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ABSTRACT

We present the detection and characterization of the secondary eclipse and the phase curve of the ultra-hot Jupiter WASP-33b, along
the in-detailed determination of the pulsation spectrum of the host star. To this end, we analyzed data collected by the Transiting
Exoplanet Survey Satellite (TESS) during Sector 18. WASP-33b belongs to a very short list of highly irradiated exoplanets that were
discovered from the ground and were afterwards visited by TESS. WASP-33b’s host star, of dScuti type, shows non-radial pulsations
in the milli-magnitude regime, with periods comparable to that of the primary transit. These completely deform the photometric light
curves, hindering our interpretations from them. Carrying out a detailed characterization of the pulsation spectrum of the host star, we
find 29 pulsations with signal-to-noise ratio higher than 4. After cleaning the light curve for the stellar pulsations we confidently report
a secondary eclipse depth of 425 + 32 parts-per-million (ppm), along with an amplitude of the phase curve of 100 + 12 ppm and a
corresponding offset between the region of maximum brightness and the substellar point of -13.6 + 6.2 degrees. This, in combination
with our derived bond albedo, Ag = 0.239 + 0.039, and heat recirculation efficiency, € = 0.191 + 0.007, reconfirm WASP-33b to be
similar in behaviour to other hot Jupiters, despite the high irradiation received from its host star. Connecting the amplitude of the phase
curve to the primary transit and secondary eclipse depths we determine the day and night-side brightness temperatures of WASP-
33b to be 3184 + 43 K and 1702 + 22 K, respectively, making WASP-33b one of the few planets having a set of three brightness
temperatures determined, one of such pairs derived in this work. Analyzing the stellar pulsations in the frame of the planetary orbit
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we find no signals of star-planet interactions.
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1. Introduction

Since August, 2018, the Transiting Exoplanet Survey Satellite
(TESS Ricker et al. 2015) has been scanning the southern and
northern ecliptic hemispheres in the search for planets around
bright stars. To date (March, 2020), TESS has detected the dim
of light during transit of ~1700 TESS Objects of Interest (TOIs),
out of which ~40 have been confirmed as exoplanets'. Several
TESS discoveries include the first Earth-sized planet (Dragomir
et al. 2019), an eccentric massive Jupiter orbiting a sub giant star
each 9.5 days (Rodriguez et al. 2019), and the first multi-planet
systems (Kostov et al. 2019; Giinther et al. 2019; Vanderburg
et al. 2019).

Besides the detection and characterization of brand-new sys-
tems, TESS has also been contributing with the in-depth study
of those previously detected from the ground. Some of TESS
contributions are the detection of a decrease in the orbital period
of WASP-4b (Bouma et al. 2019), and of particular interest to
this work, the characterization of the phase curve and secondary
eclipse depth of WASP-19b (Wong et al. 2019a), WASP-18b
(Shporer et al. 2019), WASP-121b (Bourrier et al. 2019; Daylan
et al. 2019) and KELT-9b (Wong et al. 2019b). For WASP-18b,
the precision in the photometry allowed Shporer et al. (2019)

! https://tess.mit.edu/publications/

to unveil sinusoidal modulations across the orbital phase, that
were shaped by the atmospheric characteristics of the planet and
by the gravitational interactions between planet and host star.
WASP-19b’s data revealed a strong atmospheric brightness mod-
ulation signal and no significant offset detected between the sub-
stellar point and the region of maximum brightness on the day-
side of the planet, in full agreement with what WASP-121b data
showed. It is clear from these discoveries, that TESS is at its full
potential to unveil the orbital phase curves of transiting exoplan-
ets.

One particular aspect that all the previously mentioned exo-
planets share is their high brightness temperature. Also showing
this particular feature, the ultra-hot Jupiter WASP-33b (Collier
Cameron et al. 2010) was also observed by TESS. So far, WASP-
33b is at the very top of a short list of highly irradiated, su-
per hot exoplanets, as the planet orbits a § Scuti star of spec-
tral type A, that oscillates with pulsations commensurable to
the transit duration and with amplitudes well within the milli-
magnitude regime (Smith et al. 2011; Herrero et al. 2011; von
Essen et al. 2014). So far, the planet has been thoughtfully in-
vestigated. Among others, observational data have revealed sev-
eral secondary eclipse depths at different wavelengths (Smith
et al. 2011; Deming et al. 2012; de Mooij et al. 2013; Haynes
et al. 2015; von Essen et al. 2015), a detailed characterization
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of the pulsation spectrum of the host star with the goal of deter-
mining planetary parameters from pulsation-cleaned light curves
(Herrero et al. 2011; von Essen et al. 2014), and the character-
ization of its atmospheric composition where aluminium oxide
was for the first time ever unveiled (von Essen et al. 2019). In
addition, space-based observations of WASP33’s phase curves
in the near infrared (Zhang et al. 2018) allowed the authors to
estimate the planetary brightness temperature, albedo and recir-
culation efficiency, finding WASP-33b to behave more like a hot
Jupiter, despite its unusually high irradiation level.

In this work we investigate the phase curve of WASP-33b
provided by TESS twenty three days of continuous monitor-
ing. We show in Section 2 a detailed description of the ob-
servations used to characterize the secondary eclipse and the
phase curve of WASP-33b. In Section 3 we dive into our re-
sults, where we present our analysis over the third light con-
tamination (Section 3.1), our update on the transit parameters
(Section 3.2) and our strategy to clean the light curves from tran-
sits to use them to determine the pulsation spectrum of the host
star (Section 3.3). We introduce our models to interpret WASP-
33b’s secondary eclipse and phase curve in Section 3.5. Once
these are determined, and the impact of the pulsations on the de-
rived values is well investigated (Section 4.1) we finish this work
with some conclusive remarks under Section 5.

2. Observations

WASP-33 (TIC identifier 129979528) was observed by TESS
during sector 18, more specifically during November 3" and
26", 2019, during cycle 2 and using camera 1. The data have
a cadence of 120 seconds and were analyzed and detrended
by the Science Processing Operations Center (SPOC) pipeline,
based on the NASA Kepler mission pipeline (Jenkins et al. 2016;
Jenkins 2017). Time stamps are given in Barycentric Julian Date
(BID1pg), and are in consequence not converted to other time
reference frame.

The light curve of WASP-33 can be seen in Figure 1. The
total time on target is of about 23 days, during which 16 primary
transits were observed. These are indicated with red lines in the
bottom of the figure. The first ~800 data points were not consid-
ered in our analysis, as they show noise structure that we believe
is extrinsic to the star.

In this work we present an analysis over the photometry pro-
vided by the TESS team, more specifically the light curve pro-
vided by the PDC msMAP correction method.

3. Results
3.1. Third light contamination

When analyzing photometric time series including exoplanetary
primary transits, special care has to be taken. In certain cases,
light of another star than the planetary host is included inside the
chosen photometric aperture, diluting the depth of the primary
transits (TBD: add citations). TESS cameras have a pixel size
of 21x21 arcseconds. Under these circumstances, when a light
curve is constructed co-adding the light of several pixels (see
Figure 2, top) it is very likely that the aperture will include light
from other stars than that of the host (Figure 2, bottom).
WASP-33’s first identified companion, WASP-33B, lies at
an angular separation of ~2 arcseconds and is, in conse-
quence, included inside TESS aperture. The sub-stellar ob-
ject was first reported by Moya et al. (2011) and then con-
firmed by Adams et al. (2013); Wollert & Brandner (2015);
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Fig. 1: Normalized flux of WASP-33 observed by TESS in black
circles. The pulsations of the star deform the continuum level.
The sixteen transits are indicated in the bottom of the figure with
red lines. The gap in the middle is caused by data download dead
time.

Ngo et al. (2016). Using years of follow-up observations, Ngo
et al. (2016) carried out a combined analysis and pinpointed
WASP-33 as a binary system candidate. Nowadays, WASP-
33 has been identified as a hierarchical triple star system
(Mugrauer 2019) with a second companion, WASP-33C, ~49
arcseconds away from the planet-host star. Owed to its ori-
entation (South-East from WASP-33), WASP-33C is not in-
cluded inside TESS aperture. A third star, located 23 arcseconds
North-West from WAP-33 (Gaia DR2 328636024020571008,
Gaia Collaboration et al. 2018, G = 14.6173 + 0.0005) is in-
cluded. In consequence, prior to the transit fitting we computed
the third light contribution of WASP-33’s companions within
TESS transmission response, namely that of WASP-33B and
Gaia DR2 328636024020571008.

Due to the nature of the system it is safe to assume WASP-
33 and WASP-33B to be at the same distance. In consequence,
we reproduced their emission with PHOENIX synthetic spectra
(Gottingen 2018) without the need of scaling the fluxes further to
account for distances. As PHOENIX spectra we used those with
stellar values effective temperature, T, ;r, metallicity, [Fe/H], and
surface gravity, log(g), closely matching the corresponding val-
ues of WASP-33 (Collier Cameron et al. 2010) and of the close-
in companion (Ngo et al. 2016). Their values are summarized
in Table 1. After convolving PHOENIX intensities with TESS
transmission response, we integrated the remaining fluxes and
computed their ratio. In this fashion, the third light contribution
of WASP-33B is Fwssp/Fwss = 0.018.

The case of Gaia DR2 328636024020571008 is slightly dif-
ferent as it is not bound to WASP-33 by gravity, not allowing us
to assume equal distances. Gaia Collaboration et al. (2018) esti-
mated its temperature to be ~5075 K, so we represented its emis-
sion using PHOENIX synthetic spectra for a main sequence star
of T = 5000 K. To compensate for the difference in distance,
we computed Gaia’s magnitude difference between WASP-33
(G =8.0700 + 0.0004) and this star, and we scaled PHOENIX
flux ratios of WASP-33 and Gaia DR2 328636024020571008 in-
tegrated within Gaia’s transmission response to meet the mag-
nitude difference. Then, we used this factor to scale down
the spectra inside TESS transmission response. Like this, the
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Fig.2: Top: Target Pixel File (TPF) of WASP-33 showing the
chosen aperture mask. No stars can be visually resolved. Bottom:
~4x4 arcmin field of view centered around WASP-33. The mask
and the pixels are schematized with white thick and thin lines,
respectively. WASP-33C, the bright star south from WASP-33, is
not included in the aperture. The field of view has been rotated
to be aligned with the ecliptic system.

third light contribution of Gaia DR2 328636024020571008 is
FGaia/Fw3s = 0.006. The final third light contribution used in our
model is the addition of these two.

3.1.1. Limb-darkening coefficients

In this work we adopted a quadratic limb-darkening law:

1

T = = = sl - ()
with corresponding linear (u#;) and quadratic (u#,) limb-darkening
coefficients (LDCs). In the equation, /(1) is the specific inten-
sity at the centre of the stellar disk and u = cos(y), where ¥
is the angle between the line of sight and the emergent inten-
sity. To compute our custom limb-darkening coefficients that
meet TESS transmission response we used angle-dependent,
specific intensity spectra from PHOENIX (Géttingen 2018) with
main stellar parameters corresponding to the effective tempera-
ture, T = 7400 K, surface gravity, log(g) = 4.5, and metallic-
ity, [Fe/H] = 0.00, closely matching the values of WASP-33 re-

ported in Table 1. Similarly done as von Essen et al. (2017) and
Claret & Bloemen (2011), we neglect the data points between
u =0 and u =0.064, as the intensity drop given by PHOENIX
models is too steep and potentially unrealistic. After integrating
the PHOENIX angle-dependent spectra convolved by TESS re-
sponse, we fitted the derived intensities normalized by its max-
imum values with Equation 1 with a simple least-square min-
imization method. The derived limb-darkening coefficients for
WASP-33 are u; = 0.236(3) and u, = 0.184(3). Errors for the co-
efficients are derived from y? maps, choosing the values of the
LDCs at which Ay? = 1. Throughout this work, limb-darkening
coeflicients are considered as fixed.

3.2. Primary transit

Even though the pulsations are evident in the transit light curves
(see Figure A.1 and Figure A.2), in von Essen et al. (2014) we
derived the transit parameters taking and not taking the intrin-
sic variability of the host star into consideration as part of the
model budget, finding no significant differences in both derived
set of transit parameters. In consequence, to clean WASP-33’s
photometry from transits to proceed afterwards with the determi-
nation of the pulsation spectrum of the host star and to update the
transit parameters of the system, we fitted the photometry with
a Mandel & Agol (2002) transit model only. The fitting param-
eters are the semi-major axis, a/Rg, the inclination in degrees, i,
the orbital period, Per, the planet-to-star radius ratio, Rp/Rg, and
the mid-transit time of reference, Ty. In this work we consider
the eccentricity fixed and equal to zero (Smith et al. 2011).

To derive the best-fit values for the model parameters
and their corresponding uncertainties we used a Markov-chain
Monte Carlo (MCMC) approach, all implemented in routines of
PyAstronomy? (Patil et al. 2010; Jones et al. 2001). We iterated
1 000 000 times, with a conservative burn-in of the first 20%
samples. For all the parameters we considered uniform priors
around +50% their corresponding starting values, that were in
turn taken from von Essen et al. (2014), specified in Table 2. We
computed the mean and standard deviation from the posterior
distributions, and used these as our best-fit values and uncer-
tainties, given at 1-o- level. We checked the convergency of the
chains by visually inspecting each one of them, and by divid-
ing the chains in three sub-chains. In each case, we computed
the usual statistics and we considered that a chain converged if
the derived parameters were consistent within their uncertain-
ties. The transit parameters presented in this work are, as ex-
pected given the nature of the data, slightly more precise and in
most of the cases consistent at 1 or 2-0- level with bibliographic
values.

The posterior distributions and the corresponding correla-
tions between parameters can be seen in Figure 3. Besides
the well known correlation between a/Rg and i, the remaining
parameters are uncorrelated, with Pearson’s correlation values
ranging between -0.05 and 0.04.

3.3. Pulsation spectrum of the host star

The pulsations of the host star were determined using Period04
(Lenz & Breger 2005). The software uses a Fast Fourier
Transform to calculate the power spectrum, and least square fit-
ting to derive the frequencies, the amplitudes and the phases of
the pulsations. These were extracted one by one, starting with the
one having the largest amplitude. We considered a pulsation as

2 www.hs.uni-hamburg.de/DE/Ins/Per/Czesla/PyA/PyA/index.html
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Table 1: Basic stellar parameters effective temperature, metallicity and surface gravity, for WASP-33 and the stars included in TESS

aperture.
Parameter WASP-33 WASP-33B Gaia DR2 328636024020571008
(Collier Cameron et al. 2010)  (Ngo et al. 2016) Gaia Collaboration et al. (2018)
Terr (K) 7430 + 100 3050 + 250 5074.75
[Fe/H] 0.1+0.2 0 (addopted) 0 (addopted)
log(g) 43+0.2 5 (Angelov 1996) 4.5 (Angelov 1996)

Table 2: Best-fit transit parameters obtained from TESS photometry (this work), compared to those determined by von Essen et al.

(2014), ignoring pulsations.

Parameter This work von Essen et al. (2014)
a/Rg 3.638 + 0.002 3.69 + 0.04

i(°) 89.85 +0.43 88.17 £ 1.53

Rp/Ry 0.11117 + 0.00005 0.1052 + 0.0004

Per (days) 1.2198740 + 1.4x107° 1.2198667 + 1.5x107°

To (BID1pg)

2458792.63391 + 0.00002

2455507.5225 + 0.0004
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Fig. 3: Posterior distributions for the primary transit parameters
fitted in this work. Gray to white contours indicate 1,2 and 3-o
intervals. The red points correspond to the best-fit values. The
chains were shifted to the best-fit values of the parameters spec-
ified in Table 2, to allow for a better visual inspection of the
uncertainties.

such if it was resolved, and if its corresponding signal-to-noise
ratio was larger than 4 (see e.g., Breger et al. 1993; von Essen
et al. 2014). In this calculation as ’signal” we considered its am-
plitude, and as ’noise” the averaged pulsation amplitudes over a
frequency interval with a width of 2 ¢/d around each peak. We
estimated the errors using Period04 MCMC'’s tool. The errors
are produced as described in Breger et al. (1999), and are given
in this work at 1-o0- level. They were derived from 1000 MCMC
iterations. Period04 fits all signals simultaneously. Since the er-
rors on the amplitudes only depend on the fit-residuals and the
number of data points in the time series, these are identical.

The power spectrum of WASP-33 is shown in Figure 4, and
the 29 extracted pulsations are given in Table 3. For complete-
ness, we provide a comparison to the pulsations found by von
Essen et al. (2014).

Two signals from von Essen et al. (2014) were not repro-
duced in this analysis, namely 8.308 c/d (Puls7) and 10.825 c/d
(Pulsg). Both of them are located in a frequency region with high
noise level in the TESS data. In consequence, it is not clear to us
if the pulsations are present but obscured by the noise, or if they
are not present at all. Stellar pulsations are excited and damped
over time. In consequence, it might be possible that these pul-
sations were not excited during TESS timeline, but were during
2010-2012 (Aerts et al. 2010).

WASP-33 displays p-mode oscillations at high frequencies,
which is characteristic for ¢ Scuti stars (see, e.g., Breger et al.
1995, 1996). Owed to the 23 days of continuous monitoring
provided by TESS data, we also detected pulsations at lower
frequencies (namely F2 and F5 on Table 3). These correspond
to g-mode pulsations typical for y Doradus stars (Breger &
Montgomery 2000; Aerts et al. 2010). Showing both g and p-
mode pulsations, WASP-33 would then fall into the y Doradus/d
Scuti hybrid classification (Grigahcéne et al. 2010; Balona &
Dziembowski 2011; Uytterhoeven et al. 2011). However, with
only two low-frequency pulsations detected, we are sceptic to
classify the star as such. In von Essen et al. (2014), signals with
frequencies lower than ~7 c¢/d where not detectable. Besides the
obvious gaps produced by day time, the data were normalized
on a nightly basis, removing in consequence the long trends.
Also, due to poor weather conditions the observations could
not be produced along consecutive nights, and had on average
a ~5 hour duration. A longer time series than the one provided
by TESS could resolve the pulsations at lower frequencies, and
thereby determine if the star is purely a § Scuti or a hybrid star.

3.4. Star-planet interaction

Compared to von Essen et al. (2014), the quality of TESS data
allowed us to carry out a more thorough analysis of the pulsa-
tion spectrum of the host star. As now we count with almost 4
times more pulsations than those characterized before, we inves-
tigated again if any of the observed pulsations were induced by
planetary tides over the star.

To begin with, the low-frequency domain of WASP-33’s
power spectrum does not reveal a ~4 c/d non-radial pulsation,
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Fig.4: Top panel: Power spectrum of WASP-33. Pulsations are marked with dashed gray lines. Bottom panel: Residuals after
frequency extraction. The red line makes the SNR limit of 4.

Table 3: Pulsations of WASP-33 derived from TESS photometry. From left to right we present the frequency number, F#, arranged
in decreasing amplitude, the frequency, in c/d, the amplitude, in ppm, the phase, in units of 2z, and the frequency, in c/per. In all
cases errors are given at 1-o level. The last column shows the frequencies obtained in von Essen et al. (2014), coinciding to the ones
found here.

F# Frequency Amplitude  Phase Frequency Frequency
(c/d) (ppm) 2m) (c/per) (von Essen et al. 2014, c¢/d)
F1 20.16263 + 0.00032 772 + 10 0.4904 £ 0.0020  24.59587  20.16214 + 0.00063 (Puls;)
F2 1.89739 + 0.00038 648 + 10 0.0084 + 0.0024 2.31457 -
F3 9.84567 + 0.00041 604 + 10 0.4927 £ 0.0026  12.01047 9.84361 £ 0.00066 (Puls;)
F4 21.06527 + 0.00043 564 + 10 0.3151 £0.0028  25.69697  21.06057 + 0.00058 (Puls,)
F5 2.48691 + 0.00052 468 + 10 0.6578 + 0.0034 3.03371 -
F6 20.53605 + 0.00073 334 + 10 0.2175 £0.0047  25.05139  20.53534 + 0.00057 (Pulss)
F7 7.52946 + 0.00083 296 + 10 0.5895 + 0.0053 9.18499 -
F8 27.79525 + 0.00096 256 + 10 0.9856 + 0.0062  33.90670 -
F9 24.8835 +0.0010 243 + 10 0.9808 + 0.0065  30.35479  24.88351 + 0.00056 (Puls,)
FI10 34.1254 +0.0011 220 + 10 0.9392 +£0.0072  41.62869  34.12521 + 0.00054 (Pulsg)
F11  20.9668 + 0.0012 198 + 10 0.9824 + 0.0080  25.57684 -
F12 10.7773 + 0.0013 184 + 10 0.0815 £ 0.0086  13.14690 -
F13  11.8238 + 0.0019 130 = 10 0.385 + 0.012 14.42360 -
Fl14 25.6394 + 0.0021 118 £ 10 0.854 £ 0.013 31.27689 -
F15 19.2058 + 0.0021 116 + 10 0.986 + 0.014 23.42869 -
Fl16  23.2070 + 0.0023 107 £ 10 0.075 £ 0.015 28.30967 -
F17  19.9681 + 0.0024 104 + 10 0.331 £ 0.015 24.35852 -
FI18 27.4616 + 0.0028 88 + 10 0.165 £ 0.018 33.49973 -
F19  21.7361 = 0.0031 80+ 10 0.267 + 0.020 26.51525 -
F20 22.1513 + 0.0032 76 £ 10 0.686 + 0.021 27.02181 -
F21  21.0256 + 0.0034 72+ 10 0.203 + 0.022 25.64863 -
F22  28.68628 + 0.0035 69 + 10 0.127 £ 0.023 34.99365 -
F23  18.2134 + 0.0036 69 + 10 0.611 +0.023 22.21811 -
F24  21.2856 + 0.0037 67 £ 10 0.064 + 0.024 25.96576 -
F25 14.9793 + 0.0045 55+ 10 0.754 + 0.029 18.27281 -
F26  30.1311 + 0.0051 48 £ 10 0.415 +£ 0.033 36.75612 -
F27  22.6975 + 0.0052 47 + 10 0.123 + 0.034 27.68806 -
F28  30.4605 + 0.0064 39+10 0.585 + 0.041 37.15799 -
F29  30.3283 + 0.0088 28 £ 10 0.779 + 0.056 36.99669 -

as previously reported by Collier Cameron et al. (2010). In ad-
dition to this, tidally excited modes can be manifested in two
ways (see, e.g. Hambleton et al. 2013). These are given by the
commensurability between the orbital period of the planet and a)
the pulsation frequencies, and b) the spacing between the modes.
Similarly to von Essen et al. (2014), we used our best-fit orbital

period to express the pulsation frequencies as cycles per orbital
period (c/per). These are given in the fifth column of Table 3. We
found the closest commenurability to be 36.99669 c/per, corre-
sponding to the frequency 30.3283 + 0.0088 c/d. The difference
to its closest integer number is equal to 0.00331. To assess if
this difference is significant enough to pinpoint this pulsation as
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being triggered by planetary tides, we carried out the same exer-
cise as the one described in von Essen et al. (2014). Briefly, we
randomly generate 29 frequencies between the lowest and the
highest detected ones, that are in turn derived from a uniform
distribution. Then, we convert these frequencies given in c/d to
c/per, and among these we select the one closest to an integer
number, computing their difference. We call this difference the
“best match”. After 1x10° iterations, we compute the cumula-
tive probability distribution for the minimum distance from an
integer frequency ratio as:

F(dyin) = 1= e~ l" @

where v is obtained from fitting our Monte-Carlo results with
an exponential decay (see Figure 5). The derived value is
v = 0.0078 £ 0.0007. From this, we can determine that the prob-
ability of finding at least one of the ratios closer than 0.00331
c/per to an integer ratio, among 29 randomly produced pulsa-
tion frequencies, is 35%. This value is too high to confidentially
claim this particular pulsation to be induced by the planet. In
addition to this, no pair of pulsation spacings is an harmonic of
the orbital period of the planet. In consequence, we find very
unlikely that the system is showing evidences of star-planet in-
teractions.

0.6

0.4 -

Normalized histogram

0 0.05 0.1

Best match

0.15

Fig.5: Normalized histogram for the “best match” frequencies
generated from 10° iterations.

3.5. Secondary eclipse and phase curve

As secondary eclipse model we considered a scaled version of
the transit model given by Mandel & Agol (2002), with both lin-
ear and quadratic limb-darkening coefficients set to zero. The
contribution of WASP-33’s companion and the orbital eccen-
tricity were considered in the same fashion as specified before.
As described in von Essen et al. (2019), the secondary eclipse
model, SEM(t), is given by:

SEM(t) = [TM(t) — 1.] x sf + 1, 3)

where TM(t) corresponds to Mandel & Agol (2002)’s primary
transit model, and sf corresponds to a scaling factor that scales
the transit to meet the secondary eclipse depth. From this factor,
the secondary eclipse depth is computed as (Rp/ R,)? xsf, and its
error is computed from error propagation between the two. Due

to the challenges imposed by the small intrinsic variability we
are trying to tackle in a data set that is obscured by the pulsations
of the host star, the only fitting parameter is the scaling factor.
The rest of the parameters are completely connected to the pri-
mary transit model or are known with a high degree of precision
from the literature. In consequence, they are considered as fixed.

As performed by, e.g., Cowan & Agol (2008) and Zhang
et al. (2018) on WASP-33’s Spitzer photometry, we modelled
the planetary phase variability, PPV(t), as a series of first order
expansions in sines and cosines:

PPV(t) = ¢¢ + ¢1 X sin(2nt/Per) + ¢, X cos(2nt/Per). “4)

The fitting parameters are the offset, ¢y, and the amplitudes of
the sine and cosine, c; and c,, respectively. The orbital period
is considered as fixed to that obtained from the primary transit
fitting.

Our combined model is then the addition of the secondary
eclipse and the phase curve models, SEM(t) + PPV(t), that was
fitted to the unbinned TESS photometry, once the primary tran-
sits and the most prominent pulsations were removed (see next
Section). Equivalently to the primary transit fitting approach, to
derive the best-fit values (sf, ¢g, ¢; and c¢,), we made use of
MCMC. In this case, we iterated 10 000 times, with a burn-in
of the first 2500 samples, after visually inspecting the chains for
convergency. The best-fit values for the parameters, along with
their corresponding 1-o0- uncertainties, are derived from the mean
and standard deviation of the posterior distributions.

4. Discussion

4.1. Impact of the pulsations over the derived secondary
eclipse depth and phase curve amplitude

As reported in Section 3.3, 29 pulsations showed a significant
signal above the noise and were, in consequence, detected as
such. From Period04 we extracted the corresponding frequen-
cies, amplitudes and phases, that were used to clean the data
from pulsations to recover the planetary signature. To do so, sim-
ilarly to von Essen et al. (2014, 2015) we considered the follow-
ing pulsation model, PM(t):

29
PM(t) = Z A X sin[27(tv; + )], )

i=1

where v;, A; and ¢; are the i=1-29 frequencies, amplitudes and
phases reported in Table 3. The amplitudes of the pulsations
listed in the top of the table are comparable —or even larger—
to the expected eclipse depth. In consequence, instead of consid-
ering them purely as noise (Zhang et al. 2018) we carried out a
thorough analysis of their impact over the planetary signature.
As a counterpart, several pulsations reported in this work have
amplitudes smaller than 100 ppm, lying at the limit or even be-
low TESS photometric noise. In consequence, these pulsations
might be statistically irrelevant when including them as part of
our model budget, which was analyzed, too.

Using Period04, we computed pulsation-free residuals
(PFRs) taking into account sub-groups of pulsations, namely the
full set, and those with the 25, 20, 15, 10, 9, 8, 7, 6, 5, 4, 3,
2 and 1 highest amplitudes. The difference in step serves as a
way to carry out a more detailed investigation of the impact of
the pulsations with the highest amplitudes. In this fashion, the
last residual data set is computed removing from TESS primary
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transit free light curve only the frequency with the highest am-
plitude, and the first one removing all the pulsations. We ended
up with 14 PFRs, each one of them with a different “’pulsation
noise” level. At this point, it is worth to mention that the pulsa-
tions of ¢ Scuti stars are far from being perfect sine functions.
Period04 has been developed for years by experts in the field,
and is in consequence one of the best tools we have to extract
accurate pulsations from photometric time series. As a direct
consequence of this, performing time-expensive MCMC fits be-
tween photometry and pulsation models to derive the frequen-
cies, amplitudes and phases did not improve the residual noise
of the PFRs given by Period04. In consequence, from now on
we will work with the PFRs given by Period04 directly.

To test if the chosen number of pulsations has an im-
pact in the determination of the physical properties of WASP-
33b, for each one of the 14 PFRs we repeated the same pro-
cess. Here, we carried out an MCMC fit between the PFRs
and the models specified in the previous section. In each case
we computed the best-fit parameters and their uncertainties,
along with the standard deviation of the residuals (PFRs minus
best-fit SEM(t) + PPV(t) model) and the Bayesian Information
Criterion, BIC = x? + k In(N). For the BIC, x? is computed in
the usual way, between the PFRs and the best-fit model. N corre-
sponds to the total length of the photometry, and k is the number
of fitting parameters. For k we considered the usual four param-
eters (sf, cg, c; and c), plus 3xPN, being PN the number of
pulsations considered in each sub-group of PFRs. The factor 3
accounts for each frequency, amplitude and phase.
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Fig.6: Evolution of relevant parameters as a function of the
number of pulsations considered to remove from the data. From
top to bottom: the phase curve coefficients, ¢; and c,, in green
points; the scaling factor in blue triangles; and two statistics,
namely the BIC in red circles and the standard deviation of the
residual light curves in black squares.

Figure 6 shows the evolution of the BIC, the standard devia-
tion of the residuals, and some of the fitted parameters, specifi-
cally sf, ¢; and c,. These are given as a function of the number of
pulsations taken into consideration in the pulsation model. The
figure reveals two important aspects. First, a pulsation model
that includes the frequencies with the three highest amplitudes
favors the minimization of the BIC. However, there is a change
of almost 50% in the scaling factor, sf, when the first five fre-
quencies are included. To investigate if this large difference is
caused by an inadequate consideration of the pulsations of the
host star we proceed as follows. We created 14 light curves us-
ing as time stamps those of TESS data, and as model, (SEM(t) +
PPV (1))xPM(t). As frequencies, amplitudes and phases we used
the ones shown in Table 3, considering them in the same way as
the PFRs were produced. As scaling factor, sf, we considered an
arbitrary value of 0.03. For ¢, and c,, 50 and -120 ppm, respec-
tively. Once the synthetic light curves were generated, we fitted
them back with the phase curve and secondary eclipse models.
The black circles shown on the central panel of Figure 6 reveal
the retrieved scaling factors for each one of the synthetic light
curves. Not surprisingly, the recovered sf’s follow the exact same
behaviour as the ones that were obtained from TESS photometry.
In consequence, the observed “jump” is consequent to an insuf-
ficient treatment of the pulsations of the host star. From PN = 5
and onward, the derived sf is consistent within errors. Among all
these, PN = 5 corresponds to the smallest BIC value. In addition
to this, the difference between the two smallest BIC values over-
exceeds the required ABIC <-6 (Kass & Raftery 1995), which is
a strong evidence in favor of the pulsation model formed solely
by the first five pulsations. The remaining pulsations have a neg-
ligible impact in the planetary features and are, in consequence,
ignored further.

4.2. WASP-33b: primary results

The best-fit secondary eclipse-phase curve model can be seen in
Figure 9. The corresponding best-fit values for the derived pa-
rameters, along with their uncertainties computed in the usual
way from their posterior distributions, are listed in Table 4.
Posterior probability distributions for the four parameters can
be seen in Figure 7.

The amplitude of the phase curve, A, was computed as:

A(cp,cp) = ‘[C%+C§, 6)

and the eclipse depth was computed as:

ED(sf, Rp/Rs) = sf x (Rp/Rs)>. (7)

In both cases, their errors were computed from error propagation
among the involved parameters.

Figure 9 shows, from top to bottom, TESS photometry of
WASP-33 in red points, phase-folded with the best-fit orbital
period. Primary transits are around phases ¢ = 0/1, while the
secondary eclipse lies around ¢ = 0.5. In black continuous line
is the best-fit primary transit model. The second panel shows,
in red points, TESS photometry once the primary transits and
the pulsation model including F1, F10 and F9 were removed.
Overplotted in black points are the same data, but binned to
A¢ = 0.01 (equivalently, At~17 minutes). In the center of the
figure a dip can be seen, that was not visible in the sub-figure
before. The third panel shows a zoom-in to the previous binned
data points, along with the best-fit secondary eclipse plus phase
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Table 4: Best-fit values and 1-0- uncertainties for the parameters
accompanying the phase curve (cg, ¢; and c¢;) and the scaling
factor of the secondary eclipse model, sf. In addition, the ampli-
tude of the phase curve, A, the eclipse depth, ED, and the offset
between the region of maximum brightness and the sub-stellar
point, ¢

Parameter Best-fit value
(ppm) (this work)

Co 33.7+8.1

C 23.5+10.6
C -96.7 £ 12.3
sf 0.0344 + 0.0026
A 100 + 12
ED 425 + 32
Port () -13.6 £6.2

Fig.7: Posterior distributions for the fitted parameters specified
in Table 4.

curve models in black continuous line. The last panel shows the
residuals between these two.

4.3. Physical parameters derived from these observations

Following the prescription given by Cowan & Agol (2011), from
our derived parameters we computed the bond albedo,

5T, + 3T,
Ap=1- i ®)
and the heat redistribution efficiency,
8
)

€T SR, T,)

where T, and T, correspond to the temperature of the day-side
and the night-side, respectively. Table 5 summarizes them, com-
pared to the ones computed by Zhang et al. (2018).

Table 5: Bond albedo, recirculation efficiency and day and
night-side brightness temperatures for WASP-33b within the
TESS passband.

Parameter Value Value
(this work) (Zhang et al. 2018)
Ap 0.239 = 0.039 025’:01?3
€ 0.191 = 0.007 022’:%83
Ty (K) 3184 +43 3144 + 114
Toign (K) 1702 + 22 1757 + 88
TESS — &

Eclipse depth (ppt)

di

05 1 1.5

2 25 3 35 4 45 5

Wavelength (um)

Fig.8: Eclipse depth, in ppt, as a function of wavelength. The
red triangle corresponds to TESS value reported in this work.
The gray area shows 1-o- contour of the equilibrium temperature
of WASP-33b. Models carbon-rich non-inverted model and solar
composition model with an inverted temperature structure are
given in green and pink lines, respectively. Models and literature
measurements come from Deming et al. (2012) and von Essen
etal. (2015).

We obtain uncertainties on all these parameters using the
posterior probability distributions for the values ¢y, ¢, and sf. In
detail, for each one of the 8000 MCMC iterations we compute
8000 bond albedos, recirculation efficiencies, and day and night-
side brightness temperatures. In this way, the values reported in
Table 5 are obtained from their mean and standard deviation. Our
values are fully consistent to the ones reported by Zhang et al.
(2018). Figure 8 shows our derived eclipse depth compared to
literature measurements. As the figure shows, TESS new addi-
tion can not disentangle the presence of temperature inversion in
WASP-33b.

5. Conclusion

In this work we present new phase curve and secondary eclipse
observations of WASP-33b, obtained analyzing 23 days of TESS
photometry. From both the secondary eclipse depth and the am-
plitude of the phase curve we use a simple model to derive
the brightness temperatures, albedo and recirculation efficiency,
confirming that WASP-33b behaves as other hot Jupiters, despite
being the second hottest planet known so far. Due to the nature
of TESS continuous monitoring over WASP-33, we character-
ize the pulsation spectrum of the host star, finding 29 pulsations
with amplitude signal-to-noise ratio higher than 4, instead of the
8 known so far. The newly unveiled low-frequency power spec-
trum range of the star revealed two pulsations with frequencies
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Fig.9: From top to bottom: phase-folded light curve of WASP-33 in red points showing the primary transit around phases 0,1 and
the pulsations of the host star. Black continuous line corresponds to the best-fit primary transit model; Relative flux of WASP-33 in
parts per million (ppm) once the pulsations specified in Section 4.1 and the primary transit model were removed. Black circles are
the data binned at ¢ = 0.01; Zoom-in to the black points specified before, in black circles. Overplotted in black continuous line is
the best-fit phase curve + secondary eclipse model; Corresponding residuals from the best-fit model.

lower than 3 c/d that are usually observed in y Doradus stars,
making WASP-33 to potentially fall into a y Doradus/d Scuti
hybrid classification. Paying special attention in the way the pul-
sations are considered while determining planetary parameters,
we find that using solely the minimization of the BIC to quan-
tify the amount of pulsations to be considered in our model does
not provide correct planetary parameters. Special care has to be
taken into the pulsations with the highest amplitude.
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Fig. A.1: Normalized flux as a function of orbital phase for the primary transits of WASP-33b observed by TESS. From top to bottom
and left to right time evolves. TESS observations are in black points, and the best-fit model in red continuous line. Individual error
bars are not plotted to better visualize the effect of the pulsations over the photometry.
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Fig. A.2: Same as Fig. A.1, but for the remaining 8 primary transits.
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