-2 limb-
darkening law, o, is the standard error per observation, a is the orbital
semimajor axis, and . is the eclipse depth. (®OFixed parameter.

of deq derived is insensitive to the details of the model used to
describe the flux from the planet).

4.2. CHEORPS light curve analysis

We analyzed the CHEOPS LCs of WASP-3 produced using
PIPE PSF photometry using pycheops version 1.1.8. The model
and assumptions are the same as for the analysis of the TESS
photometry (Sect. 4.1).

This version of pycheops is fundamentally the same as the
version described in Maxted et al. (2022), but includes a number
of functions that were introduced in pycheops version 1.1.0 that
make it easier to analyze CHEOPS LCs. For example, pycheops
can now create dataset objects that contain LCs and metadata
for a single visit directly from PIPE output files, and includes a
new method, MultiVisit.fit_planet(), that can be used to analyze
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Fig. 2. Parameter correlation plots for
selected parameters from our analysis

multiple dataset objects covering transits and secondary eclipses
using the PlanetModel model described above.

We use a linear model of the form c(1 + X ardi(?)) to
describe the instrumental noise in the LC for each dataset object.
The complete model for the LC is a PlanetModel LC multi-
plied by this linear instrumental noise model. The basis vectors
di(t) are generated from the house-keeping data provided in
the dataset (e.g., sin ¢, cos ¢, sin 2¢, etc., where ¢ is the space-
craft roll angle). To select basis vectors that give a significant
improvement to the quality of the fit, we computed the Bayes
factor,

By = e_(ak/o'k)z/z oo/
The parameters a; (“detrending coefficients”) are assumed to
have Gaussian priors with mean 0 and standard deviation o.

of the CHEOPS (lower left) and TESS
(upper right) LCs of WASP-3.

For a model where q; is included as a free parameter, a; in this
equation is the best-fit (maximum likelihood) value and o7 is its
standard error. If we set o to the standard deviation of the resid-
vals from a model with no instrumental noise model, we find
that free parameters with By > 0.5 give a negligible improve-
ment to the quality of the fit, are poorly constrained, have a
best-fit value consistent with 0, and have a negligible impact
on the results obtained. We therefore only include detrending
coefficients as free parameters in the instrumental noise model
if their Bayes factor is By < 0.5. Detrending coefficients should
be selected one-by-one, recomputing the Bayes factor for each
new model. This can be done automatically in pycheops ver-
sion 1.1.0 using the new feature Dataset.select_detrend(). The
basis vectors selected for the instrumental noise model for each
visit are listed in Table 2. We excluded the coefficient for the
basis vector f(f) = 1> because this tends to be degenerate with
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the model for the secondary eclipse, and including this term is
not justified for the short visits that cover the transits.

To model the residual noise in the LCs, we assume a white-
noise model where the variance on the flux measurement f; is
a'i2 + 02, where o is the standard error estimate provided with
the data that quantifies known noise sources (photon-counting
noise, read-out noise, etc.), and the extra white-noise contribu-
tion o, is assumed to be the same for all observations and for all
visits. These errors are assumed to be normally distributed and
independent. CHEOPS is able to detect variability due to gran-
ulation or solar-like pulsations in solar-type stars brighter than
V ~ 6.5 (Sulis et al. 2023). WASP-3 is much fainter than this
limit (V = 10.6) so correlated noise due to granulation or solar-
like pulsations will be undetectable in the CHEOPS data. There
is also very little correlated noise due to the instrument or data
reduction apart from the trends captured by the instrument noise
model described above (Fortier et al. 2024).

All the datasets listed in Table 2 were analyzed together
using MultiVisit.fit_planet(). The observed flux values for each
dataset were first corrected for instrumental noise using the best-
fit instrumental noise model prior to this joint analysis (“unwrap
= True” option in MultiVisit.fit_planet()). The orbital period was
fixed at the value P = 1.84683542 days taken from the analysis
of the TESS LC. MultiVisit.fit_planet() includes the option to
implicitly include trends correlated with space-craft roll angle
using a harmonic series with n,o; terms. We tried models includ-
ing values of no up to 4, but found that none of these models
significantly improved the quality of the fit and the change in the
results for the parameters of interest is negligible, so we did not
use this option for the results presented here.

Previous studies using CHEOPS LCs have used a variant
of the SCALPELS algorithm (Collier Cameron et al. 2021) to
generate basis vectors from the PSF autocorrelation function
that can be used to generate a linear model for instrumen-
tal noise associated with changes in the shape of the PSF
(Wilson et al. 2022). We calculated SCALPELS basis vectors
for all our observations of WASP-3 with CHEOPS and tested
whether they provide a significant improvement to the quality of
the fit if we include them in the instrumental noise model. This
was straightforward to do using the new extra_decorr_vectors
functionality that was added to the fitting routines in pycheops
for version 1.1.0. We find that the quality of the fit is not sig-
nificantly improved for any of the visits if we include these
extra basis functions, and the results we obtain are indistin-
guishable from the results presented here if we do include
the few SCALPELS basis functions that provide a marginal
improvement to the quality of the fit. We therefore decided, for
simplicity, to present results here that do not include SCALPELS
basis vectors in the instrumental noise model for any of the
visits.

We assumed uniform priors on cos i, logk, log a/R, across
the full allowed range of these parameters. All other parameters
have broad uniform priors around their best-fit values from a pre-
vious fit to the CHEOPS data. We included £, as a free parameter
to the CHEOPS LC because the parameter is constrained by the
data and the value obtained is reasonable for a star of this type.
To sample the PPD of the model parameters we used emcee with
256 walkers and 1024 steps after 2048 burn-in steps. Conver-
gence of the sampler was checked by visual inspection of the
sample values for each parameter and each walker as a function
of step number. The mean and standard error for each parame-
ter calculated from the samples PPD are given in Table 5 and
the best fit to the LC is shown in Fig. 3. Correlations between
selected parameters from the PPD are shown in Fig. 2.
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Table 5. Results from our fit to the CHEOPS LC of WASP-3.

Parameter (Unit) Value
D 0.01095 = 0.00016
W (phase) 0.06134 + 0.00033
b 0.487 +0.033
Ago 0.222 + 0.053
To (BJDtpB) 2459606.78941 + 0.00010
hy 0.748 + 0.012
hy 0.53 £ 0.15
Inoy, —-8.010 £ 0.024
df/dx 0.00049 + 0.00014
df/dy, —0.00081 + 0.00012
df/d 0.00056 + 0.00021
df/dy, —0.00035 + 0.00011
df/dbgs —-0.00064 + 0.00026
df/dt; 0.00067 = 0.00018
df[dxy 0.00041 = 0.00014
df/dy, —0.00089 + 0.00012
df/dbgg —-0.00081 + 0.00021
df/dy; —-0.00052 + 0.00010
df/dt; 0.00094 + 0.00020
df/dbgg 0.00120 = 0.00018
df[dxy 0.00052 + 0.00015
df/dy, —-0.00103 + 0.00024
df/dy 0.00077 = 0.00013
df/dt; —-0.00091 + 0.00020
df/dxs 0.00099 + 0.00014
df/dya —-0.00131 £ 0.00011
df/dts —-0.00042 + 0.00017
df/dy;s —-0.00126 + 0.00023
df/dbg;s 0.00052 + 0.00020
df/dxe 0.00067 + 0.00017
Derived parameters

Sect (PPM) 92+ 21
k = Ry /R, 0.10464 + 0.00075
ow (ppm) 332+8

Notes. Detrending coefficients are labeled using the notation df/dg;
for quantity g in dataset i, as listed in Table 2.

4.3. Masses and radii

We computed the mass and radius of WASP-3 b using the aver-
age values of the parameters k, sini and a/R, from Tables 4
and 5 and their standard errors computed using the “combine”
algorithm described in Appendix A of Maxted et al. (2022). The
semi-amplitude of the star’s spectroscopic orbit used to compute
the planet’s mass, K.y, is the weighted mean of the values derived
by Pollacco et al. (2008) and Maciejewski et al. (2013). It should
be noted that we did not use the value of R, from Table 1 in
this calculation because this quantity follows directly from the
mean stellar density that can be computed from P and a/R,.
The results are given in Table 6. The agreement between the
radius derived from the mean stellar density (1.332 = 0.018 Ry)
and the independent estimate given in Table 1 (1.335+0.010Ry)
is better than 1o

4.4. Spitzer light curve analysis

We analyzed the Spitzer data using the Photometry for Orbits,
Eclipses, and Transits (POET) pipeline (Stevenson et al. 2010,
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Fig. 3. CHEOPS LC of WASP-3 and our best-fit model for the transits and eclipses. Upper-left panel: observed transit LCs (in cyan) offset vertically
by multiples of 0.01 units. The dark blue points are the data points binned over 0.01 phase units. The full model, which includes instrumental trends,
is shown in brown, and the transit model without trends is shown in green. Lower-left panel: residuals from the best-fit model to the transit LCs
offset vertically by multiples of 0.005 units. Upper-right panel: Secondary eclipse LCs after removal of instrumental noise from our best-fit model,
plotted without any vertical offset. Lower-right panel: residuals from the best-fit model to the secondary eclipses offset vertically by multiples of

0.005 units.

Table 6. Mass and radius estimates for WASP-3 and WASP-3 b as
inferred from the transit observables.

Parameter Units Value Error
Input values

P (d) 1.8468354

M, (My) 1.236 +0.040
Krv (ms™h 259 +7
e 0 (fixed)

sini 0.9951 +0.0004
Ryl/Ry 0.10503  +0.00027
a/R, 5.108 +0.043
Derived quantities

R, (Ro) 1.332 +0.018
My (Myup) 1.811 +0.063
Ry (Ryup) 1.392 +0.019
gpl (ms~2) 24.2 +0.8
Ppl (gem™3) 0.891 +0.035
T,-T, (d) 0.114 +0.002
T -T, (d) 0.085 +0.002
Tin = Ter 2= (K) 2850 +50

Notes. Ry, = 69911 km is the volume-average radius of Jupiter. T4 — T
and T3 — T, are the time intervals between the contact points of the
primary eclipse (transit).

2012a,b; Campo et al. 2011; Nymeyer et al. 2011; Cubillos et al.
2013, 2014). The POET pipeline consists of two main stages, first
it extracts raw LCs from the 2D time-series images, and then it
models the LCs to constrain the eclipse properties.

Stage one of the POET analysis starts by reading the Spitzer
basic calibrated data (BCD), produced by the Spitzer pipeline
version 18.25.0 for the 2008 observation and version 19.2.0 for
the 2009 and 2016 observations. The BCD data provide the sci-
ence images, uncertainty images, and bad-pixel masks. Next,
POET flags bad pixels from the Spitzer BCD files using the bad-
pixel masks and performing a sigma-rejection routine for outlier
pixel values. As the 2008 observation consists of instrument
engineering request data, mask files are not associated with each
science image. Therefore, we performed a more careful sigma-
rejection step to flag pixels showing transient fluctuations away
from the median of the neighboring ten frames. Then, POET
estimates the target center position on the detector by fitting a
2D Gaussian function. Finally, POET obtains raw LCs by apply-
ing interpolated aperture photometry and testing several circular
apertures with radii ranging from 1.5 to 4.5 pixels in 0.25 pixel
increments.

In stage two, POET models the raw LCs by simultaneously
fitting the astrophysical signal (i.e., the eclipse) and the instru-
mental systematics. To model the astrophysical signal we used a
Mandel & Agol (2002) eclipse model. The free fitting param-
eters of this model are the stellar flux, the eclipse mid-point
epoch, duration, depth, and ingress duration (setting the egress
duration equal to the ingress duration). We adopt uniform prior
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Fig. 4. Normalized Spitzer LCs of WASP-3 after the raw aperture-photometry extraction (top panels) and after removing instrumental systematics
from the joint LC fit (bottom panels). The gray markers show the flux of the individual frames, whereas the blue markers show the binned fluxes
and their uncertainties. The red curves in the bottom panels show the best-fit eclipse model for each observation.

for all parameters. The IRAC detectors typically exhibit tem-
poral and intra-pixel sensitivity variations (Charbonneau et al.
2005). To model the temporal instrumental systematics we tested
several parametric “ramp” models as a function of time (lin-
ear, quadratic, and exponential ramps). To model the intra-pixel
systematics we employed the bi-linearly interpolated sub-pixel
sensitivity (BLISS) map model (Stevenson et al. 2012a).

The final LC model is then composed of the multiplicative
factors of the astrophysical, ramp, and intra-pixel models. Using
the MC3 statistical package (Cubillos et al. 2017), POET deter-
mines parameter’s best-fitting values (via a trust region reflective
optimization) and their Bayesian posterior distributions (via
the differential-evolution Markov chain Monte Carlo sampler
ter Braak & Vrugt 2008). The Markov chain uses the Gelman-
Rubin statistic (Gelman & Rubin 1992) to be within 1% of unity
to assess parameter convergence.

We analyzed the LCs in two steps. First we modeled each
independent observation to determine the optimal aperture pho-
tometry radii and optimal systematic models. Then we per-
formed a joint-fit analysis of all four observations to determine
the final values. We selected the optimal systematics model by
minimizing the Bayesian information criterion (Schwarz 1978)
from a set of fits to a given dataset. Here we tested fits with
and without a BLISS model, and we tested fits with each of
the different ramp models: linear, quadratic, exponential, or no
ramp. We selected the optimal aperture photometry by minimiz-
ing the standard deviation of the residual between the raw LC
and their respective best-fitting model. We also paid attention
to the time-correlated noise by computing the Allan deviation
(also known as time-averaging method, Allan 1966), finding no
significant deviation for any of the datasets. Table 7 lists the pre-
ferred aperture radii and systematics models for each individual
observation.

To obtain final eclipse depths we ran a joint fit combining
all four events. In this fit, we shared the mid-eclipse epoch,
duration, and ingress-time parameters among all events. The
combined analysis thus enables a more robust estimation of the

A129, page 8 of 15

eclipse LC shape of the individual observations. Figure 4 shows
the systematics-corrected LC data and joint best-fitting model.
Table 7 presents the retrieved values for the astrophysical param-
eters, derived from the posterior distribution (median and central
68% percentile).

The Spitzer transit depths analyzed with POET are consis-
tent with those of Rostron et al. (2014) within 1o, though we
consistently obtain deeper occultation depths. From the occulta-
tion depths we can estimate a planetary brightness temperature at
each band. As expected, we find a similar trend as Rostron et al.
(2014), that is, a deeper occultation depth at 4.5 wm than at 3.6
or 8.0 um (Table 7). To the first order, the Spitzer observations
do not deviate much from a blackbody spectrum for the planet.
In the following section we perform a more in-depth physical
interpretation of the observations.

We also compared our results to the population-level analysis
of Spitzer secondary analyses by Deming et al. (2023), who used
more modern pixel-level de-correlation (PLD) method to detrend
the telescope systematics (Deming et al. 2015). They reported
depths of 0.229 + 0.011% at 3.6 um, 0.273 + 0.016% at 4.5 um
(2008), and 0.290 + 0.012% at 4.5 um (2016) (see our Fig. 5 for
a graphical comparison). While our 3.6 um occultation depths
are consistent within the uncertainty, at 4.5 um we obtained
depths that are ~1.5 and 20 deeper (2008 and 2016 epochs,
respectively). This is intriguing, given that both the BLISS and
PLD methods are among the most robust and accurate noise-
retrieval techniques for Spitzer time-series observations (Ingalls
et al. 2016). We thus conjecture that the discrepancies arise from
other assumptions made during the LC analysis. Since Deming
et al. (2023) analyzed the entire population of Spitzer occulta-
tions for HJs, they did not provide the specific details of the
WASP-3 b analyses. Therefore, we are forced to draw our conclu-
sions based on their general analysis description (Appendix A).
We identified two significant differences between our analysis
approaches. One is that Deming et al. (2023) adopted a quadratic
ramp for all planets with equilibrium temperature greater than
2000 K (this includes WASP-3 b). From our individual-epoch
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Table 7. Spitzer LC observations of WASP-3.

IRAC 1 (2009) IRAC 2(2008) IRAC 2 (2016) IRAC 4 (2008)

Parameter

Aperture radius (pixels) 2.00
BLISS model Yes
Ramp model Quadratic
Bect (%) 0.224%00'4
Toright (K) 2361 + 66
Mid-eclipse epoch(? 0.49995*0-:00028
Eclipse duration” (T, — Ty)  0.0627+0:00%2
Ingress time™ (T, — T) 0.0082+0-00%1

2.25 2.25 2.75
Yes Yes No
Linear None Exponential
0.015 0.014 0.049
0.2957 0.2 0.320%; 015 0.369" s,
2460 + 72 2575 + 67 2390 + 220

Notes. ( Free parameter shared between all four Spitzer observations. The units are in orbital phase relative to the transit epoch and period from

Table 6.
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Fig. 5. Emission spectra with different model assumptions. Left: all the best-fit models we performed in this work. The black points represent the
observations with TESS, CHEOPS, and Spitzer, while red points show the measurements by Deming et al. (2023). Right: zoomed-in view of the
optical wavelength, together with the TESS and CHEOPS observations and bandpasses.

analyses at 4.5 pm we found occultation depth differences on
the order of 0.01% between our fits with a quadratic ramp and the
selected ramp (Table 7). Another difference in the approaches is
that Deming et al. (2023) analyzed the occultations individually,
keeping the eclipse shape parameters fixed at values found in the
literature. Instead, we obtained our final values from a joint fit
of all occultations, where we simultaneously fit for the (shared)
eclipse shape parameters. By sharing parameters in our joint-
fit, we estimated the eclipse midpoint, duration and the time of
ingress and egress with a precision comparable to that of the
transit-shape parameters. Moreover, our eclipse values are con-
sistent within 1o of those expected from an orbit derived from
the transit parameters assuming a circular orbit (see Tables 6 and
7). Comparing the 4.5 pum occultation depths between our indi-
vidual and joint-fit analysis we see differences on the order of
0.002-0.005%. While admittedly speculative, given the limita-
tions on the analysis details, occultation depth variations of this
magnitude can bring the Deming et al. (2023) and our results
closer to a 10~ agreement.

5. Results
5.1. Atmospheric modeling

To convert the observed eclipse depth into an estimate of the
geometric albedo of a planet in a given passband it is important
to quantify the flux thermally radiated by the planet at the

same wavelengths. To this purpose, we performed various spec-
tral retrievals of the Spitzer dataset, where the contribution
from atmospheric reflection is negligible, with different model
assumptions to determine a range of possible models compatible
with the infrared observations. In this analysis, we exclude the
eclipse depth measurement in the Ky band of Zhao et al. (2012)
as it has been shown to be hardly reconciled to atmospheric
models (Rostron et al. 2014).

To derive physically based priors for one retrieval run, we
performed a forward model for WASP-3 b with the orbital and
planetary parameters as listed in Table 1. For this purpose, we
used the 3D general circulation model (GCM) expeRT/MITgcm
(Carone et al. 2020; Schneider et al. 2022) with equilibrium
chemistry. We chose the canonical opacity sources for a solar
metallicity atmosphere as listed in Schneider et al. (2022,
Table 1), including TiO. The dayside atmosphere composition
of this simulation was used to constrain part of the retrieval
pipeline, where we averaged the abundances over the whole
dayside.

The retrieval models are defined using the TauREx code
(Al-Refaie et al. 2021; Waldmann et al. 2015b,a), under differ-
ent assumptions (from the simplest to the most complex one).
The number of parameters defines the complexity of the model
and, given the low number of input parameters (three wavelength
points from the Spitzer dataset). We performed five different
retrievals (we list them by increasing the number of parame-
ters), changing the P-T (pressure vs temperature) profile and the
chemical composition of the atmosphere:
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Fig. 6. Retrieved temperature-pressure profiles for all the atmospheric
configurations.

1. Isothermal fit: We left only the radius and the equilibrium
temperature as free parameters (two parameters);

2. 3PT: We fit three-point P-T profile and the radius (five free
parameters). The atmosphere is assumed to be made only by
H and He and solar abundances;

3. 4PT: We fit a four-point P-T profile and the radius (seven
free parameters). We assumed the same chemistry of the 3PT
model;

4. 4PT with TiO: We fit a four-point P-T profile and the radius
fixing the TiO abundance as a function of the pressure from
the 3D global circulation model (GCM) model (seven free
parameters). We used the TiO opacities from the ExoMol
group (Buldyreva et al. 2022);

5. 4PT with equilibrium chemistry: We fit a four-point P-T
profile, the radius and the C/O ratio assuming equilibrium
chemistry with FastChem (eight free parameters).

All the retrievals have been performed using Nested Sampling
with the multinest (Feroz et al. 2009) through the
pymultinest interface (Buchner et al. 2014) with 1000 live
points and uniform prior distributions for all parameters. The
atmospheric grid is defined between 10™*Pa and 10°Pa and,
then the retrieved radius corresponds to the radius of the planet
at 10°Pa. We used the phoenix stellar model (Hauschildt et al.

1997, 1999) of WASP-3 for all the configurations.

The best-fit models for all these scenarios are shown in
Fig. 5. The atmospheric models with the chemical species within
them were computed using the cross sections from the ExoMol
database (Tennyson et al. 2013, 2020)° while the equilibrium
chemistry was computed with the FastChem’ (Stock et al. 2022)
through the taurex-fastchem plugin®.

The temperature—pressure profiles retrieved with all the con-
figurations are consistent with themselves (see Fig. 6). The
presence of TiO causes a slight thermal inversion and it causes
an increase in the optical thickness in the CHEOPS and TESS
wavelength ranges as shown in Fig. 7, preventing sensitive opti-
cal band missions from probing low regions of the atmosphere.
The level that can be probed with the different instruments is
reported in Table 8.

All these models are equivalent from a statistical point of
view: their Bayesian evidence log &,,;, = 23.8 for the case of the
isothermal fit with two parameters while log &,,,, = 24.4 for the
case of 4PT with FastChem. Given that the Bayes factor among
any of the models is < 3, we cannot exclude any possibility in the

6 https://www.exomol.com/data/molecules/
7 https://ascl.net/1804.025
8 https://pypi.org/project/taurex-fastchem
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Table 8. Maximum contribution level (in bar) to the optical depth at the
wavelength ranges of CHEOPS, TESS, and Spitzer.

Model CHEOPS TESS  Spitzer

Isothermal 8.9 8.9 1.32
3P-T 7.12 8.2 0.6
4 P-T 8.9 8.9 1.76
4 P-T with TiO 1.8-10° 15107 1.39
4 P-T with eq. chemistry 0.15 027 1.8-1072

Table 9. Simulated thermal fluxes on CHEOPS and TESS wavelength
bands assuming different forward models. The error bars are computed
from their 1o~ distributions around the TauREx best-fit model.

Model CHEOPS F,/F, TESS F,/F
(ppm) (ppm)
Isothermal 2+20 12 + 47
3P-T 1+£20 14 + 53
4 P-T 4+£22 6+ 60
4 P-T with TiO 0.2 +36 10 + 80
4 P-T with eq. chemistry 17+ 14 97 + 38

computation of the thermal spectrum. Considering the Occam’s
principle, the simplest model gives already a solid understand-
ing of the dayside brightness temperature 74 = 19803‘;30K and a
radius R, = 1.25 + 0.19Ry,,, (consistent with the radius reported
in Table 6). We report all the thermal fluxes integrated into the

CHEOPS and the TESS bandpass for all the scenarios in Table 9.

5.2. Planetary albedo and heat recirculation

While the irradiation temperature Ty, = Teg VR4 /a is a use-
ful quantity to compare exoplanets because it only depends on
the stellar irradiation, during secondary eclipse we measure the
dayside effective temperature Ty that also factors in heat redis-
tribution and albedo. The nominal thermal contribution to the
CHEOPS and TESS eclipse depths is on the order of a few ppm
regardless of the thermal model, with uncertainties on average
of ~20 ppm for CHEOPS and ~60 ppm for TESS (Fig. 8, top
panels). We subtracted these estimates to the measured eclipse
depths and propagated the uncertainties in Eq. (1) to derive an
unbiased estimate of the geometric albedo Ay of WASP-3 b
(Fig. 8, bottom panels). The geometric albedo Ag measured in
the CHEOPS passband is ~0.21+0.07, while the uncertainties
derived for the TESS passband do not allow a statistically signif-
icant measurement of the corresponding geometric albedos Ag;
they only lead to a 95% upper limit of about 0.2. Our result thus
follows the general trend of Ag increasing with Ty indicated by
Wong et al. (2021) (Fig. 9).

The measurements in the case of TESS do not lead to a sta-
tistically significant measurement of Ag. For this reason, in the
following we only discuss the case of CHEOPS, dropping the
“C” superscript for simplicity.

By definition, the geometric albedo A, quantifies the incident
light reflected back to the star at a given wavelength. The spher-
ical albedo Ag is obtained from A, by integration at all angles.
The relationship between the two is parameterized by the phase
integral g: As =gA, (see for example Seager 2010). Exoplane-
tary atmospheres have 1<g<1.5 depending on their scattering
law (Pollack et al. 1986; Burrows & Orton 2010) and can be
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Fig. 7. Optical depth (7) in the wavelength range of CHEOPS, TESS, and Spitzer space telescopes at every pressure level for the simulation labeled
4P-T (left) and 4 P-T with TiO (right). In the left panel of each figure is depicted the optical depth at each atmospheric pressure level. In the
right panels there are the cumulative contribution functions at each atmospheric level for the CHEOPS, TESS and Spizzer space missions. In the
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Fig. 8. Measured eclipse depth in the CHEOPS (6S,, top panel) and
TESS (6T

o> Dottom panel) passbands together with the theoretical pre-
dictions discussed in the text. In each panel, the bottom boxes show the
corresponding geometric albedos after correction for thermal emission.
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Fig. 9. Relationship between A, and Ty, adapted from Fig. 10 in Wong
et al. (2021) and including our analysis of WASP-3 b (in red). The green
squares indicate the systems from the first and second year of the TESS
primary mission. The black circles indicate the Kepler/CoRoI-band
geometric albedos for the targets that were observed by those missions.
Blue symbols are other targets from the CHEOPS GTO program (Lendl
et al. 2020; Hooton et al. 2022; Brandeker et al. 2022; Singh et al.
2022; Scandariato et al. 2022; Krenn et al. 2023; Pagano et al. 2024;
Akinsanmi et al. 2024; Demangeon et al. 2024).

observationally derived from the analysis of the phase curve.
Unfortunately, no phase curve of WASP-3 b with enough pre-
cision is currently available, and hence we could not place
any constraint on g. In the following we thus consider the two
limiting scenarios A?i“ = Ay and A9™ = 1.54,,.

The Bond albedo, Ag, can be obtained as the average of Ag
weighted over the incident stellar spectrum:

I As(DL(DdA
B ©)
I I(bda

The conversion into Ag thus relies on the measurement of Ag
across the stellar spectrum, but we only have this information
integrated in the CHEOPS passband. Following Schwartz &
Cowan (2015), we explore the limit case of minimum Bond
albedo A" obtained through Eq. (2) assuming Ag =Ag"" in the
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Fig. 10. Maximum and minimum Bond albedo, Ag, of WASP-3 b
depending on the assumed thermal model (see the text) and correspond-
ing minimum and maximum recirculation efficiency (top and bottom
panel, respectively).

spectral range covered by CHEOPS and Ag =0 otherwise. The
opposite limit case assumes Ag (4) = Ag™ at all wavelengths,
which leads to Ap** = Ag™. To compute the integrals in Eq. (2),
we used the synthetic spectrum in the BT-Settl library corre-
sponding to the parameters of WASP-3 (Allard et al. 2012). Our
results indicate that Ag has a weak dependence on the assumed
atmospheric model: regardless of the scenario, Ag increases
from ~0.16+0.06 to ~0.3+0.1 with increasing ¢ (Fig. 10, top
panel).

Cowan & Agol (2011) discuss a simple atmospheric energy
budget and relate the dayside effective temperature, Ty, to the
Bond albedo, Ag (the fraction of incident stellar light not
absorbed by the planet) and the recirculation efficiency, € (the
homogeneity by which the absorbed stellar energy is distributed
across the planetary surface):

R 1/4
Ty = Tet 7* ¢! —ABW“(— - —e) : 3)

Inverting Eq. (3) yields

1 Ta\'a ) 12
6‘5[8_('&5) (R_) 1—AB]' @

Equation (4) indicates that € decreases as Ag increases. This is
due to the fact that for a fixed T4 the model allows for a more effi-
cient energy recirculation from day- to nightside (higher €) when
more incident stellar light is absorbed by the atmosphere (low
Ap). Plugging in the Ty and Ap estimates discussed above and
propagating the corresponding uncertainties we derived that the
assumptions of minimum and maximum Ag lead to € predictions
compared with the 10 uncertainties (Fig. 10).

Figure 10 also shows that the € estimates according to dif-
ferent thermal models are all consistent with each other; the
differences are much smaller than the 1o uncertainties. They
all agree in indicating an almost complete energy recirculation
(€ 5 1). This result would lead to a perfectly isothermal planetary
surface, an unrealistic scenario that we discuss in Sect. 6.
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6. Discussion and conclusion

With the aim of characterizing the climate of the HJ WASP-3 b,
in this paper we have analyzed the CHEOPS, TESS, and Spitzer
photometry of the secondary eclipses of the planet. We find
that the planetary atmosphere has a maximum Bond albedo of
0.3+0.1 and likely has an efficient energy redistribution. WASP-
3 b is thus as reflective as similar ultra-hot Jupiters (UHJs) but
does not fit the general expectation of low € proposed by Cowan
& Agol (2011).

From a theoretical perspective, the temperature contrast
between the day- and nightside of HJs is governed by the
presence of strong advective latitudinal winds in the plane-
tary atmospheres (Komacek & Showman 2016, and references
therein). The efficiency by which energy is redistributed from
the day- to the nightside decreases as Tj. increases (see Table 6)
because the timescale of irradiation becomes shorter than the
advective timescale (see also Perez-Becker & Showman 2013;
Schwartz et al. 2017; Parmentier & Crossfield 2018; Baeyens
et al. 2021). More specifically, the day—night temperature con-
trast is highest for ultra-hot planets with Tj, > 2000 K (Helling
et al. 2023). Accordingly, WASP-3 b is in the ultra-hot temper-
ature regime where heat recirculation is expected to be low, in
contrast with our finding.

Similarly, Zhang et al. (2018) and May et al. (2021) col-
lected observational evidence that the phase curves’ offset of
HIJs decreases with increasing Tj;;. This results hints to the pres-
ence of zonal winds that make the redistribution of the energy
less efficient in the atmosphere of highly irradiated HJs like
WASP-3 b.

Furthermore, for UHJs similar to WASP-3 b, a clear dayside
that is too hot for cloud formation and a cloudy nightside is pre-
dicted from 3D climate models (e.g., Helling et al. 2019b, 2023;
Roman et al. 2021; Parmentier et al. 2021). The backwarming
effect due to clouds will warm up the nightside and thus reduce
the day-to-nightside temperature gradient, reducing the horizon-
tal wind speeds and thus the efficiency of horizontal heat transfer
even more (Roman et al. 2021; Parmentier et al. 2021). Roman
et al. (2021) predict low day side albedos, <0.15, consistent with
our findings on WASP-3 b.

Theoretical predictions from 3D climate models and
observed phase curve offsets consistently suggest that highly
irradiated UHJs like WASP-3 b should be characterized by low
values of the recirculation efficiency, €. Conversely, our analysis
suggests that the atmosphere of WASP-3 b efficiently redis-
tributes energy from the dayside to the nightside, leaving the
possibility that mechanisms for energy redistribution other than
advective winds are at play. One possibility that has emerged in
the last years is that for planets with Tj, > 2500 K the tempera-
ture of the dayside is high enough to dissociate the H, molecules.
This ionized gas then recombines, crossing the limbs and reach-
ing the nightside, where lower temperatures enable molecular
recombination and the consequent energy release. This scenario
is supported by several studies (Bell & Cowan 2018; Tan &
Komacek 2019; Mansfield et al. 2020; Helling et al. 2021, 2023)
and is consistent with the irradiation temperature of WASP-3 b
(Table 4).

The conundrum of a large recirculation efficiency can be
an artifact of either the model depicted in Eqgs. (3)-(4) or our
assumed physical parameters. For example, € has a strong depen-
dence on the brightness temperature: by assuming a higher Ty of
2400 K (statistically consistent within 20~ with the estimate dis-
cussed in Sect. 5.1), € decreases to a lower value of ~0.4, with
an uncertainty that makes it consistent with O within 1o
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One possible explanation for our underestimation of the day-
side brightness temperature is the presence of optical absorbers
in the atmosphere of WASP-3 b. For example, in Fig. 7 we show
that if TiO is present in the atmosphere, then CHEOPS and
TESS probe higher and hotter atmospheric layers than Spitzer.
This can potentially increase T4 enough to reconcile € with the
expectations. Recently, Roth et al. (2024) revisited the question
of TiO cold-trapping from the gas phase in HJs (Parmentier
et al. 2013). These authors predict that there is a transition at
T.; = 1800 K from HJs with low abundances of TiO in the
gas phase toward UHJs with significant abundances of TiO. A
transition in dayside brightness at 1800 K was also inferred
from a statistical analysis of a Spitzer eclipse observation
(Deming et al. 2023). The slight thermal inversion inferred from
atmosphere retrieval appears to confirm that WASP-3 b lies
in a transition region where TiO abundances may be affected
by cloud formation. However, neither Roth et al. (2024) nor
Deming et al. (2023) performed microphysical modeling that
studies the TiO abundances affected by cloud formation. Micro-
physical cloud models like DRIFT (e.g., Helling & Woitke 2006)
provide further insight. Helling et al. (2023, Fig. 15) and Helling
et al. (2019a, Fig. A12) demonstrate that the TiO abundances are
substantially affected by condensation processes into, for exam-
ple, TiO,, which can indeed occur on the dayside of planets in
this temperature transition region. At the same time, aerosols of
highly diverse compositions can form in the upper atmosphere
and reduce the oxygen abundance — if the temperature is cold
enough to allow a thermal stability of these particles. If TiO is
abundant enough to force a strong upper atmosphere temperature
inversion on the dayside of a HJ, then the resulting high tem-
peratures inhibit aerosol formation (Helling et al. 2023, Fig. 15).
Thus, the formation of upper atmosphere temperature inversions,
TiO abundances, and the absence or presence of high-altitude
aerosols go hand in hand. Answering the question of whether
aerosols form on the dayside of WASP-3 b and contribute to the
observed albedo, however, requires a dedicated microphysical
nucleation model and better constraints of the TiO abundances
for this planet. In any case, WASP-3 b is a highly interesting tar-
get for further in-depth characterization to address, for example,
TiO nucleation, cloud dissipation, and the nature of high-altitude
aerosols on the dayside of HJs.

Moreover, under the assumption of different instruments
probing different atmospheric layers, to have a comprehensive
view, it is necessary to model how the physical and chemical
conditions vary with atmospheric height. This dependence can
potentially disprove the assumptions of the analytic model pro-
posed by Cowan & Agol (2011). In this regard, the unexpected
high € could be an artifact from adapting a simple atmospheric
model to a stratified atmosphere where complex processes are
at play. In conclusion, WASP-3 b is an interesting test case
for more in-depth future investigations aimed at validating and
constraining current atmospheric models for UHJs.

Data availability

The light curves, ancillary data and spacecraft house-
keeping data generated from the CHEOPS observations
of WASP-3 by the PIPE PSF-fitting photometry package
are available in electronic form at the CDS via anony-
mous ftp to cdsarc.cds.unistra.fr (130.79.128.5)
orviahttps://cdsarc.cds.unistra. fr/viz-bin/cat/1/
A+A/692/A129. The TESS observations of WASP-3 can be
obtained from the Mikulski Archive for Space Telescopes
data archive at the Space Telescope Science Institute (STScI)

(https://archive.stsci.edu). The Spitzer observations
of WASP-3 used in this analysis are available from the
Spitzer Heritage Archive (DOL:https://doi.org/10.26131/
IRSA543) held at the NASA/IPAC Infrared Science Archive
(https://irsa.ipac.caltech.edu/).
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