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ABSTRACT

Context. Close-in, sub-stellar companions to ¢ Scuti type stars present a highly suitable testbed for examining how planetary-mass
objects can influence stellar pulsations.

Aims. We aim to constrain the mass of HD 31221 b, probe its atmosphere, and demonstrate how it affects the pulsational pattern of its
host, HD 31221.

Methods. We made use of the available data from the short-cadence Transiting Exoplanet Survey Satellite (TESS). We modeled the
nine observed transits and the out-of-phase variations, including Doppler beaming, ellipsoidal variations, and the reflection effect.
We also incorporated ground-based photometry from the MuSCAT2 imager installed at the 1.52 m Telescopio Carlos Sanchez in the
Teide Observatory, Spain, as well as speckle interferometry from the Southern Astrophysical Research telescope.

Results. We found HD 31221 b to have an orbital period of 4.66631 + 0.00011 days, with a radius of 1.32 + 0.14 R; and a mass of
11.5 + 10.3 Mj (from the ellipsoidal effect), making it consistent with either a brown dwarf or a giant planet. As HD 31221 is a rapid
rotator (vsin I, = 175.31 + 1.74kms™!), we deduced the spin-orbit misalignment to be 1 = —121.6 + 14.4° and I, = 55.9 + 11.3°. The
phase curve is dominated by the reflection effect, with a geometric albedo of 1.58 + 0.50. We also found evidence that HD 31221 is a
¢ Scuti/y Doradus hybrid pulsator. There are three cases for which the 3rd, 85th, and 221st orbital harmonics almost exactly coincide
with peaks in the Fourier spectrum of the star, hinting at tidally perturbed stellar oscillations.

Conclusions. HD 31221 b is the third substellar object that is found to be disrupting the pulsations of its host, following HAT-P-2 and
WASP-33. Additional photometric observations by CHEOPS and/or PLATO can be used to further constrain its mass and provide a

more in-depth analysis of its atmosphere.

Key words. techniques: photometric — planets and satellites: individual: HD 31221 b — stars: variables: ¢ Scuti

1. Introduction

There are only a handful of known exoplanets orbiting &
Scuti type stars (Hey et al. 2021), with the most famous exam-
ples being hot Jupiters KOI-976b (Ahlers et al. 2019) and
WASP-33b (Christian et al. 2006; Collier Cameron et al. 2010;
Herrero et al. 2011; von Essen et al. 2020). There is also a
known brown dwarf orbiting the ¢ Scuti star Chang 134, dis-
covered via pulsation timing (Hermes 2018; Vaulato et al. 2022).
Planets and brown dwarfs with short orbital periods around A-
F stars generally serve as excellent testbeds for atmospheric

analyses through the study of phase curves, as in the case of
KELT-1 b (Siverd et al. 2012; Beatty et al. 2020; von Essen et al.
2021; Wong et al. 2021; Parviainen et al. 2022) and KELT-9b
(Gaudi et al. 2017; Jones et al. 2022). Such studies are enabled
by the space-based photometry with Spitzer/IRAC, Transit-
ing Exoplanet Survey Satellite (TESS; Rickeretal. 2015),
and CHaracterising ExOPlanet Satellite (CHEOPS; Benz et al.
2021).

In this Letter, we present the discovery of a substellar
companion of HD 31221 (HIP 22838, TIC 68573534, TOI-4597,
Gaia DR2 3412431441720096128; apg0 = 4"54M49.39°,
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Fig. 1. SAP lightcurve of HD 31221 (top panel). Removing the signal
produced by the first 80 frequencies with the highest amplitudes from
the raw LC yields the input light curve (bottom panel) to our fitting. The
nine observed transits are marked by red ticks in the bottom panel.

012000 = +22°08’47.35”). In Sectors 43 and 44, TESS observed
the bright A2 star (V = 8.02mag) that is rapidly rotating
(vsinl, = 175.31+1.74kms"!, as derived from observations by
the Tillinghast Reflector Echelle Spectrograph, TRES, mounted
on the 1.5-Meter telescope of the Fred Lawrence Whipple Obser-
vatory, FLWO). The light curve of HD 31221 is dominated by
stellar oscillations, which we attribute to both y Doradus and
¢ Scuti type pulsations. There are also nine transits observed
in the two adjacent Sectors, corresponding to an orbital period
of ~4.7days. A mass estimation for HD31221b from radial
velocity observations is not feasible because of the rapid rota-
tion and pulsation. We therefore rely on the modeling out-of-
transit variations, including Doppler beaming and ellipsoidal
variations (Zucker et al. 2007; Faigler & Mazeh 2011), to con-
strain its mass and the reflection effect to constrain its geometric
albedo.

This Letter is structured as follows. In Sect. 2, we describe
the light curve preparation and the models used in our analysis.
In Sect. 3.1, we present the parameters that can be determined
through the light curve analysis. In Sect. 3.2, we briefly analyze
the possibility that HD 31221 b is influencing the pulsations of
its host through tidal interactions.

2. Methods
2.1. Light curve preparation

TESS observed HD 31221 in Sectors 43 and 44 (GI
proposal: G04106 — Huber, D.). We obtained the two-
minute exposure-time Simple Aperture Photometry (SAP)
light curves (LCs), using the lightkurve software pack-
age (Lightkurve Collaboration 2018), while making use of the
astropy package (Astropy Collaboration 2013, 2018, 2022)
and astroquery (Ginsburg et al. 2019). We removed all data
points with a non-zero quality flag. The combined LCs from the
two sectors are plotted in the upper panel of Fig. 1. The light
curve shows ¢ Scuti type oscillations.

In order to fit the transit light curve, we subtracted the
pulsation signal from the light curve. We used period04
(Lenz & Breger 2005) to identify the frequencies of the oscilla-
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Fig. 2. Results of tpfplotter showing HD 31221, the aperture used
for the photometry and the only star that is known to be located in the
aperture within Am = 6 mag. The TESS pixel scale is 21”.

tions. First, we masked the transits, then computed the Fourier
spectrum and removed the 80 highest amplitude components
from the observed light curve. This pre-cleaning procedure
yielded the light curve shown in the bottom panel of Fig. 1 and
provided a sufficiently high S/N ratio for the analysis in Sect. 2.3.
The result of the more detailed frequency analysis is discussed
in Sect. 3.2.

2.2. Origin of the transit

As HD 31221 is both rapidly rotating (vsinl, = 175.31 +
1.74kms™") and exhibiting stellar oscillations, using radial
velocity measurements to derive the mass of the object caus-
ing the transit signals (Fig. 1, lower panel) is not feasible. To
exclude the possibility that a background eclipsing binary is
causing these features, we made use of tpfplotter (Aller et al.
2020) to detect all stars that are near the target (based on the
Gaia DR3 catalog). Figure 2 suggests that there is only one
known star in the default aperture used in the TESS pipeline
within six magnitudes of HD 31221. The contaminating star,
Gaia DR3 3412431471783190016 (ajpp0 = 4"54M52.228,
O000 = +22°0971.23”), marked by the number 2 in Fig. 2, is
G = 5.08 mag fainter than HD 31221. To exclude the possi-
bility that the transit signal (Fig. 1) originates from Gaia DR3
3412431471783190016, we created two custom apertures to
separate the point spread function (PSF) of the two stars for mea-
surements taken during Sector 43 (Fig. B.2): one where (most of)
the signal coming from the contaminating star is excluded and
another where (most of) the flux originating from HD 31221 is
excluded. The resultant light curves (Fig. B.3) suggest the transit
signals are unrelated to Gaia DR3 3412431471783190016.

As an additional test, we observed a light curve of Gaia DR3
3412431471783190016 covering the ingress of the transit with
the MuSCAT?2 multicolor imager (Narita et al. 2019) installed at
the 1.52 m Telescopio Carlos Sanchez (TCS) in the Teide Obser-
vatory, Spain. The observations were carried out simultaneously
in the g, r, i, and z; bands in good weather conditions on the
night of February 18, 2023 from 20:30 to 23:30 UT, and the pho-
tometry was carried out with the MuSCAT?2 photometry pipeline
described in Parviainen et al. (2019). The observations securely
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reject Gaia DR3 3412431471783190016 as the possible source
of the signal, as can be seen from Fig. B.4. As the stellar pul-
sations of HD 31221 have a comparable amplitude to the tran-
sit depth of its companion and the fact that only the ingress of
HD31221b would have been observable on the night of 2023
Feb. 18, the MuSCAT?2 observations of the proposed host yielded
only a tentative transit detection.

We therefore suggest that the probability of the transit sig-
nals having an origin outside of HD 31221 is extremely low.
We also searched for companions with speckle interferome-
try by the Southern Astrophysical Research (SOAR) telescope
(Tokovinin et al. 2018) in the Cousins /-band on November 4,
2022'. The sensitivity curve (Fig. B.1) suggests that there are
no stars within 3” and Am = 7 mag, excluding the possibility
of a blended star and, ultimately, further reducing the probabil-
ity that the observed signal originates anywhere other than the
HD 31221 system.

2.3. Light curve analysis

We used the Transit and Light Curve Modeler (TLCM; Csizmadia
2020) to analyze the light curve. In TLCHM, the transits are fitted
using a Mandel-Agol model (Mandel & Agol 2002), described
by the orbital period, P, the time of midtransit, (¢c), the impact
parameter, (b = a/Rscosi, with i, being the orbital incli-
nation relative to the of sight), the planet-to-star radius ratio
(Rp/Rs), and the scaled semi-major axis (a/Rs). We made use of
a quadratic limb-darkening law characterized by the coefficients
Uy = Ulinear T Uquadratic and u_ = Ujpear — Uquadratic which were
left as free parameters of the fit. We assumed a circular orbit.
Based on the TESS Input Catalogz, weused Teg = 7712+240K,
logg = 4.31 £0.08 and Rs = 1.57 + 0.05 (with the latter used as
a prior). The stellar parameters were taken into account via the
empirical formulae of Southworth (2011), with the assumption
of solar-like metallicity.

Rapid rotation of the host star causes asymmetric transits as
the transit chord of HD 31221 b crosses in front of the cooler
equator and hotter poles of its host (see e.g., Barnes 2009). This
effect is known as gravity darkening. TLCM has a built-in gravity-
darkening model (see Lendl et al. 2020; Csizmadia 2020, for
details), which allowed us to constrain the inclination of the stel-
lar rotational axis, ., and the projected spin-orbit misalignment,
A. These parameters depend on the gravity darkening exponent 3,
which describes the surface brightness distribution. During our
analysis, we fixed § = 0.25, based on the theoretical calculations
of von Zeipel (1924) and fit I, and Q, = 2 +90°.

We also modeled the out-of-transit variations, including
Doppler beaming, the ellipsoidal effect, and the reflection effect
(Zucker et al. 2007; Faigler & Mazeh 2011). This approach is
an established way to confirm the nature of exoplanets (see e.g.
Kepler-41b, Quintana et al. 2013). Through the Doppler beam-
ing (characterized by the semi-amplitude of the radial velocity
curve, K) and the ellipsoidal effect (described by the photomet-
ric mass, ¢e1), we were able to constrain the mass of the plan-
ets and brown dwarfs orbiting the host stars. The coefficients of
these two effects are calculated based on the stellar parameters
and they were not fitted independently of each other (Csizmadia
2020). The phase-curve variations were taken into account via a

! https://exofop.ipac.caltech.edu/tess/view_tag.php?
tag=422227
2 https://tess.mit.edu/science/tess-input-catalogue/

Lambertian phase function:
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where Fp, and Fs are the reflected and stellar fluxes, respec-
tively, I represents the passband-specific intensity, A, is the geo-
metric albedo, and d is the mutual star-planet distance. The phase
angle a can be described by
cos (@ + &) = cos (w + V) sini,, 2)
where ¢ is the shift of the brightest point of the planet from the
substellar point, and v and w are the true anomaly and the argu-
ment of the periastron, respectively (Csizmadia et al. 2021).

In order to handle the remaining signals caused by stellar
pulsations and any instrumental effects, we used the wavelet-
based routines of Carter & Winn (2009) built intoTLCM. These
allowed us to fit the correlated noise (characterized by o and
oy for the red and white components, respectively) simultane-
ously with the signals caused by HD31221b. This approach
for handling the correlated noise was tested on synthetic light
curves by Csizmadia et al. (2021) and Kalmaén et al. (2023), and
it was found to be consistent. Fitting the combination of grav-
ity darkening and stellar oscillations in this way was also tested
on WASP-33 (Kdlman et al. 2022), where it was found to yield
parameters that are compatible with other photometric stud-
ies (von Essen et al. 2020; Dholakia et al. 2022) and Doppler-
tomography (e.g. Borsa et al. 2021). We also included a height
correction (cf. Eq. (47) of Csizmadia 2020), denoted by 4.

3. Results
3.1. Parameters of HD 31221 b

Solving the light curves from the two adjacent sectors yielded
the results seen in Table 1. The phase-folded best-fit solution
is shown in Fig. 3. Based on the T.g—Rs empirical calibration
(Southworth 2011), we estimated the following stellar param-
eters using TLCM: Rg = 1.550 = 0.060 R, and Ms = 1.447 =
0.028 M, (see Csizmadia 2020 for more details about the abso-
lute parameter estimations). Using our fitted Rp/Rs ratio, we
derive an absolute radius for the companion of Rp = 1.32 +
0.14 Ry. We can constrain the absolute mass of the object in two

ways. From g, = %Z, we get Mp = 11.5 + 10.3 M;. By mod-
eling the Doppler beaming, we can fit the radial velocity semi-

amplitude (K). We can then express the true mass ratio ¢ via

3)

~ K
1= 2

sasini, — K
Therefore, with its orbital period of 4.66631 days, and a semi-
major axis of 0.0618 + 0.0018 AU, HD 31221 b has a mass of
Mp = 13.0 + 13.3 Mj. Estimating the mass of HD 31221 b from
these approaches yields values that are in good agreement. These
Mp values mean that HD 31221 b may either be a planet or a
brown dwarf. Based on these mass calculations, we can place a
1-0 upper limit of 26.3 Mj on its mass.

We measured a high geometric albedo of 1.58 + 0.50, cor-
responding to the reflection-dominated out-of-phase variations
seen in the middle panel of Fig. 3. This results is in line with
KELT-1 b’s high dayside albedo (Beatty et al. 2020). The best-
fit nightside brightness ratio of 0.0026+0.0035 is consistent with
0. We derive an offset of the brightest point on the companions
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Table 1. Best-fit parameters of HD 31221 b with the two considered
cases: A, left as a completely free parameter and with a N(0.5,0.1)
Gaussian prior applied to it. The uncertainties correspond to 1o

Parameter Searchbox Value Value

free Ag A, with prior
a/Rs [5.0, 10.0] 8.59 +0.25 8.58 +0.24
Rp/Rs [0.0, 0.2] 0.0863 + 0.0027 0.0862 + 0.0027
b [0.0, 1.0] 0.770 £ 0.019 0.770 £ 0.018
P [days] [4.63, 4.69] 4.66631 +0.00011 4.66632 + 0.00010
tc [BTID] [2476.52, 2476.54] 2476.5375 + 0.0014 2476.5373 + 0.0014
Uy [-1.0,2.0] 0.80 +0.16 0.80 +0.16
u- [-1.5, 1.5] -0.44 +1.02 —-0.49 +0.97
o, [100 ppm] [0.0, 10000.0] 665.00 +2.94 664.90 +2.76
oy [100 ppm] [0.0, 6000.0] 3.036 +0.019 3.036 + 0.018
L [°] [0.0, 180.0] 559+11.3 559 +11.1
Q, [°] [-180.0, 180.0] -31.6+ 144 -30.9 + 14.6
Ag [0.0, 2.0] 1.58 +0.50 0.53+0.12
f [0.0, 1.0] 0.0026 + 0.0035 0.0035 + 0.0044
e[°] [-180.0, 180.0] 52.6 +41.2 48.5+57.6
K [ms™'] [0.0, 6000.0] 1233 + 1242 1463 + 1320
Gell [0.0, 0.2] 0.0076 + 0.0068 0.0086 + 0.0073
h [-0.5,0.5] —0.00031 + 0.00018  —0.00028 + 0.00017

Derived parameters

Ms [Ms] 1.447 + 0.028 1.449 + 0.028
Rs [Ro] 1.550 + 0.060 1.553 +0.059
Rp [Ry] 1.32+0.14 1.32+0.12
Ellipsoidal mass [Mj] 11.5+10.3 13.0+11.1
Beaming mass [M;] 13.04133 15.6 +14.2
i[°] 84.86 +0.20 84.85+0.19

surface from the sub-stellar points to be 52.6 + 41.2°, suggest-
ing the presence of hazes in the atmosphere. We also measured
a significant secondary occultation depth (99 + 9 ppm, Fig. 3)
applying a so-called Welch statistics (Welch 1951). The results
of this test suggest that the occultation depth is statistically sig-
nificant at S = 12.9 at a level of p = 4 x 1073,

It is also known that the beaming and reflection effects are
degenerate (Csizmadia 2020). Given the lack of reliable RV data,
it is difficult to break this degeneracy. Also given the rapid rota-
tion of the star and its oscillations, obtaining viable RV mea-
surements is highly improbable. Nonetheless, in order to try to
break this degeneracy, we also solved the LC by applying a
Gaussian prior of N(0.5,0.1) to A,. The resulting parameters
are also listed in Table 1. Upon introducing this constraint, we
get a lower value for the geometric albedo of 0.53 + 0.12, but
all other parameters are consistent within the uncertainties with
leaving A, as a free parameter. For the mass of HD 31221 b in
the case when the prior is applied on the geometric albedo, we
get Mp = 13.0 £ 11.1 Mj (from the ellipsoidal variations) and
Mp = 15.6 + 14.2 Mj (from the Doppler beaming). Both of these
values are in good agreement with each other and the mass esti-
mates of the case when A, is left as a free parameter as well.
When we apply a prior on Ag, the resultant masses are marginally
higher. The derived parameters for both cases (with free A, and
with a Gaussian prior on A,) are also listed in Table 1. We also
checked for degeneracies between the fitted parameters by plot-
ting the posteriors of the Markov chain Monte Carlo (MCMC)
analysis using the routines of Foreman-Mackey (2016) for the
case where A, was treated as a free parameter of the fit. The
resultant corner plot is shown on Fig. C.1. There is a clear degen-
eracy between the parameters used for the mass estimation, K
and g, expressed by the Pearson’s r value of 0.88. This is
not unexpected, as the two parameters are fitted jointly. There
is also an apparent contradiction between the significant offset
of the peak of the reflection effect (Fig. 3) and the large uncer-
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Fig. 3. Phase-folded, pre-cleaned light curve of HD 31221 b (top panel,
orange). The noise-corrected light curve is shown with blue dots on the
top and middle panels. The solid red line represent the best-fit model.
Black dots and the corresponding error bars of the middle panel repre-
sent 200-points bins. The out-of-transit variations are dominated by the
reflection effect (middle panel, solid magenta line), but the ellipsoidal
effect (dashed orange line, middle panel) and the Doppler-beaming
(dashed magenta line, middle panel) are also detectable. The residu-
als are plotted on the bottom panel with a similar scale to the middle
panel. White circles with black outlines represent the binned data resid-
uals with the same binning as on the middle panel. The respective error
bars are shown with black. The orange dots of the top panels represent
the same LC as on the lower panel of Fig. 1.

tainty with which the & parameter is described (52.6° £41.2° and
48.5° + 57.6° in the two tested cases). There are no significant
correlations between € and any other parameters, with » = —0.47
being the highest value when comparing its distribution to fc.
We suggest two possible explanations for this anomaly, each of
which can be tested by upcoming observations: (i) the remain-
ing quasi-periodic stellar oscillations influence the determination
of g, or (i) HD 31221 b experiences weather whereby the offset
changes on timescales shorter than the two TESS sectors. The
former assumption of these is unexpected (cf. Csizmadia 2020),
while the latter can not be tested on the TESS data alone, as the
slicing of the original light curve yields data where there are too
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few points to have a good enough signal-to-noise ratio (S/N) to
reliably estimate .

Gravity darkening of HD 31221 causes asymmetric transits
(Fig. A.1). By modeling this effect, we were able to derive values
for the inclination of the stellar rotational axis and the projected
spin-orbit misalignment. There are four equivalent (I, 1) pairs
that cannot be distinguished from each other via light curve anal-
yses: (55.9+11.3°, -121.6+£14.4°), (55.9+11.3°,301.6 £ 14.4°),
(124.1+11.3°,121.6 £ 14.4°), and (124.1 £11.3°,58.4 + 14.4°).
To better constrain these angles, either photometric observations
with a higher precision, or (in the case of 1) Doppler tomo-
graphic investigations are necessary. Using these angles, we can
also derive the true spin-orbit angle (Fabrycky & Winn 2009):

“

We find ¢ = 112.5 £ 11.9°, 61.2 + 11.9°, 118.8 + 11.9°, and
67.5 + 11.8° in the four listed scenarios, respectively. Two of
these suggest a near-polar orbit, as in the cases of, for example,
KELT-9b (Ahlers et al. 2020), MASCARA-1b (Talens et al.
2017; Hooton et al. 2022), WASP-33b (Dholakia et al. 2022;
Kéalmdn et al. 2022).

¢ = arccos (cos I cos iy, + sin I, sin i, cos /1) .

3.2. Stellar oscillations

There are two exoplanet-hosting systems, HAT-P-2 (Bakos et al.
2007) and WASP-33 (Collier Cameron et al. 2010; Herrero et al.
2011), for which it has been shown that the planets influence the
pulsations of their host stars (de Wit et al. 2017; Kédlman et al.
2022). In order to investigate this possibility, we computed
the Fourier spectrum of the observed LC (Fig. 1, top panel)
after subtracting the transits and the out-of-transit variations
(Fig. 3). The frequency spectrum is shown in the top panel
of Fig. 4. While a detailed study of the stellar oscillations is
beyond to scope of this work, we suggest that HD 31221 is a 6
Scuti/y Doradus hybrid pulsator according to the classification

scheme of Grigahcene et al. (2010). For the frequency analy-
sis, we used Period®4 (Lenz & Breger 2005) and calculated the
S/N of each frequency following the method used in Breger et al.
(1993). We extracted 124 frequencies, adopting S/N > 4 as
a criterion to distinguish between peaks due to pulsation and
noise. The frequencies are listed in Table D.1. The F2/F1 ratio
is 0.61561, which indicates that F1 is the fundamental mode
and F2 is the second overtone (Fitch 1970), while the other
frequencies are likely low amplitude non-radial modes. There
are other ¢ Scuti stars with >50 identified frequencies in their
light curves, including KIC 11754974 (Murphy et al. 2013) and
KIC 10661783 (Southworth et al. 2011).

The contaminating star, Gaia DR3 3412431471783190016,
has Teg = 7959.5 + 22.5K and logg = 4.144 + 0.012 accord-
ing to Gaia DR3. These parameters suggest that it could show
0 Scuti type oscillations (Uytterhoeven et al. 2011). Based on
the brightness difference between HD 31221 and the contam-
inating star (AG 5.08 mag), the F1 and F2 peaks would
correspond to a ~0.68 and ~0.36 Tmag pulsational amplitude,
respectively. These are uncharacteristic even for so-called high-
amplitude delta Scuti (HADS)? stars (Derekas et al. 2009),
which are known to present only one high-amplitude pulsational
frequency. However, in our analysis, even F3 has an amplitude
of ~0.27 Tmag. Although the light curves of Fig. B.3 are too
noisy to extract high-quality Fourier spectra, they too suggest
that HD 31221 is indeed a ¢ Scuti type star. Based on the avail-
able photometry, we are not able to eliminate the possibility that
Gaia DR3 3412431471783190016 is also a star showing either
¢ Scuti or y Doradus pulsations, and thus it is possible that some
of low-amplitude components of the Fourier spectra of Fig. 4 are
originating from it.

3 The pulsational amplitudes are usually computed in V-band, which is
bluer than the TESS passband, and in which the pulsational amplitudes
are even higher.

L14, page 5 of 12



Kélman, Sz., et al.: A&A 673, L14 (2023)

There are several instances where the orbital harmonics coin-
cide with peaks in the spectrum. Three instances with the clos-
est near-resonances (3rd, 85th, and 221st orbital harmonics,
Table D.1) are shown on the bottom panels of Fig. 4. We note
that these frequencies are present in the spectrum computed for
the light curve shown in the upper panel of Fig. B.3. To probe
whether these resonance-like features are, in fact, a coincidence
that may be attributed to the large number of peaks present in
the Fourier spectrum (Fig. 4), we constructed a simplified test.
We created 10° independent, randomized, uniform distributions
of 124 line segments each (corresponding to the number of fre-
quencies extracted, Table D.1) between 0 and 50d~' (where
these frequencies can be found). As the width of the peaks in
the original spectrum varies greatly, we set the width of every
line segment at 0.006 d~!, which is equal to the distance between
F12 and the 85th orbital harmonic (Table D.1). We the calcu-
lated the total number of orbital harmonics that intersect these
line segments in every distribution, allowing us to estimate the
probability that a random uniform distribution can appear as the
resonance-like features seen in Fig. 4. We found that in 2.7% of
the 10° randomly generated distributions, there are three, four,
or five orbital harmonics intersecting these synthetic peaks. We
therefore suggest that there is tentative evidence that HD 31221 b
influences the pulsation of its host, perhaps producing the so-
called tidally perturbed oscillations observed in close-in binaries
(Southworth et al. 2020; Lee 2021; Steindl et al. 2021) and the
planet-hosting WASP-33 (Kdlman et al. 2022). Given that we
have assumed a circular orbit for HD 31221 b (supported by the
best-fit model covering the occultation well; see Fig. 3), we sug-
gest that the tidal forces arising from the giant planet or brown
dwarf on a misaligned orbit are responsible for influencing the
stellar oscillations.

4. Summary and conclusion

We present the discovery of a substellar companion to
HD31221b. Given that there is only one star near the target
(Fig. 2), which is between four and six magnitudes dimmer than
the target, it is extremely unlikely that the transits are the result
of a background eclipsing binary. HD 31221b has a radius of
1.32 + 0.14 Ry with an orbital period of 4.66631 + 0.00011 days.
By modeling the ellipsoidal variations, we find a mass of mass
of 11.5 + 10.3 M;. By modeling the Doppler beaming, we can
place a 1-0- upper constraint on its mass of 26.3 Mj, suggesting
that it is either a hot Jupiter or a brown dwarf. Through modeling
the gravity darkening, HD 31221 b is found to have a misaligned
orbit, with an obliquity of —121.6+14.4°. Therefore HD 31221 b
joins WASP-33 (Herrero et al. 2011) and KOI-976 (Ahlers et al.
2019) as a type of substellar object orbiting a star presenting
o Scuti oscillations and gravity darkening, with a short orbital
period.

In this system, the out-of-transit variations (see Fig. 3)
appear to be dominated by the reflection effect, appearing in
our model as a high geometric albedo of 1.58 + 0.50. A non-
zero geometric albedo was also found in the case of KELT-1 b
(Beatty et al. 2020), namely, another brown with a short orbital
period (1.21749394 +2.5x 1077 days). Because of the degenera-
cies between this and the beaming effect, we are unable to pre-
cisely determine either. Given that radial velocity measurements
are not a plausible way to estimate the mass of HD 31221 b,
simultaneous analyses of multi-color photometric observations
(with data from CHEOPS or PLATO; Rauer et al. 2014) can be
used to have better mass and albedo estimates. By imposing
a N(0.5,0.1) Gaussian prior on the geometric albedo, we get
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slightly higher mass estimates (13.0 = 11.1 and 15.6 + 14.2 M;
from the ellipsoidal variations and the Doppler beaming, respec-
tively). Because of the large uncertainties, all mass estimates
agree well with each other. We measured a nightside flux that
is consistent with 0, and an offset between the brightest point of
the companions surface and the substellar point of 52.6 + 41.2°,
suggestive of clouds in the atmosphere of HD 31221 b. We found
the secondary occultation depth to be 99 + 9 ppm.

By analyzing the Fourier spectrum of the pulsations of
HD 31221, we found evidence that HD 31221 is tidally influenc-
ing the pulsations of its host, similarly to the case of WASP-
33 (Kdlman et al. 2022). Figure 4 displays the 3rd, 85th, and
221st orbital harmonics, showing that there are nearly exact res-
onances with the pulsational frequencies.
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Appendix A: Gravity-darkened transit
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Fig. A.1. Phase folded, pre-cleaned light curve of HD 31221 b (orange
dots), centered around the transit. Removing the correlated noise from
the input LC yield the blue dots, while the solid red line represents the
best-fit solution. The dashed magenta line is drawn at the minimum of
the transit, which is shifted from 0.0 phase because of gravity darkening.

Appendix B: HD 31221 as the source of the transits
and the phase curve

We performed speckle imaging (Fig. B.1), defined custom aper-
tures (Fig. B.2), extracted the respective light curves (Fig. B.3),
and conducted ground-based observations (Fig. B.4) in order
to confirm that HD 31221 is the source of the observed signal
(Fig. 3).
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Fig. B.1. Sensitivity curve and auto-correlation function from the
speckle imaging with SOAR in /-band, which is similar to the TESS
passband.
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Fig. B.2. Custom apertures used to separate the PSF of the HD 31221
(red) and Gaia DR3 3412431471783190016 (blue) in Sector 43. Red
and blue dots mark the approximate pixel coordinates of the two stars.
The corresponding light curves are shown in Fig. B.3.

Relative flux
285
N

Relative flux

2485 2490 2495

BJD - 2457000

2480

Fig. B.3. Light curves from Sector 43, extracted by the custom aper-
tures (Fig. B.2) for the photometry of HD 31221 (top panel) and Gaia
DR3 3412431471783190016 (bottom panel). Blue ticks mark the tran-
sits seen in Fig. 1.

Gaia DR3 3412431471783190016 observed with MuSCAT2 - all filters combined
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Fig. B.4. Light curve of Gaia DR3 3412431471783190016 covering the
expected transit ingress observed with MuSCAT?2. The dots with uncer-
tainties show the MuSCAT?2 observations, the solid line visualises the
transit, the solid vertical line shows the expected transit center, and the
slashed vertical line shows the expected beginning of the transit. The
observations clearly show that the transit signal does not arise from Gaia
DR3 3412431471783190016.



