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ABSTRACT

Aims. We analyse unpublished Spitzer observations of the thermal phase-curve of WASP-121 b, a benchmark ultra-hot Jupiter.
Methods. We adopted the wavelet pixel-independent component analysis technique to remove challenging instrumental systematic
effects in these datasets and we fit them simultaneously with parametric light-curve models. We also performed phase-curve retrievals
to better understand the horizontal and vertical thermal structure of the planetary atmosphere.

Results. We measured planetary brightness temperatures of ~2700 K (dayside) and ~700-1100 K (nightside), along with modest peak
offsets of 5.9° + 1.6 (3.6 um) and 5.0°f§:‘]‘ (4.5 pm) after mid-eclipse. These results suggest inefficient heat redistribution in the atmo-
sphere of WASP-121 b. The inferred atmospheric Bond albedo and circulation efficiency align well with observed trends for hot giant
exoplanets. Interestingly, the measured peak offsets correspond to a westward hot spot, which has rarely been observed. We also report
consistent transit depths at 3.6 and 4.5 pm, along with updated geometric and orbital parameters. Finally, we compared our Spitzer
results with previous measurements, including recent JWST observations.

Conclusions. We extracted new information on the thermal properties and dynamics of an exoplanet atmosphere from an especially
problematic dataset. This study probes the reliability of exoplanet phase-curve parameters obtained from Spitzer observations when
state-of-the-art pipelines are adopted to remove the instrumental systematic effects. It demonstrates that Spitzer phase-curve observa-
tions provide a useful baseline for comparison with JWST observations, and shows the increase in parameters precision achieved with

the newer telescope.

Key words. planetary systems — planets and satellites: individual: WASP-121 b — planets and satellites: atmospheres —

techniques: spectroscopic — methods: observational

1. Introduction

WASP-121 b is an ultra-hot Jupiter (UHJ) orbiting around an
F6 V star in ~1.27d. Table 1 reports the stellar and plane-
tary parameters taken from its discovery paper (Delrez et al.
2016). WASP-121 b has been targeted by many follow-up studies,
based on its nature as an exoplanet amenable to characterisations
with various observing techniques. It is especially well suited
for atmospheric characterisation by both transmission and emis-
sion spectroscopy, owing to its high equilibrium temperature and
large size. Some researchers have proposed WASP-121 b as a
suitable target to further investigate its interior structure and/or
shape deformations (Akinsanmi et al. 2019; Hellard et al. 2020).

Shortly after the WASP-121 b discovery, Evans et al. (2016)
detected the 1.4pum water absorption band from a transit
observed with the Hubble Space Telescope (HST) using the
Wide Field Camera 3 (WFC3) with the G141 grism, covering
1.1-1.7 um. Evans et al. (2017) also detected H,O in emis-
sion, along with evidence of a stratosphere, using the same
instrument setup to observe the planetary eclipse. Earlier atmo-
spheric models of UHJs predicted temperature inversions to
occur due to absorption by metal oxides, such as TiO and
VO, in their upper atmospheric layers (Hubeny et al. 2003;
Fortney et al. 2008). Small features occurring at the blue edge
of the HST/WFC3 spectra of WASP-121 b have been tentatively

attributed to TiO and VO (Evans et al. 2017; Tsiaras et al.
2018). Based on subsequent transit observations obtained with
the HST/Space Telescope Imaging Spectrograph (STIS), cover-
ing 0.3-1.0 pm, Evans et al. (2018) confirmed the presence of
VO, but not TiO, at the terminator of WASP-121 b atmosphere.
Mikal-Evans et al. (2019) found evidence of H™ in the emis-
sion spectrum of WASP-121 b taken with HST/WFC3 using the
G102 grism (0.8—1.1 pm), but retracted the previous claim of VO
in emission. Mikal-Evans et al. (2020) refined H,O detection
and VO non-detection in the planet dayside by stacking multi-
ple eclipse observations taken with HST/WFC3 G141. Salz et al.
(2019) detected an excess of near-UV absorption (0.20-0.27 pm)
during three transits of WASP-121 b observed with the Ultravi-
olet/Optical Telescope (UVOT) onboard the Neil Gehrels Swift
Observatory. Sing et al. (2019) resolved exospheric MgII and
Fe 11 lines in the near-UV transmission spectrum observed with
HST/STIS.

Bourrier et al. (2020) and Daylan et al. (2021) reported two
independent analyses of long-term visible photometry of WASP-
121 from the Transiting Exoplanet Survey Satellite (TESS;
Ricker et al. 2014) showing strong phase-curve modulations.
Both studies measured a strong day-night temperature contrast
and a small offset between the maximum emission and substellar
points, suggesting low reflectivity and inefficient heat redistri-
bution in the planetary atmosphere. They also found evidence
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Table 1. WASP-121 system parameters.

Stellar parameters

T (K) 6460 + 140

log g.. (cgs) 42+02

[Fe/H]. (dex) 0.13 = 0.09

M, (M) 1.35 £ 0.08

R. (Ro) 1.46 + 0.03

Planetary parameters

Mp (MJup) 1.18 + 0.06

Ry (Ryup) 1.81 = 0.04

Tp,eq (K) 2358 + 52

a (au) 0.02544 + 0.00050
2.0 % 1077

P (day) 1.274925575 % 10

To (HIDpp) 2456 636.34578’:8:888{ (1)

Notes. From Delrez et al. (2016).

for a temperature inversion, partly caused by H™. Mikal-Evans
et al. (2022) analysed two spectroscopic phase curves observed
with HST/WFC3 G141, revealing variations in the H,O feature
that correspond to a thermal profile warming (cooling) with alti-
tude in the dayside (nightside). These data are consistent with
models predicting thermal dissociation of H,O on the dayside
and recombination on the nightside (Parmentier et al. 2018).
The James Webb Space Telescope (JWST) has recently observed
a full phase curve of WASP-121 b using the Near-InfraRed
Spectrograph (NIRSpec) with the G395H grism (2.70-5.15 um).
Mikal-Evans et al. (2023) published their first-look analysis of
the JWST/NIRSpec data, the results of which align well with
those in the previous literature.

WASP-121 b has also been the subject of numerous ground-
based observing campaigns. Kovécs & Kovdcs (2019) detected a
deep planetary eclipse in the 2MASS K band with A Novel Dual
Imaging CAMera (ANDICAM) attached to the 1.3-m telescope
of the SMARTS Consortium. Multiple studies based on the high-
resolution Doppler spectroscopy technique placed severe upper
limits on the possible presence of TiO and VO in gaseous form
(e.g. Merritt et al. 2020; Hoeijmakers et al. 2020). However, the
high-resolution spectra revealed a rich inventory of metals and
ions in the WASP-121 b atmosphere, including He, Nal, Fel,
Fer, Cr1, V1, Mg1, Ni1, Cal, Carr, K1, Li1, Sc11, Barti, Col,
and Sr1I (Ben-Yami et al. 2020; Cabot et al. 2020; Hoeijmakers
et al. 2020; Borsa et al. 2021; Merritt et al. 2021; Azevedo Silva
et al. 2022).

In this paper, we present the first analysis of two phase curves
of WASP-121 b observed with the Spitzer/InfraRed Array Cam-
era (IRAC) channels 1 and 2 (Fazio et al. 2004), which operate in
photometric passbands centred at 3.6 and 4.5 um, respectively.
These data were acquired by the end of January 2018 for the
Spitzer program ID 13242 (PI: Tom Evans). Using the wavelet
pixel-independent component analysis (ICA) pipeline (Morello
et al. 2016), we overcome the issues of strong instrumental sys-
tematic effects that may have prevented their publication so far.
We validate the robustness of our results, comparing them with
those from recent JWST observations in similar passbands.

Section 2 presents the Spitzer/IRAC observations of WASP-
121 b phase curves. Section 3 describes the procedure adopted
in this work to analyse the data. Section 4 reports our results,
including the transit and phase-curve parameters, and derived
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atmospheric properties. Section 5.1 discusses the atmospheric
properties of WASP-121 b with more details, including the
results of phase-curve retrievals. Section 5.2 compares our
results with those from previous observations to obtain a more
complete picture of the atmosphere of WASP-121 b, and puts
them in the context with other UHJs. Section 6 summarizes the
conclusions of our study.

2. Observations

We analysed two phase curves of WASP-121 b observed with
Spitzer/IRAC for the program ID 13242 (PI: Tom Evans).
Each visit consists of four consecutive astronomical observation
requests (AORs) spanning approximately 39 hr, including one
transit and two eclipse events. The observations were taken using
IRAC sub-array readout mode with 2s frame time (Fazio et al.
2004). In this mode, 64 frames are taken consecutively, with a
delay of 1.27 s after reset. In total, 69 184 frames were acquired
per visit, split unequally across the four AORs, but analogously
for the two visits. The first visit made use of IRAC channel 2, that
is, photometric filter with ~4.0-5.0 um passband and effective
wavelength of 4.5 um. The second visit made use of IRAC chan-
nel 1, that is, photometric filter with ~3.2-3.9 um passband and
effective wavelength of 3.6 um. Table 2 summarises the main
details of the observations.

3. Data analysis
3.1. Raw photometry extraction

We downloaded the basic calibrated data (BCD, files extension
‘_bed.fits’) from the Spitzer Heritage Archive (Wu et al. 2010).
The BCD are flat-fielded and flux-calibrated frames (Fazio et al.
2004; IRAC Instrument & Instrument Support Teams 2021).
We extracted the pixel time series from 5 X 5 arrays where
the central pixel records the highest flux in most frames within
an AOR. The raw light curves were computed as the sum of
pixel time series from the 5x5 arrays. We note that the selected
array could vary between AORs within the same visit. We also
attempted to use a single array for each entire visit, but this
choice increased the photometric offsets between AORs and
degraded the performance of our data detrending method.

We flagged and corrected outliers in the raw light curves
through the following procedure. First, we computed the
smoothed reference light curves as the sliding window medi-
ans of binned raw light curves. We adopted a bin size of 64,
corresponding to the original data cube size, and a sliding win-
dow size of five. Second, we computed the reference noise level
for the unbinned raw light curves as the median of the moving
standard deviation with a sliding window of five. Third, we iden-
tified outliers as those points that are more than 5o~ away from
the smoothed references. Fourth, we replaced the sets of con-
secutive outliers with the vector means of the adjacent sets, or,
equivalently, via a linear interpolation in the case of isolated out-
liers. The replacements were applied to all pixel light curves, and
not just to the raw light curves. We iterated the third and fourth
steps until there were no outliers left in the raw light curves.

Finally, we binned all the light curves by a factor of four,
corresponding to an integration time of 8s, to speed up the
following data analysis. The chosen bin size is a conserva-
tive one, being much smaller than the occultation timescales
(Kipping 2010). We could have adopted a larger bin size for
the parts outside the occultations, based on the phase curve
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Table 2. Spitzer/IRAC datasets analysed for this study.

Filter @ Prog.ID  AORs @ UT start date @ Nfames Mode @ Pip. @
Chl (3.6 um) 13242 64973056  2018-01-29 16:47:26 17536  sub,2.0 S19.2.0

” 64974080 2018-01-30 02:42:12 9408 ” ”

” 64973568 2018-01-30 08:03:03 21120 ” ”

” 64975104 2018-01-30 19:58:36 21120 ” ”
Ch2 (4.5 um) 13242 64974592  2018-01-27 03:53:22 17536  sub, 2.0 S19.2.0

” 64972544  2018-01-27 13:48:00 9408 ” ”

” 64974848 2018-01-27 19:08:43 21120 ” ”

” 64972288  2018-01-28 07:04:09 21120 ” ”

Notes.  IRAC channel and central wavelength. “ Astronomical observation requests. “Timestamp of the first frame of the AOR. ™Readout
mode and frame time in seconds. ’Pipeline version of the basic calibrated data.
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Fig. 1. Raw light curves obtained for the Spitzer/IRAC observations at 3.6 um (left panel) and 4.5 um (right panel), shown at the top and represented
by dots of different colours for each AOR. The relevant best-fit models, including instrumental systematics, are overplotted with solid lines. Note
that the second AOR of each visit was discarded from the light-curve fits. The bottom panels show residuals from the above light curves and models

(dots), and standard deviations (black lines).

timescales, but our choice also minimizes the impact of corre-
lated noise (Morello et al. 2022). Figure 1 shows the binned raw
light curves analysed in this work.

For illustrative purposes only, we calculated the coordi-
nates of the stellar centroid using the centre-of-light method,
as implemented by Morello (2015). Figure 2 shows the x and
y coordinates obtained for both visits. It appears by eye that the
centroids describe different loci in the x—y plane for each AOR.
Pointing is stable mostly within 1-2 tenths of the pixel side dur-
ing an AOR, then jumps abruptly by up to more than half a pixel
when starting a new AOR. The larger-than-usual discontinu-
ities likely make these datasets especially challenging to analyse
compared to other Spitzer/IRAC phase-curve observations (e.g.
Stevenson et al. 2017; Morello et al. 2019).

3.2. Data detrending

We applied the wavelet pixel-ICA technique, which is one
of the most efficient for detrending Spitzer/IRAC time series
(Ingalls et al. 2016). ICA is a blind source separation technique
with a wide range of applications, including many astrophys-
ical fields (e.g. Maino et al. 2002, 2007; Wang et al. 2010,
2013; Chapman et al. 2012; Waldmann 2012, 2014; Waldmann
et al. 2013; Damiano et al. 2017; Rodriguez-Montoya et al.
2018; Di Marcantonio et al. 2019). It performs a linear trans-
formation of input mixed signals into maximally independent
components (Hyvirinen 2001). The wavelet pixel-ICA technique
uses wavelet-transformed pixel light curves as input for the ICA
(Morello et al. 2016). It is an improvement on the pixel-ICA
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Fig. 2. Centroid coordinates of the Spitzer/IRAC images, using different colours for each AOR (as in Fig. 1). Note: there are pointing offsets of few

tenths of pixels between consecutive AORs.

technique, which instead used pixel light curves in the time
domain (Morello et al. 2014, 2015; Morello 2015). As in pre-
vious papers, here we applied a single-level discrete wavelet
transform (DWT) to the pixel light curves, but adopting the Haar
wavelet (Haar 1910) instead of the more complex Daubechies-4
one (Daubechies 1992). We checked, however, that the choice of
wavelet function does not noticeably affect the ICA transform.
The adopted ICA algorithm is MULTICOMBI (Tichavsky et al.
2008), as always. This time we wrapped the original MATLAB
source code for use in a Python script.

We initially tried to concatenate the pixel light curves from
multiple AORs to form a single set of input signals to be trans-
formed with ICA for each visit. Morello et al. (2019) successfully
adopted this approach to detrend Spitzer/IRAC phase curves of
WASP-43 b. The same approach failed on the WASP-121 b data
presented here, most likely due to larger pointing jumps between
consecutive AORs. Therefore, we decided to perform individual
ICA transforms for each AOR. We excluded the second AORs
from each visit. In fact, these AORs do not contain an astro-
physical signal with a well recognizable shape, such as a transit
or an eclipse. The lack of morphology makes it difficult to sep-
arate the astrophysical component from the instrumental ones.
For all other AORs, we identified the first [ICA component as
the astrophysical one, containing a clear transit or eclipse signal.
Following the usual procedure, these astrophysical components
were discarded from the light-curve fits, being replaced by an
astrophysical light-curve model. The other 24 components of
each AOR were attributed to instrumental systematic signals.

3.3. Light-curve models

Our phase-curve model approximates the planetary flux with a
double sinusoid,

Fy=co+cicos[2n(¢" — ¢))] + cocos [4n (¢" — ¢5)], (1)
where ¢’ = ¢ — Adyq is the orbital phase corrected for the light
travel delay. The orbital phase is
t—Ty

5 -
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¢ = n, (@)

Table 3. Limb-darkening coefficients for WASP-121.

Exponent” Chl (3.6pum) Ch2 (4.5 um)
172 0.354241 0.341362
1 -0.134867 -0.211578
32 0.068047 0.150017
2 -0.017143 -0.045761

Notes. ?Of the power term from the four-coefficient law (Claret 2000).

where T is the epoch of transit, P is the orbital period, and n
is an integer number usually chosen such that —1 < ¢ < 1. The
light travel delay accounts for the displacements of the planet
along the line of sight with respect to inferior conjunction. For a
circular orbit,

asini[l — cos (27¢)]
cP ’

where a and 7 are the orbital semimajor axis and inclination, and
c is the speed of light.

We adopted PYLIGHTCURVE! (Tsiaras et al. 2016) to model
the occultations, which is based on the formalism from Pal
(2008). We computed the stellar limb-darkening coefficients
through ExoTETHyS?> (Morello et al. 2020a,b), using spectral
model grids from the PHOENIX library (Claret et al. 2012, 2013;
Husser et al. 2013) and the so-called claret-4 parametrisation
(Claret 2000). Table 3 reports the limb-darkening coefficients
for both Spitzer/IRAC passbands.

Adya = ©)

3.4. Data fitting

We performed similar independent fits on both visits, taken sep-
arately. For each visit, we simultaneously fitted the light-curve
model and instrumental systematic effects to the raw light curve,
discarding the second AOR. For each AOR segment consid-
ered, we fit a linear combination of the light-curve model and

! https://github.com/ucl-exoplanets/pylightcurve
2 https://github.com/ucl-exoplanets/ExoTETHyS
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Table 4. Prior probability distributions of the fitted parameters.

Parameter (units) Prior

pO® U©O, 1)

P (days) @ N(1.2749255,2.5 x 1077)
Ty (HIDpg) @ U(2456635.54895, 2456635.86769)
b()® U©,1)

T4 (h) @ U(0, 8.6616)

a (au) @ N(0.02544,0.00050)

co () @D UuQo, 1)

cp () @D U-1,1)

¢ ()0 U(-0.5,0.5)

ey ()P U-L1)

¢ () D U(-0.5,0.5)

Naor My sr™h) @i q3(0,3000)

kica () @ U™*(-100, 100)

Notes. U(a, b) denotes a uniform prior delimited by a and b; N(u, o)
denotes a normal prior with u mean and o width; literature values were
taken from Delrez et al. (2016), alias D16. Parameters: ©planet/star
radius ratio, p = R,/R.; @orbital period, normal prior from D16;
@iepoch of transit, uniform prior interval centred on D16 value with
width equal to 0.25 P; ®impact parameter, b = a cos i/R.; Ptotal tran-
sit duration from first to fourth contact, uniform prior interval from 0
to 3 x D16 value; “orbital semimajor axis, normal prior from D16;
“idphase-curve parameters defined in Eq. (1); “@scaling factors for the
light-curve model, independent for each AOR; “scaling factors for the
ICA components.

24 ICA components attributed to instrumental signals. The scal-
ing factors for the light-curve model and the ICA components
of different AORs were independent parameters. The astrophysi-
cal parameters were planet-to-star radius ratio (p), orbital period
(P), epoch of transit (Ty), impact parameter (b), total transit
duration (T4), orbital semi-major axis (a), and five phase-curve
parameters (as in Eq. (1)). These parameters were shared among
the AORs of the same visit.

Table 4 reports the Bayesian priors assigned to the 86 free
parameters listed above. We set large uniform priors for almost
all parameters. The orbital period and semi-major axis are
wavelength-independent parameters that are very well known
from previous observations, for which we adopted normal pri-
ors based on the results from Delrez et al. (2016). We performed
a preliminary optimisation using scipy.optimize.minimize
with the Nelder—-Mead method (Nelder & Mead 1965). The root
mean square (rms) of the corresponding residuals was assigned
as the error bar to each photometric point, which is typically
larger than the nominal error bars. Then we ran emcee (Foreman-
Mackey et al. 2019) with 300 walkers and 200000 iterations.
Each walker was initialised with a random value close to the
preliminary parameter estimate. The first 50 000 iterations were
discarded as burn-in.

3.5. Alternative fits

We tested fitting a phase-curve model with a single sinusoid,
namely, fixing c; = 0 in Eq. (1). The corresponding results were
not preferred, as explained in Sect. 4.1. We also tried fixing
the geometric and orbital parameters to better constrain the dif-
ference in transit depth between IRAC passbands, as discussed
in Sect. 4.2. These tests were not used to calculate the final
parameters reported in Table 5.

4. Results

Figure 1 shows the best-fit models to the raw light curves and the
corresponding residuals. The rms amplitudes of the normalised
residuals are 2.45 x 1073 for the 3.6 pm visit, and 2.81 X 1073
for the 4.5 um visit. We estimated them to be ~28.7% and 6.8%
above the photon noise limit. Figure 3 shows the rms amplitudes
of the binned residuals versus the bin size. The 4.5 pm residuals
show no significant deviations from the theoretical behaviour of
white noise. The 3.6 um residuals present a modest amount of
correlated noise, as is often the case for observations with this
IRAC channel (e.g. Maxted et al. 2013; Stevenson et al. 2017,
Zhang et al. 2018; Dang et al. 2022).

4.1. Model selection

We compared the phase-curve models with a single or dou-
ble sinusoid, as described in Sects. 3.3-3.5. We considered the
Bayesian information criterion (BIC; Schwarz 1978) and the
Akaike information criterion (AIC; Akaike 1974) to guide our
model selection. For the 3.6 um observation, the double sinusoid
is statistically preferred according to both criteria with ABIC =
—52 and AAIC = —67. We note that |[ABIC| > 10 (or |AAIC| >
10) indicates a very strong evidence in favour of either model,
based on the scale by Raftery (1995). For the 4.5 um observa-
tion, the analogous differences have opposite sign, ABIC = 18
and AAIC = 2.7, thus favouring the single sinusoid model. We
note that [AAIC| ~ 2 indicates a weak statistical preference for
the model with the lowest AIC.

Finally, we selected the results obtained with the double sinu-
soid model for both observations. The choice to adopt the same
parametrisation for both observations was taken to ensure homo-
geneity in their analyses. In fact, we expect the same physical
phenomena to be present in observations of the same system at
multiple wavelengths, albeit with different relative amplitudes
and/or signal-to-noise ratios (S/Ns). Additionally, the double
sinusoid parametrisation is more flexible and includes the single
sinusoid as a special subcase. Even if the second sinusoid were
superfluous to reproduce the 4.5 um data, the fit should find a
null amplitude (c; ~ 0) without biasing the other parameters.

Indeed, the fits with single and double sinusoid led to 1o
consistent results for the 4.5 pm observation, and slightly more
conservative error bars by up to ~10% when using the more com-
plete parametrisation. As expected, the differences between the
two sets of results for the 3.6 um observation are more signif-
icant, sometimes exceeding the 30 level. The single sinusoid
led to unphysical results for the 3.6 um phase curve, such as a
negative nightside flux within ~2¢. This issue is overcome by
adopting the double sinusoid model.

4.2. Transit and phase-curve parameters

Table 5 reports the best-fit parameters and others derived
from those. The corresponding corner plots are presented in
Appendix A. The transit geometric and orbital parameters esti-
mated independently from the two observations are consistent
within 1o-. There is no evidence of different transit depths (p?)
at 3.6 and 4.5 um within their error bars of 120-130 ppm. We
also attempted to fit both light curves with fixed geometric and
orbital parameters (b, P and a) to reduce their degeneracies with
transit depth. When fixing the above parameters, the differential
transit depth slightly increased from 60 to 100 ppm, which is still
below the 1o error bars.

A54, page 5 of 14
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Table 5. Posterior distributions of the fitted and derived parameters.

Parameter (units) Chl (3.6 um) Ch2 (4.5 pm)
Fitted
pQ 0.1228 + 0.0005 0.1231 + 0.0005

P (days) 1.2749255 + 2.5 x 1077 1.2749255 + 2.5 x 1077

Ty (HID1pg) 2456 635.7066 + 0.0003 2456 635.7065 + 0.0003

b() 0.24f8;% 0.15f8:?3

T14 (h) 2.926*901¢ 2.909* 901

a (au) 0.02544 + 0.00050 0.02544 + 0.00050

Derived (transit)

p? (x1072) 1.508 = 0.012 1.514 + 0.013

ap () 3.71 £ 0.07 3.79j8:82

i (deg) 86.23:3 878 + 14
Derived (phase curve)

Fg’;AX (x1073) 4.23 £ 0.08 5.09 £ 0.09

Fﬁ’i'}/th (x1073) 0.05 £ 0.24 0.71 £ 0.27

A¢daAX (deg) 59+16 S.Ojgj‘

A xg’}i (deg) -31+6 45+29

TYAX (K) 2670+3 270010

Tnigg (K) 710j%¥8 1130i}gg

Ay () 0.37:007 0.32+008

£0) 0.013+0034 0.077:00:0

F(¢' = 0.5) (x1073) 4.21 + 0.08 5.08 = 0.09

F(¢' = 0) (x1073) 0.22 + 0.26 0.72 + 0.27

7:"p(¢’ =0.5) (K) 26651518 2700f;8

Tp(¢" = 0) (K) 810f§?g 1130jgg

100_

10—1_

Normalized rms

1072

100 10T 102

nightside minimum fluxes ( FMIN
night

sets from mid-transit and mid-eclipse time (A(f)g’;’y*x and A(f%&i )

We used the ExoTETHyS.BOATS subpackage (Morello et al.

2021) to determine the brightness temperatures correspond-
MAX _

ing to the measured planetary fluxes. We obtained F' =
day

(4.23 £ 0.08) x 1073 and (5.09 + 0.09) x 103 at 3.6 and 4.5 pm,

corresponding to similar brightness temperatures of ng;\x =
2670:5“5) and 270028 K, respectively. The two phase-curvlsI /gl(ax-

ima occur with slight offsets after mid-eclipse, A¢ day =

5°9 £ 1°.6 and 5°.0%3} at 3.6 and 4.5 um, respectively. We

could only place an upper limit of FMIN = (0.05 + 0.24) x 1073

night
on the 3.6 pm nightside minimum flux, corresponding to Tﬁ:ﬂfj =
ght

710270 K. We also measured Fﬁfglm = (0.71 + 0.27) x 1073 at

4.5 um, corresponding to TNIN = 1130*;%0 K. Following the

formulation by Cowan & Agol (2011), we estimated the Bond

FMAX and

) and their phase off-

Bin size albedo (Ap) and circulation efficiency (&) from the brightness

: _ +0.07 _ +0.034

Fig. 3. Normalized rms of residuals as function of bin size for the temperatures. We Obtalriz%SAb = 0372000 jr(lmdog = 0013713
3.6 um (blue) and 4.5 pm (red) visits. The unit bin size is 8s. Depend-  (3-0 um), and Ay = 0.327)77 and & = 0.077% 5., (4.5 pm).

ing on the bin size, a few points are discarded at the beginning of each
AOR to avoid bins over the gaps between AORs. The black dashed line
shows the theoretical behavior for Gaussian residuals.

From the posterior distributions of the phase-curve coef-
ficients, we numerically calculated the dayside maximum and
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5. Discussion
5.1. WASP-121 b atmosphere overview

The dayside emission spectrum of WASP-121 b, limited to the
Spitzer/IRAC 3.6 and 4.5 pm passbands, is consistent with that
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Fig. 4. Parametric Spitzer phase curves with error bars based on Eq. (1) and best-fit models from our 1.5D phase-curve retrieval. The dashed
vertical lines indicate the position of the hot spot’s centre. Note: the orbital phase has been corrected for the light travel delay, so that mid-eclipse
occurs at ¢’ = 0.5. Left: chemistry is fixed at Z, = 1 Z; Right: chemistry is fixed at Z, = 10 Z,.

of a blackbody at 26801?2 K (weighted average). The nightside
emission is also consistent with that from a blackbody with
1100*)55 K. From this data, there is no evidence of molecular
species either in emission (blackbody spectra) or in transmis-
sion (constant transit depths). The strong day-night contrast and
small peak offsets point towards inefficient heat redistribution
in the WASP-121 b atmosphere. Based on the weighted average
blackbody temperatures, we report & = 0.07t8:8‘51. An interesting
feature from both phase curves is the indication of a westward
hot-spot offset, in the opposite direction to that predicted by most
global circulation models (GCM) of hot Jupiter atmospheres
(e.g. Showman & Guillot 2002; Showman et al. 2009; Perna et al.
2012; Mendonga et al. 2016; Deitrick et al. 2020). Although they
are rare, westward hot-spot offsets have been previously reported
for a few hot Jupiters (Armstrong et al. 2016; Dang et al. 2018;
von Essen et al. 2020) and predicted theoretically (Rogers &
Komacek 2014; Rogers 2017; Hindle et al. 2019).

We performed phase-curve retrievals with the phase-curve
plugin (Changeat & Al-Refaie 2020; Changeat et al. 2021) of
TauREx 3.1 (Al-Refaie et al. 2021, 2022), the latest version
of the TauREx software (Waldmann et al. 2015a,b). For the
atmosphere, we assumed three homogeneous regions: hot spot,
dayside, and nightside. We computed the emitted flux at given
phases using a quadrature integration scheme and fit all the
phases for both channels in a single run. Each region is described
by a plane-parallel atmosphere composed of 100 layers with
pressures ranging from 10 to 107 bar in log scale. In princi-
ple, multiwavelength phase-curve observations may constrain
the chemistry of exoplanet atmospheres (e.g. Stevenson et al.
2014; Kreidberg et al. 2018; Arcangeli et al. 2019), and thus
potentially inform us about their formation and evolution path-
ways (e.g. Madhusudhan et al. 2014; Turrini et al. 2021; Cevallos
Soto et al. 2022). However, the information content in regard
to the chemistry is relatively low and is degenerate in Spitzer
data, especially if the thermal structure is also unknown, so we

coupled the chemistry between the three regions of the planet
and assumed chemical equilibrium. In the retrievals, the val-
ues for the metallicity (Z,) and the carbon-to-oxygen ((C/O),)
ratio were left fixed. We tested runs with Z, = 1-10 Z; and with
(C/0), = 0.1-1.0. The thermal profiles were described using a
two-point profile with two freely moving nodes. In this model,
the hot-spot region is defined by its location and size. We ini-
tially attempted to recover both parameters from the data but
this led to nonphysical solutions. This issue may occur because
with Spitzer data only, the hot-spot size is degenerate with the
thermal structure. A similar behaviour was found and explored
in more detail in Changeat et al. (2021); Changeat (2022), even
when the HST data are combined with Spitzer data. We there-
fore fixed the hot-spot size to 40°, but left the hot-spot offset as
a free parameter. For the nightside region, we modeled clouds
using an opaque grey cloud model and fitted for the cloud pres-
sure top deck. The parameter space of this phase-curve model
was explored using the MultiNest algorithm (Feroz et al. 2009;
Buchner 2016) with 512 live points and an evidence tolerance of
0.5. The priors were chosen to be uninformative, i.e., uniform
priors with large bounds. More specifically, the hot-spot offset
was allowed to vary between —50° and 50°, the temperature of
the T-p nodes between 300 K and 6000 K, and the pressures of
the T-p nodes as well as the top of the cloud deck were explored
on the full extent of the atmosphere.

We show in Fig. 4 the Spitzer observations, calculated from
the posterior distributions of our parametric fit based on Eq. (1),
and two recovered best-fit atmospheric models. The correspond-
ing retrieved thermal structures are shown in Fig. 5. While both
runs indicate the likely presence of a thermal inversion, the alti-
tude of the inversion cannot be inferred from this data as it is
degenerate with the chemistry.

Analysing the posterior distributions (see Fig. A.3) of our
atmospheric retrievals, we find that clouds are not required to
explain the WASP-121b Spitzer data. The hot-spot offset is
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Fig. 5. Retrieved thermal structures for the Z, = 1Z, (left) and Z, =
10 Z, (right) phase-curve retrievals, corresponding to the fits in Fig. 4.
The shaded regions are the 1 and 30 confidence levels. In both cases, a
thermal inversion is needed to explain the data.

consistent between the two Z, = 1Z, and Z, = 10 Z, retrievals,
around 9° westward.

Looking at the residuals in Fig. 4, we note some discrep-
ancies between our phase-curve models and Spitzer data. The
anti-correlated behaviour of 3.6 um and the 4.5 um residuals
suggest that the hot-spot offset, size, and temperature (shared
in our retrievals) might be different between the two observa-
tions. This potential difference in the hot-spot parameters could
be a consequence of atmospheric temporal variability or other
effects that are not accounted for by our analysis, such as the
observations probing different pressure regions, or remaining
systematic biases from our data reduction. We defer further
modelling efforts to future work, given the high level of com-
plexity required to reproduce both observations and difficulty
in constraining many atmospheric parameters using just two
photometric observations.

5.2. Comparison with other observations of the same planet
5.2.1. JWST/NIRSpec

The WASP-121 b phase curve was recently observed by
JWST/NIRSpec using the G395H grating as part of program
GO-1729 (PI. Mikal-Evans, co-P.I. Kataria). This observing
mode makes use of the NRS1 and NRS2 detectors, cover-
ing the 2.70-3.72 um and 3.82-5.15 um wavelength ranges.
Mikal-Evans et al. (2023) presented the results of their first
look analysis of the broadband light curves, integrated over each
detector passband. We note that the NRS1 and NRS2 pass-
bands largely overlap with those of Spitzer/IRAC channels 1 and
2, respectively. Hence, it makes sense to compare the results
obtained from Spitzer and JWST observations.

Figure 6 shows the comparison between physical parame-
ters from our Spitzer/IRAC data analysis and those based on
the JWST/NIRSpec observations reported by Mikal-Evans et al.
(2023). Figure 7 compares the corresponding phase-curve pro-
files. There is a good agreement between the two sets of param-
eters, albeit with larger error bars for the Spitzer/IRAC ones. In
particular, the two-points dayside emission spectra of WASP-121
b inferred from Spitzer/IRAC or JWST/NIRSpec are both con-
sistent with that of blackbodies. There is an apparent offset of
~80 K between the two sets of brightness temperatures, which is
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Fig. 6. Brightness temperatures inferred for the dayside (left panel)
and nightside (right panel) of WASP-121 b, shown at the top. Offsets
of the phase-curve maxima relative to conjunction (left panel), and
planet-to-star radii ratios (right panel), shown at the bottom. Parame-
ters obtained from the Spitzer/IRAC data are represented with blue and
red squares for channel 1 and 2, respectively. Those obtained from the
JWST/NIRSpec G395H data are represented with blue and red triangles
for NRS1 and NRS2, respectively.

not statistically significant. The nightside temperatures reported
for the Spitzer/IRAC and JWST/NIRSpec passbands have sim-
ilar trends, the bluer temperatures being ~200—400K lower
than the redder. While the difference for the JWST/NIRSpec
passbands is significant at the 120 level, the statistical signifi-
cance of the difference is decreased by the order-of-magnitude
larger error bars for the Spitzer/IRAC measurements. The phase-
curve maxima present different offsets from mid-eclipse, rang-
ing from modest eastward to westward hot-spot positions for
JWST/NIRSpec and Spitzer/IRAC measurements, respectively.
The reported JWST/NIRSpec offsets are 3.36° + 0.11° (NRS1)
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Fig. 7. Parametric phase-curve profiles for the Spirzer/IRAC obser-
vations analysed in this study (solid lines with error bars) and
JWST/NIRSpec G395H inferred from Mikal-Evans et al. (2023; dot-
ted lines). The vertical lines indicate the position of the maxima.

and 2.66° + 0.12° (NRS2) prior to mid-eclipse. These differ-
ences may reveal the variable weather of WASP-121 b (Cho
et al. 2003, 2021; Skinner & Cho 2022), or could be caused by
instrumental systematic effects (Murphy et al. 2023). The planet-
to-star radii ratios obtained in the Spitzer/IRAC passbands are
consistent with the JWST/NIRSpec measurements within 1o
The redder passbands have larger radii ratios at the 120 level
for JIWST/NIRSpec. The Spitzer/IRAC measurements present a
similar, but smaller, trend, that is not significant due to much
larger error bars.

5.2.2. Spitzer/IRAC

Two other eclipses of WASP-121 b were observed with each
of the Spitzer/IRAC channels in 2017, as part of the pro-
gram ID 13044 (PI: Drake Deming). Garhart et al. (2020)
reported lower dayside temperatures of 2490 + 77K (3.6 um)
and 2562 + 66K (4.5 um) for WASP-121 b, based on those
eclipse observations. The corresponding planet-to-star flux ratios
reported by Garhart et al. (2020) are (3.685 + 0.114) x 1073 and
(4.684 + 0.121) x 107, which are smaller than our measure-
ments by 545 and 406 ppm, respectively. These differences could
be caused by the phase-blend effect (Martin-Lagarde et al. 2020),
that was likely neglected by Garhart et al. (2020). We estimated
this effect for the 4.5 um eclipse using ExoTETHyS.BOATS,
assuming the dayside and nightside temperatures reported in
Table 5 and the 8.5-h duration of the Spitzer AORs. Indeed, the
resulting phase-blend bias was =391 ppm, which is very simi-
lar to the discrepancy between the flux ratio reported by Garhart
et al. (2020) and our value (—406 ppm).

5.2.3. HST/WFC3

Mikal-Evans et al. (2022) analysed two phase curves of WASP-
121 b observed with HST/WFC3 using G141 grism, which are
spectrally resolved over 1.1-1.7 um. They reported dayside and
nightside spectra with significant deviations from blackbody
spectra, which they attributed to emission and absorption of
H~ and H,0. Nonetheless, they adopted the brightness tem-
peratures derived from the blackbody fits for the dayside and
nightside hemispheres to estimate the Bond albedo and cir-
culation efficiency of WASP-121 b atmosphere, finding Ay =
0.14 + 0.08 and £ = 0.29 + 0.02. We calculated the corre-
sponding brightness temperatures to be Tq,y = 2760 + 100K

and Tyigne = 1665 + 65K (not reported by Mikal-Evans et al.
2022). These HST/WFC3 observations suggest significantly
lower Bond albedo, higher circulation efficiency and nightside
temperatures than those that we obtained from Spitzer/IRAC
observations. However, given the different wavelength ranges
probed by HST and Spitzer observations, these apparent dis-
crepancies do not necessarily reveal physical odds, but rather the
limits of an oversimplified model behind these calculations.

Keating & Cowan (2017) pointed out that HST/WFC3 bright-
ness temperatures can be overestimated due to neglecting the
reflected star light component, namely, interpreting the observed
flux from the planet dayside as pure emission. We calculated the
reflected light component integrated over the HST/WFC3 G141
passband to be ~92 ppm in eclipse, assuming a geometric albedo
of 0.32 (equal to the Bond albedo from Spitzer/IRAC channel 2).
Neglecting this component could bias the inferred dayside tem-
peratures by about +50 K, but it should not affect the nightside
temperature estimates.

Changeat et al. (2022) performed joint retrievals on a suite
of emission and transmission spectra of WASP-121 b, based
on Spitzer/IRAC and HST/WFC3 observations. They retrieved
atmospheric temperatures, weighted by the contribution func-
tion, of 2602 + 53K for the dayside and 1386*3¢ K for the ter-
minator. We note that the terminator temperature is not informed
by the nightside spectrum and should be intermediate between
the dayside and nightside temperatures.

Concerning the phase-curve maxima, Mikal-Evans
et al. (2022) found modest offsets ahead of mid-eclipse
for HST/WFC3 broadband and spectroscopic light curves.
Their posterior median for the broadband light-curve fit is
APMAX ~ —6°, in the opposite direction of our Spitzer/IRAC

day
measurements.

5.2.4. TESS

The optical phase curve of WASP-121 b, as obtained from TESS
data, has an amplitude of ~400-500 ppm (Bourrier et al. 2020;
Daylan et al. 2021). The former study found two solutions consis-
tent with purely reflected starlight, leading to geometric albedo
of ~0.37, or pure thermal emission with T4y, = 2870 £ 50K
and Thigne < 2200 K (307). The latter assumed pure thermal emis-
sion with a different stellar template from Stassun et al. (2019),
leading to Tgay = 3012tig K and Thign = 2022f‘6%2 K. From the
second set of results (Daylan et al. 2021), we calculated Ay, =
0.05*0-8 and & = 0.40*)17. We note that infrared observations
provide tighter constraints on the atmospheric thermal prop-
erties, thanks to their larger phase-curve amplitudes and less
reflection. Even neglecting reflection, our Spitzer/IRAC error

bars on Ay, and € are 2—8 times smaller than TESS ones.

5.3. Comparison with other planets

WASP-121 b belongs the class of UHIJs, i.e., gas giants with
dayside temperature >2200K (Bell & Cowan 2018). This tem-
perature is above the condensation threshold of most species,
except highly refractory ones such as Al and Ti (Wakeford et al.
2017). For this reason, we may expect cloud-free dayside in UHJs
(Helling et al. 2021). The lack of a reflecting cloud layer should
also imply low geometric and Bond albedo (<0.2), as confirmed
by optical to near-infrared eclipse measurements (Mallonn et al.
2019). We estimated a higher Bond albedo of >0.3 from the
Spitzer/IRAC phase curves of WASP-121 b at 3.6 and 4.5 pm,
although their posteriors are consistent with A, = 0.2 within
20. Schwartz & Cowan (2015) highlighted a common trend of
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Table 6. Thermal phase-curve parameters of UHJs observed with Spitzer/IRAC.

Planet Wavelength (um)  Tgay (K) Thight (K) Aqbg/g}x (deg) Ap ) ()
WASP-19 b @ 3.6 2384+ 890*2%0 -105+40 035709 0.05%0:99
240 0.09 0.12
4.5 2357 + 64 1130729 -129+36 033709 0.13*0.12
HAT-P-7 b 3.6 2632 +77 <1360 20) 6.8 +75 0.18*01¢  <0.02 (20)
4.5 2682 49 1710 + 180 4.1+75 -0.13+922 0.35+0-12
WASP-76 b (@ 3.6 2471 +27 1518 £61  -0.68 £0.48 0247097 031 +0.04
4.5 2699 £32 1259 +44  -0.67+020 0.05+0.09 0.11779!7
WASP-33 b (i) 3.6 3082+£92 195243 -128+58 025009  0.34 +£0.06
4.5 3209+% 1498*11%  -198+3.0  02570%  012+0.03
WASP-121 b @ 3.6 267035 710*279 59+ 1.6 0.37+907 0.013+0:932
4.5 270019 1130+130 5031 0.32+0%8  0.077+0:94
KELT1b ® 3.6 2988 + 60 173*te -284+35  0.0979% 0.06+0:94
2 0.09 .
4.5 2902 + 74 1053+ _18.6 £5.2 0.19%59 0.05+0:95
WASP-103 b @ 3.6 2995 + 159 1523 +153  2.0+0.7 0.150.17 0.16+508
4.5 3154 £99 1288+ 118 —1.0+0.4 0.02#015 0.07+5:93
3.6 2744 + 48 1510 + 210 N.A. 0.38*019 0.2170:12
WASP-12 b i) 3.6 2813 +48 1760 + 97 N.A. 0.26*31  0.33 £0.06
4.5 2989 + 66 790 + 150 N.A. 0.24*0120.013+3013
4.5 2854 + 74 1340 + 180 N.A. 0.32%011 0.12+097
KELT-9 b @i 4.5 45667140 2556+49! -18.7421 0.29*014  0.23 +0.04

Notes. The brightness temperatures and hot-spot offsets were extracted from the literature, and used to calculate the Bond albedo and circulation

efficiency.

References. ?Wong et al. (2016); @May et al. (2021); @Zhang et al. (2018); @This work; “’Beatty et al. (2019); ®Kreidberg et al. (2018); “Bell

et al. (2019); ®“Mansfield et al. (2020).

measuring systematically higher Bond albedos from thermal
phase curves of gas giants (Ap ~ 0.35) compared to the geomet-
ric albedos inferred from visible eclipses (Ag ~ 0.1). This trend
holds, with a few exceptions, for more recent observations of
UHIJs (see Table 6).

The thermal phase curves of UHJs typically have large
amplitudes, corresponding to strong day-night contrasts, and
small hot-spot offsets. These properties indicate inefficient heat
redistribution. We derived € < 0.1 for most UHJs, the lowest val-
ues were obtained for WASP-121 b (see Table 6). There are no
evident trends between the irradiation temperatures of UHJs and
the observed thermal phase-curve parameters.

6. Conclusions

We analysed, for the first time, two thermal phase curves of
WASP-121 b taken with Spitzer. Despite these datasets being
affected by stronger than usual instrumental systematic effects,
we obtained meaningful information on the exoplanet atmo-
sphere. The measured brightness temperatures and transit depths
are consistent within 1o~ with those obtained from much more
precise JWST observations in similar passbands. We estimated
the Bond albedo and circulation efficiency of the WASP-121 b
atmosphere, which are similar to those of other UHJs. However,
we measured unusual westward hot-spot offsets, which are
significantly different from the JWST measurements. These
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discrepancies may hint at atmospheric variability or instrumen-
tal systematic effects. We further explored the possible thermal
profiles using phase-curve retrievals, which are coupled with
chemistry. Our analysis confirms the validity of Spitzer phase-
curves to infer exoplanet atmospheric properties. More precise,
spectrally resolved observations, such as those obtained with
JWST, will enable us to better understand their complex
behaviour.
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Appendix A: Corner plots

Figures A.1 and A.2 show the corner plots with the posterior dis-
tributions of astrophysical parameters obtained from the 3.6 um
and 4.5 um observations, respectively. Figure A.3 shows the cor-
ner plots for the atmospheric parameters retrieved from both
observations assuming Z, = 1Z; and Z, = 10 Z,.

(Rp/R+) x 10? = 12.28+3:32

il

T1a (hr) = 293382

i

LL (P—1.274925) x 107 (d) = 5.02+24]

LLL To (BTJD — 6635.708)x10* = —14.05+3%3

ax 102 (au) = 2.54%332

:
ki

Fitv x 10% = 4.23#308

N ].Ll\ Fhihe x 10% = 0.05+923
~ %
ol
\,8 D.Q
v\+ Q@)
<
& AOYAX x 107 = 1.63%342
Pas
Q
o |
g~
++N’ NS
) MIN 2 +1.80
8 “ AOMN x 102 = —8.697183
v >
® {
Q
x& ;
W N
N
VS\\@&\ K3 T e il b < il
; SO @Yo VOO0 O KOO 9,0 02O B
7R (B 0099,9 NRTOTOTANRTOT AT AT N

0 (‘\(\
+ <

$ $
\‘\: \r‘;j
® ¥

Fig. A.1. Posterior distributions of the light-curve fitting performed on the Spitzer/IRAC channel 1 data.
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Fig. A.2. Posterior distributions of the light-curve fitting performed on the Spirzer/IRAC channel 2 data.
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Fig. A.3. Posterior distributions of the atmospheric retrievals performed on the Spitzer data. Blue: retrieval with Z, = 1Z,; Red: Retrieval with
Z, = 10 Z,. Aps is the hot-spot offset of the mode. HS: Hot-spot. D: Day. N: Night. P, is the top pressure of the cloud deck.
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