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ABSTRACT

Aims. WASP-33 is one of the few ¢ Sct stars with a known planetary companion. By analyzing the stellar oscillations, we search for
possible star-planet interactions in the pattern of the pulsation.

Methods. We made use of the Transit and Light Curve Modeller (TLCM) to solve the light curve from the Transiting Exoplanet
Survey Satellite (TESS). We include gravity darkening into our analysis.

Results. The stellar oscillation pattern of WASP-33 clearly shows signs of several tidally perturbed modes. We find that there are
peaks in the frequency spectrum that are at or near the 3rd, 12th and 25th orbital harmonics (f,,;, ~ 0.82 d™'). Also, there is a
prominent overabundance of pulsational frequencies rightwards of the orbital harmonics, being characteristic of a tidally perturbed
stellar pulsation, which is an outcome of star-planet interactions in the misaligned system. There are peaks in both the § Sct and y Dor
ranges of the Fourier spectrum, implying that WASP-33 is a y Dor — § Sct hybrid pulsator. The transit light curves are best fitted by a
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gravity darkened stellar model, and the planet parameters are consistent with earlier determinations.

Key words. Techniques: photometric — Planets and satellites: general — Stars: variables: delta Scuti

1. Introduction

The known ¢ Sct sample from the Kepler (Borucki et al. 2010)
field has been explored by Hey et al. (2021), who found only
20 planet candidates in total, shedding light on a notable lack of
planetary companions to such stars. This remains true even in the
era of space-based transiting exoplanet photometry with satel-
lites such as the Transiting Exoplanet Survey Satellite (TESS,
Ricker et al. 2015) and the CHaraterizing ExOplanet Satellite
(CHEOPS, Benz et al. 2021), there is a notable lack of planets or-
biting ¢ Scuti stars. Hey et al. (2021) have explored the known
6 Sct sample from the Kepler (Borucki et al. 2010) field, and
found 20 planet candidates in total.

The planetary companion of WASP-33 is a hot Jupiter (P ~
1.219867 + 4.2 - 107 days (von Essen et al. 2020), Mp ~
2.10 £ 0.14M,, Rp ~ 1.59 + 0.07R; (Chakrabarty & Sengupta
2019)). WASP-33b (Christian et al. 2006) was the first confirmed
planet orbiting a & Sct host star (Herrero et al. 2011), and it has
been analyzed thoroughly including Doppler tomography and ra-
dial velocity measurements (Collier Cameron et al. 2010; Watan-
abe et al. 2020; Borsa et al. 2021) as well as ground-based pho-
tometry (von Essen et al. 2014). Using the TESS light curve, von
Essen et al. (2020) improved the precision of the known transit
parameters. Dholakia et al. (2021) argued that after substracting
the pulsation from the TESS light curve, an asymmetry emerges

during the transits that is characteristic of a gravity darkened stel-
lar disk.

In this paper we re-examine the TESS light curve of WASP-
33, including gravity darkening into our analysis. We also in-
vestigate the possibility of star-planet interactions. This paper
is structured as follows. In Sect. 2 we describe our model for
the transit in both the gravity darkened and non-gravity dark-
ened cases. In Sect. 3 we re-analyze the TESS light curve of the
WASP-33 system using the Transit and Light Curve Modeller
(TLCM, Csizmadia 2020) without pre-whitening the data. We
make use of the wavelet-formulation built into TLCM to handle
the pulsations and the transit light curve simultaneously. We also
reconstruct the Fourier spectra of the stellar oscillations from the
fitted light curve, which allowed us to investigate the possibility
of planet-star interactions.

2. Light curve analysis
2.1. Light curve preparation

The WASP-33 system has been observed in TESS' Sector 18.
Using the 1ightkurve python package (Lightkurve Collabora-
tion et al. 2018), we downloaded the PDCSAP data produced by

! The data is available from the Mikulski Archive for Space Tele-
scopes: https://mast.stsci.edu/portal/Mashup/Clients/
Mast/Portal.html
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Fig. 1. Resulting light curve solutions for the three considered scenarios: 8 fixed to O (left column), 8 set to 0.25 (middle column) and A set to
—111.59° (right column). The top panels show the observed light curve (orange dots), the observed light curves with the noise removed (blue dots)
and the transit model (solid red line). The fitted correlated noise (see text for details) is shown in the middle row, while the residuals where the
noise and the transit model are subtracted from the observations are shown in the bottom row (blue dots), with bins of 100 data points (the error
bars for the binned points are not shown as they are too narrow). Note that due to the nature of our analysis, the observed light curve (orange
points, top panel) is decomposed into the transit model (solid red line, top panel), the correlated noise (middle panel) and the white noise (blue

dots, bottom panel).

the automated pipeline of the mission. We removed the first 781
points due to an artifact that could bias the analysis of the first
transit event and detrended the light curve. We were eventually
left with a dataset of 14028 measurements consisting of TESS
Short Cadence observations, that included 16 transits of WASP-
33b.

2.2. Light curve solutions

Stellar oscillations and any possible instrumental effects severely
distort the transit light curve of WASP-33b. In order to compen-
sate for these effects, we employed the wavelet-based routines
of Carter & Winn (2009), built into TLCM. These describe the
time-correlated noise (i.e. pulsation and systematics) in terms
of two parameters: o, for the red component and o, for the
white component (see Carter & Winn 2009 for details). Csiz-
madia et al. (2021) proved the validity of this approach, while
Kalman et al. (2022) completed an extensive test for the con-
sistency of transit parameter estimation using TLCM. This code
allows the simultaneous fitting of the noise and the transit. The
transit modeling is carried out via the analytic model of Mandel
& Agol (2002) which is described by the ratio of the planetary
and stellar radii, Rp/Ry, the scaled semi-major axis, a/Rg, the
impact parameter, b = a/Rg cosi (where i is the orbital incli-
nation relative to the line of sight), and the time of midtransit,
Ic.

Gravity darkening of the host star causes asymmetric transit
light curves (Barnes 2009). This phenomenon, as implemented
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by TLCM, is described by three parameters (Csizmadia et al.
2021): the gravity darkening exponent, 3, the inclination of the
stellar rotational axis (measured from the line of sight), i,, and
the projected spin orbit angle A. In order to perform a thorough
analysis of the WASP-33b light curve, we considered three dif-
ferent scenarios: (i) no gravity darkening (despite the rapid ro-
tation of WASP-33 at vsini, = 86.5 km s~', (Johnson et al.
2015)), (ii) gravity darkening exponent fixed to it’s nominal
value 0.25 (von Zeipel 1924) while i, and A are free and (iii)
A fixed to —111.59° (Borsa et al. 2021) with i, and 3 as free pa-
rameters. In the latter two cases, knowing the orbital inclination
i, as well as i, and A allows for the calculation of the true spin
orbit angle ¢ via (Fabrycky & Winn 2009):
¢ = arccos (CoS iy coSi + siniy sinicos ). €))
We note that without RV data, it is not possible to fit for 3, i, and
A at the same time using the approach embedded into TLCM.
We made use of a quadratic limb darkening formula (de-
scribed by the limb darkening coefficients u; and u,), but as
theoretical limb darkening coefficients are calculated for spher-
ically symmetric and static stars (and WASP-33 with its rapid
rotation and pulsation is neither), we left u. = u; + u; as free
parameters. We used the system parameters determined by von
Essen et al. (2020) as starting values for the fitting processes.
We set the third light to 0.024 (von Essen et al. 2020), while
fixing T.rr = 7430 + 100 K (Collier Cameron et al. 2010) and
logg = 4.25 + 0.10 (Stassun et al. 2019). We assumed a cir-
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Table 1. Parameters derived from the three considered cases. Bold numbers mark the fixed values for the given parameters.

Parameter No gravity darkening  Fixed gravity darkening exponent Fixed projected spin orbit angle
a/Rs 3.651 £ 0.033 3.631 £ 0.045 3.647 £ 0.034

b 0.132 + 0.030 0.177 + 0.039 0.141 £ 0.030

Uy 0.255 £ 0.056 0.243 £ 0.081 0.310 £ 0.068

u_ 0.226 £ 0.174 0.208 + 0.287 0.442 + 0.242

Rp/Rs 0.1121 + 0.0007 0.1098 + 0.0012 0.1101 + 0.0007

o, [100 ppm] 434.141 £ 4.129

432.885 + 6.833

432.824 +4.130

oy [100 ppm] 4.337 +£0.053 4.331 +£0.098 4.331 +£0.050

tc [BID-2458792] 0.63407 + 0.00012 0.63400 + 0.00018 0.63402 + 0.00011

P [days] 1.2198635 + 0.0000068 1.2198637 + 0.0000103 1.2198636 + 0.0000085
ix [°] 0 43.54 £4.99 65.26 £8.72

A1[°] 0 -949+214 -111.59

B 0 0.25 0.58 £0.20

RSS 0.02669462 0.02649666 0.02651569

BIC -184711.4 -184787.2 -184777.1

AIC -50813.6 -50912.0 -50901.9

Table 2. Comparison of our derived parameters to the non-gravity darkened model of von Essen et al. (2020) and the gravity darkened model of
Dholakia et al. (2021) — of the same TESS light curve. Bold numbers mark the fixed values of the given parameters.

Parameter This work Accepted value Reference

a/Rs 3.631 £ 0.045 3.614 + 0.009

il°] 87.20 £ 1.25 88.01 £ 0.03

Rp/Rs 0.1098 +0.0012 0.1071 + 0.0002

Uy 0.243 + 0.081 0.498 von Essen et al. (2020)
u- 0.208 + 0.287 -0.006

P [days] 1.2198637 + 0.0000103  1.2198681 + 0.0000042

tc [BID-2458792] 0.63400 + 0.00018 0.63403 + 0.00009

ix [°] 43.54 +4.99 69.83‘:2(2)

AL —94.9214 ~109.025¢ Dholakia et al. (2021)
e [°] 91.3+18.5 108.3*159

B 0.25 0.23

cular orbit and set the mass ratio to ¢ = Mp/Mg = 0.001335
(Chakrabarty & Sengupta 2019).

3. Results
3.1. System parameters from TLCM

The results of the fitted and phase-folded light curves of the three
different cases outlined in Sect. 2.2 are shown in Fig. 1. When
B = 0 is assumed, the correlated noise (i.e. pulsation + system-
atics) agrees well with the residuals that one would expect from
a planet transiting a gravity darkened star. This is because the si-
multaneous fitting of the noise and the transit signal leads to the
asymmetry being treated by the wavelet-formalism as part of the
time-correlated noise, as seen in the middle and bottom panels
of Fig. 1.

To decide which model describes the system better, we com-
puted the Bayesian and Akaike Information Criteria (BIC and
AIC) for the transit model only (without the noise) as BIC =
Nobs -In (RSS/NO/?S‘) + Nparamx -In Nohx and AIC =2 N[mmms +
Nops - In RS S + const., where the constant term is the same for all
three scenarios, thus can be disregarded. Here N, is the num-
ber of measurements used during the fit, Npgrams is the number of
parameters included in the model and RS S is the residuals sum
of squares. The lower BIC and AIC numbers are diagnostic of
more plausible models.

The resulting parameter sets for the three cases are shown
in Tab. 1. Almost all parameters, with the obvious exception of

the three variables characterizing the gravity darkening (i, 4,
and ), are consistent with each other within the estimated un-
certainty range. The discrepancies in b between cases (i) and (ii)
(8 = 0 and B = 0.25) are within 30 of each other. This means
that Rp/Rs is the only parameter where the fitted value in the
two cases are significantly different (similar observations can be
made when comparing our findings to the literature, see below).
The transit light curve of the first case, where gravity darkening
assumed to be negligible, is a function of 7 parameters, while
the other two are determined by 10 parameters. After calculating
the Bayesian and Akaike Information Criteria (BIC and AIC),
we can infer that the 8 = 0.25 case is the most probable out of
the three, as it is ABIC = 75.8, AAIC = 98.4, ABIC = 10.1,
and AAIC = 10.1 lower than the 8 = 0 and 4 = —111.59° cases,
respectively. Thus we confirm the presence of gravity darkening
in the WASP-33b system first noted by Dholakia et al. (2021),
and adopt this model.

Comparing the parameters of our adopted model to those
from the literature (Tab. 2), we find good agreements with the
no gravity darkening model of von Essen et al. (2020) for a/Ry,
i, P, tc and (because of the large uncertainty) u_. There is a 3.10
difference between our fitted value of u, compared to the same
parameter from von Essen et al. (2020), but we note that the au-
thors of that paper used theoretical limb darkening coefficients.
Of more interest is the ratio of the planetary and stellar radii as
our value of 0.1098 +£0.0012 is in good agreement with Dholakia
et al. (2021) (0.1088 + 0.0003), but is is significantly different
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Fig. 2. Computed Fourier spectrum (top panel, black), the orbital frequency and the first 47 orbital harmonics (top panel, red dashed lines) that

cover the range of frequencies < 40 days™

, above which no significant peaks are found. The bottom row shows the 3rd, 12th and 25th orbital

harmonics (red dashed lines) and the zoomed-in parts of the spectrum that correspond to these frequencies. In both rows, A, B and C denote the

peaks that are closest to these harmonics.

from the 0.1071 £0.0002 derived by Herrero et al. (2011). Com-
paring the results of i, A and ¢ to those from Dholakia et al.
(2021) (who also fixed the value of the gravity darkening expo-
nent), we find good agreements for the projected and true spin
orbit angles, while the stellar inclinations are inconsistent with
each other.

The resulting projected spin orbit angle of 2 = —94.9°+21.4°
is in good agreement with the retrograde motion discovered by
Collier Cameron et al. (2010). However, because of the wide
uncertainty range, we are unable to consider the nodal precession
observed by e.g. Johnson et al. (2015), Watanabe et al. (2020)
and Borsa et al. (2021).

We also note that setting the gravity darkening exponent as a
free parameter (as in our (iii) case) yields 8 = 0.58 0.20 which
is significantly larger than the nominal value of 0.25, however, it
fits in reasonably well with the trend established by Djurasevié
et al. (2003) and Djurasevi¢ et al. (2006).

3.2. Stellar oscillations

The wavelet-formulation built into TLCM fits correlated noise
simultaneously with the transits, which allowed us to analyze the
stellar oscillations without masking the transits. We made use of
Period04 (Lenz & Breger 2005) to calculate the spectrum of
the identified correlated noise from the adopted solution (where
B = 0.25, Fig. 2). Upon a visual inspection, this spectrum looks
identical to the one published by von Essen et al. (2020). There
are peaks in both the 6 Sct and y Dor ranges of the spectrum,
which implies that WASP-33 is a y Dor — ¢ Sct hybrid pulsator
(von Essen et al. 2020).
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We identified three pulsational frequencies exceeding S/N
> 8 which are very close to one of the orbital harmonics (es-
pecially, the 3rd, 12th, and 25th orbital harmonics) in the fre-
quency spectrum. The properties of these peaks are summarized
in Tab. 3. A magnification to the environment of these frequen-
cies and the closest orbital harmonics are shown in the bottom
row of Fig. 2. Indeed, the pulsational frequencies are close to
the orbital harmonics, and while there is no exact coincidence,
the pulsational frequencies are observed to be shifted a little bit
rightwards (towards higher frequencies). The rightward shifted
pulsational frequencies are known as perturbed frequencies and
they are similarly interpreted in the case of V453 Cyg (South-
worth et al. 2020), V1031 Ori (Lee 2021) and RS Cha (Steindl
et al. 2021). In these systems, the perturbations have been iden-
tified in p modes alone. V453 Cyg, V1031 Ori, and RS Cha
are all close binaries with circular orbits that possibly exhibit
spin-orbit misalignment, meaning that WASP-33 is a close ana-
log to them. Two of the three frequencies (Fig. 2 bottom row)
where the tidal perturbations are the most prominent (near the
12th and 25th orbital harmonics) are likely also pressure driven
modes, which fits in well with the preferred interpretation for
this phenomenon. However, Collier Cameron et al. (2010) found
from spectroscopic analysis that WASP-33 exhibits g mode pul-
sations, too. As the peak in the Fourier spectrum near the 3rd
harmonic likely is caused by g mode oscillations, we suggest
that in the case of WASP-33, uniquely, tidally perturbed oscilla-
tions arise in both pressure and gravity driven modes as well.

In order to investigate the rightward-shifted nature of the pul-
sational frequencies compared to the orbital harmonics, we cre-
ated a noise model with the same length as the input light curve,
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Fig. 3. Distribution of the fractional frequencies of the 17 highest ampli-
tude components (upper panel) and the Wilcoxon-p values of the frac-
tional part of the n highest amplitude frequencies compared to a uniform
distribution (lower panel).

with a Gaussian distribution whose standard deviation is equal
to the standard deviation of the residuals of the fitted light curve
(~ 260 ppm). We injected a sinusoidal signal into this simulated
noise model with the same frequency as the orbital harmonic, a
randomized phase between 0 and 27, and an amplitude roughly
equal to the height of the respective peaks in the spectrum (340,
440 and 240 ppm). We calculated the Fourier spectrum of the re-
sulting sinusoidal light curve, extracted the frequency of its sin-
gle peak, then repeated the process 1000 times. We have found
that the widths of the distributions constructed from the boot-
strapped frequencies (not shown here) thus determined are negli-
gible compared to the widths of the peaks resulting from the stel-
lar pulsations (Fig. 2, lower row) at 0.0014, 0.0011 and 0.0020
d~! compared to ~ 0.1 d!. This confirms that the relative posi-
tions of the three inspected harmonics compared to the peaks in
the spectrum that they correspond to are not caused by a stochas-
tic phenomenon of the particular noise realisation of the original
observation.

The distribution of the frequencies in Fig. 2 also suggests that
the rightward position of the pulsational frequencies in relation
to the closest harmonics of the orbital period may extend to a
much larger set of the pulsational frequencies than the three most

evident examples shown in the lower row of Fig. 2. To examine
the position of the stellar frequencies in the "frequency comb”
of rotational harmonics, we defined the "fractional frequency"
belonging to the stellar modes as

F\_f .S
{forb} a ﬁ)rb lnt(farb) ’ (2)

where int represents the integer part of a number. The histogram
of the fractional frequencies is shown in the top panel of Fig. 3.
The distribution consists of the 17 stellar frequencies with the
highest amplitudes. The distribution is very heavy towards the
small fractional parts, 13 of 17 frequencies belong to the left
half of the distribution ({f/f,»} < 0.5), while only 2 stellar fre-
quencies are observed with {f/f,»} > 0.6. This asymmetry is
not compatible with a stochastic realisation of a uniform distri-
bution. (A uniform distribution would suggest a random set of
pulsation frequencies, which are expected if the frequency pat-
tern is not biased/filtered or otherwise modified by the orbital
motion of the planet.) We performed a Wilcoxon test (Lupton
1993) to compare the distribution of the observed modular fre-
quencies to a uniform distribution. The p value of the Wilcoxon
test measures the probability of having "at least as asymmetric"
distribution of completely random set of numbers as it was ob-
served in the spectrum of the stellar signal, just due to numer-
ical fluctuations. Thus, if p is small, the observed distribution
comes from a uniform distribution with a very low probability.
The Wilcoxon p value is plotted in the bottom panel of Fig. 3 as
the function of the n number of frequencies included in the test
(while the frequencies were sorted according to their amplitude).

We find that p < 0.04 in the range of n between 8 and 19.
Fewer number of frequencies lead to lack of significance due
to the low number statistics, while more frequencies probably
include an increasing ratio of those low-amplitude frequencies
which are not related to the orbital frequency of the planet.

To reveal the plausibility of mode interactions due to pos-
sible hydrodynamical interactions between the modes of stellar
pulsation and the tidal forces generated by the planet on the mis-
aligned orbit, we calculated the discrete wavelet transform of
the reconstructed stellar signal for frequencies < 5 d~!, belong-
ing to the first major complex of frequencies towards the long-
period end of the frequency distribution (Fig. 2). The wavelet
map of this frequency region is shown in Fig. 4. The wavelet
map shows vivid amplitude and frequency modulations in the
timescale ~ 1.5-2 orbits. The degree and the pattern of the de-
tected instability of amplitudes and frequencies in the case of
WASP-33 rather suggests a recurrent redistribution of pulsation
energy between different modes. Further visual inspection of the
wavelet map shows that the oscillations corresponding to the
highest two peaks of the bottom left panel of Fig. 2 (~ 2 and
~ 2.5 d7") are not constantly present. It can also be pointed out
that the two frequencies are not present simultaneously, and that
the oscillations transfer from one mode to the other regularly.
This may be caused by star-planet interactions, as the stellar spin
axis and the orbital plane are not aligned. Due to sampling and
smearing, the wavelet transform cannot be used in this analysis
at higher frequencies.

We note that Fig. 2 shows the frequency reconstruction with
the fixed 8 = 0.25 parameter during the fit, belonging to the re-
moval of a transit model with standard gravity darkening before
this analysis. We repeated the same analysis as above for the two
other planet solutions with different handling of the gravity dark-
ening (no gravity darkening, free 8: left and right columns of Fig.
1), and we got practically the same result. Only a slight change
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Table 3. Frequency, amplitude and S/N of the peaks that are found to
be near an orbital harmonic.

fIdT  Amplitude [ppm] n f-n/P[d'] S/N
2.49043 343.620 3 0.03113 12.750
9.84947 446.224 12 0.01230 12.725
20.53765 237.176 25 0.04355 8.835

in the amplitudes of the peaks can be observed, the frequencies
themselves are not affected, and they are always rightwards to
the closest orbital harmonics.

The process behind this frequency pattern should be more
complex than in the case of “heartbeat stars” (e.g. Hambleton
et al. 2013, 2016) because in the case of WASP-33 the pattern
does not strictly follow the orbital period. But together with the
distribution of the fractional frequencies (Fig. 3), this is a strong
evidence for the tidally perturbed frequency pattern of the host
star. It is also different from tidally excited oscillations, as in
those cases the eccentric orbits result in a strong coincidence of
the orbital harmonics and the peaks in the Fourier spectrum (see
e.g. Fuller (2017); Guo (2021)).

lell

Frequency [days™!]
Discrete Wavelet Power

1792

1797 1802

BJD-2457000

1807 1812

Fig. 4. Discrete wavelet map of the identified correlated noise (stellar
oscillations + systematics) in the frequency range of 0.5 -5 d~'. The gap
between ~ 1801 and 1804 days is the result of the TESS data downlink.

4. Summary

We have performed a re-analysis of the light curve of WASP-33
observed by TESS in Sector 18. Our analysis is unique in the
way that we did not perform a pre-whitening of the light curve
before modeling the transit. Instead, we used the wavelet for-
malism built into the TLCM code to fit the stellar pulsations,
instrumental noise and the transit signal of WASP-33b simulta-
neously.

To test for gravity darkening, we considered three scenarios:
no gravity darkening; gravity darkening exponent £ fixed to 0.25
and S set as a free parameter of the fit. We have found that the
B = 0.25 case describes the light curve best, thus we confirm the
findings of Dholakia et al. (2021).

We also investigated the Fourier spectrum of the stellar os-
cillations reconstructed by TLCM. There are three peaks in the
spectrum (with an S/N > 8) that are at or near an orbital har-
monic (3rd, 12th and 25th). The distribution of the 17 frequen-
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cies with the highest amplitudes in relation to the orbital harmon-
ics let us to conclude that the frequencies in the Fourier spec-
trum tend to be shifted rightward compared to the harmonics.
Using a two sampled Wilcoxon test, we compared their distribu-
tion to a uniform distribution of random numbers, and found that
this rightward shifted nature is highly unlikely to be caused by
a stochastic phenomenon. We suggest that this effect is caused
by tidal perturbations of the planetary companion. This would
also make WASP-33 the first system where tidal perturbations
of the pulsational modes are caused by a sub-stellar companion.
The significant changes of frequency and amplitude in the f < 5
days™' region of the spectrum seen on the wavelet map (Fig. 4)
are also diagnostic of planet-star interactions. While the possi-
bility of these interactions has been noted previously by Collier
Cameron et al. (2010) and Herrero et al. (2011) (especially at
the frequency of 21.311 d~!, a peak altogether missing from our
spectrum), our analysis gives detailed, statistical proofs of the
stellar oscillations caused by tidal forces. We also suggest that
the misalignment of the stellar rotational axis and the planetary
orbit is causing the perturbations of the stellar pulsational modes.
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