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ABSTRACT
We present the discovery of a highly irradiated and moderately inflated ultra-hot Jupiter, TOI-

1431 b/MASCARA-5 b (HD 201033 b), first detected by NASA’s Transiting Exoplanet Survey Satellite
mission (TESS ) and the Multi-site All-Sky CAmeRA (MASCARA). The signal was established to
be of planetary origin through radial velocity measurements obtained using SONG, SOPHIE, FIES,
NRES, and EXPRES, which show a reflex motion of K = 294.1 ± 1.1 ms−1. A joint analysis of the
TESS and ground-based photometry and radial velocity measurements reveals that TOI-1431 b has a
mass of Mp = 3.12± 0.18 MJ (990± 60M⊕), an inflated radius of Rp = 1.49± 0.05 RJ (16.7± 0.6R⊕),
and an orbital period of P = 2.650237 ± 0.000003 d. Analysis of the spectral energy distribution
of the host star reveals that the planet orbits a bright (V = 8.049mag) and young (0.29+0.32

−0.19 Gyr)
Am type star with Teff = 7690+400

−250 K, resulting in a highly irradiated planet with an incident flux of
〈F 〉 = 7.24+0.68

−0.64× 109 erg s−1 cm−2 (5300+500
−470S⊕) and an equilibrium temperature of Teq = 2370±70K.

TESS photometry also reveals a secondary eclipse with a depth of 127+4
−5 ppm as well as the full phase

curve of the planet’s thermal emission in the red-optical. This has allowed us to measure the dayside
and nightside temperature of its atmosphere as Tday = 3004±64K and Tnight = 2583±63K, the second
hottest measured nightside temperature. The planet’s low day/night temperature contrast (∼420 K)
suggests very efficient heat transport between the dayside and nightside hemispheres. Given the host
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star brightness and estimated secondary eclipse depth of ∼ 1000 ppm in the K-band, the secondary
eclipse is potentially detectable at near-IR wavelengths with ground-based facilities, and the planet is
ideal for intensive atmospheric characterization through transmission and emission spectroscopy from
space missions such as with the James Webb Space Telescope and the Atmospheric Remote-sensing
Infrared Exoplanet Large-survey.

Keywords: stars: individual (HD201033) — techniques: radial velocities – techniques: transits

1. INTRODUCTION

Exoplanet discoveries over the past 25 years have re-
vealed that the diversity of alien worlds to be far greater
than we had ever imagined. Planets more massive than
Jupiter were found on orbits measured in mere days (and
became known as “hot Jupiters”, e.g. Butler et al. 1998;
Henry et al. 2000; Tinney et al. 2001a), while others
were found moving on highly eccentric orbits that had
more in common with the Solar System’s cometary bod-
ies than its planets (e.g. Naef et al. 2001; Jones et al.
2006; Wittenmyer et al. 2017, 2019; Bergmann et al.
2021). And more recently, a new class of close-in gas gi-
ants has emerged that are hotter than even the coolest
main-sequence stars. These super hot gas giants are
known as ultra-hot Jupiters and have dayside tempera-
tures & 2200K (e.g., Parmentier et al. 2018).
In the early years of the Exoplanet era, the majority

of new exoplanet discoveries were made by radial veloc-
ity surveys (e.g. Mayor & Queloz 1995; Cochran et al.
1997; Butler et al. 1999; Pepe et al. 2004; Endl et al.
2008; Vogt et al. 2010) that mainly targeted stars con-
sidered to be ‘Sun-like’: of spectral classes late-F, G, and
K. The focus on such stars was, in part, driven by tech-
nical necessity — such stars possess ample spectral lines
for radial velocity analysis and typically rotate slowly
enough that such lines are sufficiently narrow enough to
yield precise radial velocity measurements. As a result,
during the first two decades of the Exoplanet era, our
knowledge of the diversity of planets was heavily biased
towards systems with host stars similar to the Sun.
The situation changed with the launch of the Kepler

space observatory, designed to search for exoplanets us-
ing the transit technique (Borucki et al. 2010). By sur-
veying a vast number of stars at once, Kepler was able
to get a true handle on the frequency of short-period
planets around a wide variety of stars. It showed that
planets are ubiquitous — a natural byproduct of the star
formation process — and that planetary systems have
a wide variety of architectures and compositions (e.g.
Rogers 2015; Guenther et al. 2017; Dorn et al. 2019;
Hsu et al. 2019; Cañas et al. 2019; Millholland et al.
2016, 2017; Bryson et al. 2021).
Although the transit technique is better suited to find

planets around hot, massive stars than the radial ve-

locity method, such discoveries remain challenging due
to the inherent difficulty in confirming planet candi-
dates with radial velocity measurements. This is be-
cause more massive stars tend to have rapid rotation,
resulting in a significant decrease in the obtainable radial
velocity precision (e.g., WASP-167b/KELT-13b, KELT-
17b, KELT-20b/MASCARA-2b, KELT-19Ab, HAT-P-
69b, WASP-189b, HAT-P-70b, KELT-25b, KELT-26b,
Temple et al. 2017; Zhou et al. 2016b; Lund et al. 2017a;
Talens et al. 2018; Siverd et al. 2018a; Anderson et al.
2018; Zhou et al. 2019a; Martínez et al. 2020, transit-
ing planets orbiting hot stars exclusively or primarily
confirmed through Rossiter-McLaughlin or Doppler to-
mography observations).
NASA’s Transiting Exoplanet Survey Satellite (TESS ;

Ricker et al. 2015) was launched in 2018 and is the
successor to the hugely successful Kepler and K2 mis-
sions. While the Kepler spacecraft could only examine
a ∼ 115◦ patch of sky (∼ 0.3% total area of the full sky)
at any given time (performing a narrow but deep survey
of the sky), TESS is designed to survey large bands of
the sky at a time (96o by 24o). As a result, over the two
years of TESS ’ primary mission, it surveyed the major-
ity of the sky, obtaining high cadence observations (one
target pixel image recorded every two minutes) of more
than 200,000 pre-selected main-sequence dwarf stars,
and low cadence observations (one full frame image ev-
ery thirty minutes) of 20million bright stars (Ricker
et al. 2015). In doing so, it has enabled the search for
planets around a wide variety of bright stars (includ-
ing hot and more massive stars historically avoided in
radial velocity surveys) — perfect targets for ground-
based follow-up observations. While we are still in the
early stages of reaping the full harvest from TESS ’ re-
markable wealth of observations, the spacecraft has al-
ready discovered a variety of new exoplanet systems (e.g.
Huang et al. 2018; Wang et al. 2019; Newton et al. 2019;
Addison et al. 2020; Gilbert et al. 2020; Rodriguez et al.
2020; Plavchan et al. 2020; Teske et al. 2020; Jones et al.
2019; Cañas et al. 2019; Günther et al. 2019; Jordán
et al. 2020; Davis et al. 2020; Brahm et al. 2020) with
many planet candidates, or TESS Objects of Interests
(TOIs), awaiting confirmation (Guerrero et al. 2021).
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A great benefit of TESS ’ discoveries orbiting bright
stars is that those stars make ideal targets for follow-up
observations, allowing us to better characterize the plan-
ets that orbit them. The most obvious route by which
such characterization is achieved is through radial ve-
locity observations, which provide measurements of the
masses of the planets. Additionally, radial velocity ob-
servations also provide vital information on the planet’s
orbit, including its eccentricity and orbital period (crit-
ical if only one or two transits are observed). These
observations can also be used to reveal the presence of
otherwise undetectable, non-transiting planetary com-
panions (e.g. Mills et al. 2019; Weiss et al. 2020; Sozzetti
et al. 2021). When radial velocity observations are made
during a transit of a planet across the disk of its host
star, they can be used to constrain the inclination of
the planet’s orbit relative to the plane of the host star’s
equator through the use of the ‘Rossiter-McLaughlin ef-
fect’ (e.g., Rossiter 1924; McLaughlin 1924).
Such observations have yielded startling insights in re-

cent years. Where predictions made based on our knowl-
edge of the Solar System would suggest that exoplan-
ets should, typically, move in roughly the same plane
as their host star’s equator, Rossiter-McLaughlin obser-
vations have revealed that a significant fraction of hot
Jupiters move on misaligned orbits. Surprisingly, such
observations have even revealed a number of planets
moving on polar or retrograde orbits (e.g. Narita et al.
2009; Winn et al. 2009; Hirano et al. 2011; Albrecht et al.
2012; Addison et al. 2013) — a scenario markedly dif-
ferent from the near coplanarity of the Solar System (as
discussed in Horner et al. 2020, and references therein).
The highly excited orbits of such inclined hot Jupiters

are likely linked to their origins. A number of dif-
ferent mechanisms have been proposed to produce hot
Jupiters, ranging from the smooth and relatively sedate
inward migration of the giant planets through interac-
tions with their host star’s protoplanetary disk (e.g. Lin
et al. 1996; Ward 1997; Tanaka et al. 2002; Alibert et al.
2005), to planet-planet scattering (where close encoun-
ters between two planets throw them both onto highly
eccentric orbits, dropping one inwards, towards its host,
and flinging the other outwards; see e.g., Chatterjee
et al. 2008; Beaugé & Nesvorný 2012; Li et al. 2019a),
and even distant perturbations from binary compan-
ions (through the Kozai-Lidov mechanism; see e.g. Kozai
1962; Lidov 1962; Nagasawa et al. 2008). Those mech-
anisms that invoke a period of high orbital eccentricity
then require the tidal circularization of the planet’s or-
bit, which, for small pericenter distances, can happen
on timescales far shorter than the lifetimes of the stars
involved (Nagasawa et al. 2008).

These three methods would naturally produce very
different populations of hot Jupiters. Those formed
through disk migration would be expected to orbit in
essentially the same plane as their host star’s equator.
Those formed through planet-planet scattering would
likely also congregate around such low inclinations, but
would be more dispersed/excited, with scattering events
able to produce at least moderate orbital inclinations for
the planets involved. Planets that migrate as a result
of the Kozai-Lidov mechanism, by contrast, would be
expected to be found on highly misaligned orbits, as
the Kozai-Lidov mechanism causes significant inclina-
tion excitation as a byproduct of the eccentricity exci-
tation driving the planetary migration.
Given that more massive stars are statistically more

likely to host binary companions (e.g. Perryman et al.
1998; Böhm-Vitense 2007; Zinnecker & Yorke 2007), es-
pecially Am stars such as TOI-1431 (see, Böhm-Vitense
2006), and also tend to form more massive planets (e.g.
Ida & Lin 2005; Bowler et al. 2010; Reffert et al. 2015a),
it would seem reasonable to expect that such stars might
be more likely to host both moderately and highly mis-
aligned planets (since the two mechanisms by which ex-
cited hot Jupiters can be produced would be more likely
to occur). Indeed, as the catalog of planets for which
spin-orbit alignment measurements have been made has
grown, this prediction appears to have been borne out.
The fraction of highly misaligned planets appears to be
a strong function of stellar effective temperature (and
to a lesser degree stellar mass), with hotter and more
massive stars far more likely to host such planets than
those that are cooler and less massive (e.g., Winn et al.
2010; Triaud et al. 2010; Louden et al. 2021).
In this work, we expand the catalog of planets orbiting

hot main-sequence stars with the discovery and charac-
terization of TOI-1431 b/MASCARA-5b — an inflated,
ultra-hot Jupiter orbiting a massive, hot, and metal-
peculiar Am star.
In Section 2, we describe the observations and data re-

duction. The host star properties derived from the anal-
ysis of the broadband spectral energy distribution and
spectroscopy are outlined in Section 3. The data anal-
ysis, modeling, and results are presented in Section 4.
We then discuss the phase curve and secondary eclipse
analysis and measurements of the planet’s dayside and
nightside temperatures in Section 4.2. Lastly, the dis-
cussion and conclusions are provided in Sections 5 and
6, respectively.

2. OBSERVATIONS AND DATA REDUCTION

TOI-1431/MASCARA-5 (HD 201033) was observed
with space-based photometry by TESS (Section 2.1)
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and ground-based photometry from several facilities
(Section 2.2). We also obtained follow-up spectroscopic
observations from several ground-based facilities (Sec-
tion 2.3) as well as high-contrast imaging on the Keck
II telescope (Section 2.4) to establish the planetary na-
ture of the transit signals detected by TESS and the
Multi-site All-Sky CAmeRA. Here we describe the ob-
servations collected and the data reduction process.

2.1. TESS Photometry

The star TOI-1431 (HD 201033; TIC 375506058, Stas-
sun et al. 2019) was observed in Sectors 15 (on Camera 2
and CCD chip number 4) and 16 (on Camera 2 and CCD
chip number 3) by TESS in 2-minute cadence mode
nearly continuously between 2019 August 15 and 2019
October 7. The photometric data were processed by the
TESS Science Processing Operations Center (SPOC)
pipeline (see, Jenkins et al. 2016, for a description of
the SPOC pipeline), resulting in two versions of the
light curves: Simple Aperture Photometry (SAP, see,
Twicken et al. 2010; Morris et al. 2020) and Multi-scale
Maximum A Posteriori (MAP) Presearch Data Con-
ditioning (PDC, see, Stumpe et al. 2012, 2014; Smith
et al. 2012). Multi-scale MAP PDC divides each light
curve into three wavelet band passes and then performs
a MAP-like (Maximum A Posteriori) correction in each
using separate cotrending basis vectors derived within
each band-pass. A fit to neighboring targets is used as
the Bayesian prior during the a-posteriori fit. We down-
loaded both versions of the light curves from the NASA’s
Mikulski Archive for Space Telescopes (MAST). Addi-
tionally, we produced a third version of the TESS light
curve, single-scale MAP PDC (where no band-splitting
is performed, Smith et al. 2012), for the analysis de-
scribed in Section 4.
The transiting planet candidate was promoted to TOI

status (see TOI catalog, Guerrero et al. 2021) and des-
ignated TOI-1431.01 by the TESS Science Office based
on model fit results and a passing grade on all diag-
nostic tests in the SPOC Data Validation (DV) report
(Twicken et al. 2018; Li et al. 2019b) for Sector 15.
Twenty transits (10 per sector), were observed by TESS.
Each transit had a duration of ∼2.5 hr, a depth of ∼6000
parts per million (ppm), and recurred with a period of
2.65 d. The first detected transit occurred on BJDTDB

2458712 in Sector 15. The raw SAP and multi-scale
MAP PDC light curves are shown in Figure 1.
Before detrending and fitting the SAP and the two

versions of the PDC light curves, we first removed all
quality-flagged data. The light curves were then split
into a total of 10 segments, with each segment split

at the spacecraft momentum dumps1 at 4.25 day and
5.83 day intervals in Sectors 15 and 16, respectively, to
minimize the offset effects on the light curves during the
detrending and fitting analysis. The transits were then
masked and a 5σ median filter was applied to the out-of-
transit data to remove remaining outliers in each light
curve segment. Lastly, the light curve segments were
normalized with the mean of the out-of-transit flux be-
fore performing the detrending and fitting analysis as
described in Section 4.

2.2. Ground-Based Transit Photometry

Transit signals of TOI-1431 b were first detected by
the ground-based Multi-site All-Sky CAmeRA (MAS-
CARA) telescope (Talens et al. 2017) at the Roque de los
Muchachos Observatory, La Palma, starting in February
2015. Transits were observed by MASCARA between
February 2015 to March 2018 and were discovered be-
fore TESS observed them. Figure 2 shows the phase-
folded light curve of TOI-1431 b from MASCARA with
the transit signal clearly detected at the same ∼ 2.65 d
period and approximate transit depth as measured by
TESS . The MASCARA observations were taken with
exposure times of 6.4 s without using any filters and
achieve a photometric precision of ∼ 5000 ppm, per 5m
binned observation.
Both MASCARA and TESS have large on-sky pixel

sizes of 1 ′ pixel−1 (Talens et al. 2017) and 0.35 ′ pixel−1

(Ricker et al. 2015), respectively. As such, further
photometric follow-up is required to rule out potential
false positive scenarios such as nearby eclipsing binaries,
where an eclipsing binary pair falls on or very close to
the same pixel as the target star in the MASCARA and
TESS images.
To confirm the transit signals detected by TESS and

MASCARA were coming from TOI-1431 and to check
for any changes in transit depth between multiple pho-
tometric bands (chromaticity), we acquired additional
photometric follow-up observations from several ground-
based facilities through the TESS Follow-up Observ-
ing Program (TFOP) Working Group as summarized
in Table 3 in the Appendix. We used the TESS Tran-
sit Finder which is a customized version of the Tapir
software package (Jensen 2013), to schedule the ob-
servations. These facilities include the 0.36m CDK14
telescope at Howard Community College, the MuS-
CAT2 imager on the 1.52m Carlos Sanchez Telescope
(TCS) at the Teide Observatory (OT), the 0.8m tele-
scope at the Ankara University Kreiken Observatory

1 As provided in the data release notes found at https://archive.
stsci.edu/tess/tess_drn.html

https://archive.stsci.edu/tess/tess_drn.html
https://archive.stsci.edu/tess/tess_drn.html
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Figure 1. The TESS light curves of TOI-1431 from Sectors 15 (left panel) and 16 (right panel). The top panels show the Simple
Aperture Photometry (SAP) and the bottom panels show the Presearch Data Conditioning (PDC) versions of the light curves.
The circles plotted in blue represent data that have a quality flag greater than 0 (but not equal to 128) and the red squares
are data with quality flag equal to 128 (flagged as manual exclude, i.e., the cadence was excluded because of an anomaly). The
TESS quality flags are described in the TESS Data Products Description Document (see, https://archive.stsci.edu/missions/
tess/doc/EXP-TESS-ARC-ICD-TM-0014-Rev-F.pdf.

(AUKR), the 0.3m telescope at the Kotizarovci Obser-
vatory (SCT) in Rijeka, Croatia, the 0.6m University
of Louisville Manner Telescope (ULMT) at Mt. Lem-
mon, and the Las Cumbres Observatory Global Tele-
scope (LCOGT; Brown et al. 2013a) 1-m node at the
McDonald Observatory. For the final global analysis
with Allesfitter, we included only the high-quality
and high-precision (RMS. 3 ppt) ground-based obser-
vations with full transit coverage that are free of signif-
icant systematics to provide precise transit depth mea-
surements and accurate transit ephemeris. As such,
we have not included the light curve taken on 24 May
2020 from MuSCAT2 (but we do include the 16 May
2020 observation) due to significant systematics (see Sec-
tion 2.2.2), ULMT taken on the 28 September 2020 due
to systematics and moderately low precision photometry
obtained (∼ 3.4 ppt), nor the photometry from MAS-

CARA due to its relatively low photometric precision of
∼ 5 ppt.

2.2.1. CDK14

One full transit of TOI-1431 b was observed on 24-25
December 2019 with the CDK14 telescope at Howard
Community College. The observations were taken us-
ing alternating 10 second exposures in the Sloan g′ and
zs filters, starting at 23:02UT on the 24th December
at an airmass of 1.2 and finishing at 02:56UT on the
25th December at an airmass of 2.4. We reduced the
data and extracted the light curves for each filter using
the AstroImageJ (AIJ) software package (Collins et al.
2017) with 7 pixel apertures. Figure 3 shows the transit
signatures in the two bands with fitted transit depths
of 5.1+0.6

−0.7 ppt and 5.1+0.5
−0.6 ppt for the Sloan g′ and zs fil-

ters, respectively. These transit depths are consistent
with the SPOC pipeline transit depth of 5.68± 0.03 ppt
to within ∼ 1σ.

https://archive.stsci.edu/missions/tess/doc/EXP-TESS-ARC-ICD-TM-0014-Rev-F.pdf
https://archive.stsci.edu/missions/tess/doc/EXP-TESS-ARC-ICD-TM-0014-Rev-F.pdf
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Figure 2. Photometry of TOI-1431 taken from the Multi-site All-Sky CAmeRA (MASCARA) telescope at the Roque de los
Muchachos Observatory, La Palma. The top panels are the box least squares periodograms from the MASCARA light curves
showing the strongest peak period at 2.65023 d. The middle panels show the phase folded light curve from MASCARA, full-
phase on the left and zoomed in on the transit on the right. The blue points represent binned data in 0.003 phase steps, the
black points are the original observations in bins of 50 images (320 s), and the red line is the best-fit box least squares model
(see, Kovács et al. 2002) used in detecting the transit. The bottom panels show the photometry phase-folded at half and double
the period (bottom left and right, respectively) found at the strongest peak in the periodogram. No obvious dip features are
seen in the half-period phase-folded plot but two dip features are apparent in double-period phase-folded plot at phase 0 and
0.5, as expected for the transiting planet with a period of 2.65023 d. The MASCARA light curves were not used in the global
modeling in Allesfitter.

2.2.2. MuSCAT2

Two full transits of TOI-1431 b were observed with
MuSCAT2, one on 16 May 2020 and a second one on 24
May 2020, using simultaneous multi-color photometry
in g′, r′, i′, and zs bands (Narita et al. 2019). For the
joint fitting, we only used the transit observed on 16 May
2020 since the second transit observation was affected by
systematics due to weather, resulting in different transit
depths between the filter bands and residuals larger than
1.0 ppt. On the night of 16 May 2020, de-focused ob-
servations were taken from 01:50UT to 05:22UT, with
exposure times of 8 s for all channels, except for the r′,
where an exposure time of 5 s was used for auto-guiding.
We reduced the data and extracted the light curves us-
ing the standard MuSCAT2 pipeline (Parviainen et al.
2019), recovering the expected transit signal as shown
in Figure 3. Figure 14 in the Appendix shows the tran-

sit light curve in all four bands with fits to the transits
and systematics, fits to the transits with systematics re-
moved, and the resulting residuals.

2.2.3. AUKR

A full transit of TOI-1431 b was observed with the
0.8m Prof. Dr. Berahitdin Albayrak Telescope (T80)
at the Ankara University Kreiken Observatory (AUKR)
on 16 June 2020 in the Sloan zs band. Observations
started approximately 30minutes before transit ingress
at 21:15UT and lasted until 01:13UT the following day,
with exposure times of 40 seconds and the target was ob-
served at an airmass between 1.0 and 1.3. We extracted
the photometry using the AIJ software package with
12 pixel (8.16′′) apertures and the resulting fit to the
light curve is shown in Figure 4. The measured transit
depth of 4.5+0.5

−0.6 ppt is moderately shallower compared
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to the transit depths found from the TESS and other
ground-based light curves, likely due to unaccounted for
systematics.

2.2.4. SCT

We used the 0.3m telescope at the Kotizarovci Ob-
servatory (SCT) near Viskovo, Croatia, to observe a
full transit of TOI-1431 b on 8 August 2020. The tran-
sit was observed in the TESS -like band with 20 second
exposures continuously for nearly 6.5 hours starting at
20:23UT and ending at 02:45UT in low airmass that
ranged from 1.1 ′′at the start to 1.3 ′′at the end of the ob-
servations. The photometry was processed using the AIJ
software package with an aperture of 11 pixels (13.2′′)
and Figure 4 shows the resulting fit to the light curve.
We measure a transit depth of 5.6+0.2

−0.3 ppt, consistent
with the depth measured from the TESS light curves.

2.2.5. ULMT

On 20 September 2020, we observed a full transit of
TOI-1431 b from the 0.6m University of Louisville Man-
ner Telescope (ULMT) at Mt. Lemmon using the Sloan
z′ filter. We set the exposure length to 32 seconds and
started the observations at 04:29UT. The observing was
interrupted between 06:57UT and 07:31UT, around the
start of transit ingress, due to a guiding error and then
resumed afterwards until 10:26UT. The target was ob-
served at an airmass of 1.1 at the start and airmass of
1.8 at the end of the observations. The images were bias
and dark corrected and the light curve was extracted us-
ing an aperture of 13 pixels (5.1′′) with the AIJ software
package. We measure a transit depth of 5.8 ± 0.3 ppt
(see Figure 4), in excellent agreement with the depth
measured from the TESS photometry.

2.2.6. LCOGT

A full transit of TOI-1431 b was observed on 14 Oc-
tober 2020 from the LCOGT 1.0m network node at
McDonald Observatory near Fort Davis, Texas (LCO-
McD) in PANSTARRS Y-band. The SINISTRO cam-
era images were calibrated using the standard LCOGT
BANZAI pipeline (McCully et al. 2018), and the photom-
etry was extracted using the AIJ software package with
20 pixel (7.8′′) apertures. Figure 4 shows a clear tran-
sit detection with an individually fitted transit depth of
5.7± 0.3 ppt, consistent with the SPOC pipeline transit
depth of 5.68± 0.03 ppt to within 1σ.

2.3. Spectroscopic Observations

We obtained high-resolution spectroscopic observa-
tions of TOI-1431 with SONG, SOPHIE, FIES, NRES
(TLV and ELP), and EXPRES to establish the plane-

tary nature of the TESS transiting candidate and mea-
sure its mass. Here we describe the observations from
each spectrograph and list the derived radial velocities
in Table 4 in the Appendix.

2.3.1. SONG

High-resolution spectroscopic observations of TOI-
1431 were obtained using the robotic Stellar Observa-
tions Network Group (SONG) 1m Hertzsprung tele-
scope at the Teide Observatory in Tenerife (Andersen
et al. 2014; Fredslund Andersen et al. 2019). In total,
19 spectra were taken with SONG between 06 March
2020 and 29 June 2020. SONG is equipped with a high-
resolution coudé échelle spectrograph with wavelength
coverage between 4400 − 6900Å across 51 spectral or-
ders. The observations were taken using the iodine cell
to allow for precise wavelength calibration. For each
observation, we took a 2400 s exposure in slit mode
6 (slit width 1.2′′), providing a spectral resolution of
R = 90, 000, a median count per pixel at 5560Å of
1795.2ADU (signal-to-noise ratio of at least 50 per res-
olution element for all observations), and median radial
velocity precision of 29 m s−1.
Before each target observation, calibration frames (in-

cluding bias frames, flat fields, and ThAr spectra) were
taken on the same night and applied to target images.
The target observations were then reduced and the spec-
tra extracted with a pipeline written in Python. This
pipeline uses a C++ implementation of the optimal ex-
traction method from Ritter et al. (2014). We also ac-
quired observations of the bright fast-rotating star HR
5191 that was used as an intrinsic stellar template for de-
termining the spectral-line-spread function of the spec-
trograph and to deconvolve a high signal-to-noise spec-
trum of TOI-1431 taken without the iodine cell. We
then analyzed the extracted spectra using the iSONG
pipeline (Antoci et al. 2013) to produce radial velocities
(given in Table 4 and shown in Figure 5), following the
procedure of Grundahl et al. (2017).

2.3.2. SOPHIE

TOI-1431 was observed with the fiber-fed SOPHIE
high-resolution échelle spectrograph on the 1.93m tele-
scope at the Haute-Provence Observatory (Perruchot
et al. 2008, 2011) between 18 December 2019 and 12
January 2020. We collected a total of eight spectra in
the high-resolution (HR) mode (R = 75, 000 at 5500Å).
The second SOPHIE aperture allowed us to check that
there was no background sky pollution.
Thorium-argon calibration spectra were taken at the

start of each night of the observations to determine the
wavelength calibration zero point, as well as Fabry-Pérot
étalon spectra regularly during the nights to monitor
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Figure 3. The ground-based transit light curves of TOI-1431 b/MASCARA-5 b as a function of time from the observations taken
with the two CDK14 photometric bands and the four MuSCAT2 photometric bands. The normalized photometric measurements
are represented by the gray points while the blue points are the binned photometry. The 15 red lines are the randomly drawn
transit light curve models from the Nested Sampling posterior.

any possible instrumental drift. The spectra cover the
wavelength range from 3872−6943Å across 41 spectral
orders, of which 39 were extracted and used for comput-
ing the radial velocities. The exposure times ranged

from 214 and 490 s, resulting in a uniform signal-to-
noise ratio for each observation of 50 per resolution el-
ement at 5500Å and median Doppler velocity precision
of 7 m s−1.
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Figure 4. Same as Figure 3, but showing the observations taken with AUKR, SCT, ULMT, and LCO.

The spectroscopic data were reduced and then ex-
tracted using the standard SOPHIE pipeline (Bouchy
et al. 2009), which performs optimal order extraction,
cosmic-ray rejection, and wavelength calibration. Ra-
dial velocities were computed using the cross-correlation
technique and a numerical binary mask corresponding to
a F0 spectral type star (e.g., see, Courcol et al. 2015),
the closest available binary mask to TOI-1431’s spectral
type. Table 4 list the radial velocities from SOPHIE
and they are shown in Figure 5. The width of the cross-
correlation function allows us to measure the rotational
velocity of the star as v sin i = 6.0± 0.2 km s−1.

2.3.3. FIES

We acquired 52 spectra of TOI-1431 using the FIbre-
fed Échelle Spectrograph (FIES; Frandsen & Lind-
berg 1999; Telting et al. 2014) at the 2.56m Nordic
Optical Telescope (NOT; Djupvik & Andersen 2010)
of Roque de los Muchachos Observatory (La Palma,
Spain). The observations were carried out between 27
November 2019 and 20 June 2020 (UT). We used the
FIES high-resolution mode, which provides a resolving

power of R=67 000 in the spectral range 3760–8220 Å.
We traced the RV drift of the instrument by acquiring
long-exposure ThAr spectra (Texp≈ 90 s) immediately
before and after each science exposure. The exposure
time was set to 300–900 s, depending on the sky condi-
tions and scheduling constraints.
The data reduction follows the steps of Buchhave et al.

(2010) and includes optimal extraction of the spectrum
and interpolation of the ThAr wavelength solutions.
The SNR per pixel at 5500 Å of the extracted spectra is
in the range 42–127. We cross-correlate each observation
order-by-order in velocity space against the strongest
exposure of the star (BJD=2 458 995.703 476). Finally,
the radial velocity of each observation is measured from
the peak of the summed cross-correlation function and
transformed to the barycentric frame. The uncertain-
ties for the derived radial velocities range 7.2–19.1 m s−1

with a mean value of 12.2 m s−1.

2.3.4. NRES

We triggered observations of TOI-1431 on the Network
of Robotic Echelle Spectrographs (NRES) (Siverd et al.
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2018b), operated by the LCOGT (Brown et al. 2013b).
NRES consists of four similar spectrographs with two
in the Northern Hemisphere and two in the Southern.
The spectrographs cover the wavelength range from 380
to 860 nm with a resolution of R∼53,000. They are
fibre-fed, where one fibre observes the science target and
the second fibre is used for the wavelength calibration
source. In the case of NRES the calibration source is a
ThAr lamp.
Due to the target’s Northern declination, TOI-1431

was accessible and observed by the units at the Wise Ob-
servatory (TLV) and the McDonald Observatory (ELP).
We obtained a total of 34 spectra. For spectral classi-
fication we used the standard NRES pipeline in com-
bination with SpecMatch-Synth code2. In order to ob-
tain high precision RV measurements, we processed the
spectra using an adapted version of the CERES pipeline
(Brahm et al. 2017).

2.3.5. EXPRES

We observed TOI-1431 with the Extreme PREcision
Spectrometer (EXPRES) (Jurgenson et al. 2016) which
was recently commissioned at the 4.3m Lowell Discov-
ery Telescope (DCT) (Levine et al. 2012). EXPRES is
a vacuum-stabilized and fiber-fed optical spectrograph,
operating between 380 and 780 nm at a resolution of
R ∼ 137, 500. It achieves a single-measurement radial
velocity precision of approximately 30 cm s−1 at SNR of
250 per pixel (Petersburg et al. 2020). The wavelength
solution is determined from both a ThAr lamp and a
Menlo Systems laser frequency comb (LFC). Recent per-
formance benchmarks and science results are shown by
Blackman et al. (2020) and Brewer et al. (2020), and the
radial velocity pipeline is discussed by Petersburg et al.
(2020). For TOI-1431, we acquired 15 observations with
EXPRES and achieved a mean radial velocity precision
of 2.1 m s−1.

2.4. High-Contrast Imaging Observations

We obtained high angular resolution imaging of TOI-
1431 using the NIRC2 instrument on the Keck II. The
observations were taken on the night of 09 September
2020 UTC under clear skies, very good seeing conditions
of ∼ 0.4′′, and at an airmass of 1.25. The resulting
5σ detection sensitivity and adaptive optics (AO) image
from the NIRC2 observations are plotted in Figure 6. No
nearby companions or background sources were detected
within 3′′ of TOI-1431.

3. HOST STAR PROPERTIES

2 https://github.com/petigura/specmatch-syn

TOI-1431/MASCARA-5 (HD 201033) is a bright
(V = 8.049) Am (chemically peculiar, kA5mF2) type
star (Figueras et al. 1991; Renson et al. 1991; Ren-
son & Manfroid 2009) with a Gaia DR2 parallax of
6.686 ± 0.046mas (Gaia Collaboration et al. 2018a)
and distance of 149.6+1.1

−1.0 pc. The star has a radius
of 1.92 ± 0.07R�, mass of 1.90+0.10

−0.08 M�, surface grav-
ity of log g = 4.15 ± 0.04 dex, effective temperature of
7690+400

−250 K, metallicity of [Fe/H] = 0.43+0.20
−0.28 dex, and

luminosity of 11.7+2.3
−1.2 L�, derived from an analysis of

the broadband spectral energy distribution (SED) and
the Yonsei Yale (YY) stellar evolutionary models (Yi
et al. 2001) using EXOFASTv2 (Eastman et al. 2019) as
discussed in Section 3.1. We also derive independent val-
ues for the effective temperature and metallicity from
the analysis of SONG, SOPHIE, and FIES spectra in
Section 3.2.

Table 1. Stellar parameters for HD201033 as used in this work.
Notes.–†Priors used in the Allesfitter analysis. ‡Preferred solution
for the stellar and spectroscopic parameters. ?Upper limit on the
V-band extinction from Schlegel Dust maps.

Parameter Value Source

R.A. (hh:mm:ss) 21:04:48.89 (1) Gaia DR2
Decl. (dd:mm:ss) 55:35:16.88 (1) Gaia DR2
µα (mas yr−1) 11.74± 0.08 (1) Gaia DR2
µδ (mas yr−1) 23.87± 0.06 (1) Gaia DR2
Parallax (mas) 6.686± 0.046 (1) Gaia DR2
Luminosity (L�) 10.69± 0.10 ‡ (1) Gaia DR2
AV (mag) 1.099 (≤ 3.491) ? (2) Schlegel Dust maps
Distance (pc) 149.6+1.1

−1.0 (1) Gaia DR2

Spectral type Am C (kA5mF2) (3,4,5) A-type star catalogs

Broadband Magnitudes:

BT (mag) 8.368± 0.016 (6) Tycho
VT (mag) 8.049± 0.011 (6) Tycho
TESS (mag) 7.798± 0.006 (7) TESS TIC v8
J (mag) 7.541± 0.030 (8) 2MASS
H (mag) 7.452± 0.040 (8) 2MASS
Ks (mag) 7.439± 0.030 (8) 2MASS
WISE1 (mag) 7.335± 0.034 (9) WISE
WISE2 (mag) 7.430± 0.019 (9) WISE
WISE3 (mag) 7.446± 0.015 (9) WISE
WISE4 (mag) 7.371± 0.096 (9) WISE
Gaia (mag) 7.976± 0.001 (1) Gaia DR2
GaiaBP (mag) 8.123± 0.001 (1) Gaia DR2
GaiaRP (mag) 7.772± 0.001 (1) Gaia DR2

Stellar Properties from SED & YY Tracks:

Teff (K) 7690+400
−250

†,‡ (10) EXOFASTv2; this paper

log g (dex) 4.15± 0.04 ‡ (10) EXOFASTv2; this paper
[Fe/H] (dex) 0.43+0.20

−0.28 (10) EXOFASTv2; this paper

R? (R�) 1.92± 0.07 †,‡ (10) EXOFASTv2; this paper

Table 1 continued

https://github.com/petigura/specmatch-syn
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Figure 5. Radial velocity measurements of TOI-1431 b/MASCARA-5 b as a function of orbital phase. The radial velocities
from SONG, NRES (ELP and TLV), FIES, SOPHIE, and EXPRES are represented by the cyan colored circles, purple triangles
pointed down, black triangles pointed up, green stars, blue squares, and gold triangles pointed to the left, respectively. A
random selection of 20 radial velocity curves drawn from the posterior of the Nested Sample modeling are plotted as the red
lines. The bottom panel shows the residuals between the data and the best-fit (posterior median) model.
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Figure 6. The 5σ detection sensitivity and AO image from
Keck II NIRC2 high angular resolution imaging of TOI-1431
in the Brgamma-band. The orientation of the AO image
has North pointed up and East to the left. No stars were
detected within 3′′ of TOI-1431.

Table 1 (continued)

Parameter Value Source

M? (M�) 1.90+0.10
−0.08

†,‡ (10) EXOFASTv2; this paper

ρ? (g cm−3) 0.38± 0.05 (10) EXOFASTv2; this paper
L? (L�) 11.7+2.3

−1.2 (10) EXOFASTv2; this paper

Age (Gyr) 0.29+0.32
−0.19

‡ (10) EXOFASTv2; this paper

Spectroscopic Properties from SONG spectra:

Teff (K) 6764± 120 (11,12) iSpec; this paper
log g (dex) 2.76± 0.26 (11,12) iSpec; this paper
[M/H] (dex) −0.15± 0.10 (11,12) iSpec; this paper
[α/H] (dex) −0.27± 0.10 (11,12) iSpec; this paper
v sin i (km s−1) 7.1± 1.0 (11,12) iSpec; this paper

Spectroscopic Properties from SOPHIE spectra:

Teff (K) 6950± 60 (13) FASMA; this paper
log g (dex) 4.72± 0.08 (13) FASMA; this paper
[Fe/H] (dex) 0.09± 0.03 ‡ (13) FASMA; this paper
v sin i (km s−1) 6.0± 0.2 ‡ CCF; this paper

Spectroscopic Properties from FIES spectra:

Teff (K) 6910± 50 (14) SPC; this paper
log g (dex) 3.29± 0.10 (14) SPC; this paper
[M/H] (dex) 0.03± 0.08 (14) SPC; this paper
v sin i (km s−1) 9.2± 0.5 (14) SPC; this paper

References—1. Gaia Collaboration et al. (2018b); 2. Schlafly & Finkbeiner
(2011); 3. Figueras et al. (1991); 4. Renson et al. (1991); 5. Renson &
Manfroid (2009); 6. Høg et al. (2000); 7. Stassun et al. (2019); 8. Cutri
et al. (2003); 9. Cutri et al. (2013); 10. Eastman et al. (2019); 11. Blanco-
Cuaresma et al. (2014); 12. Blanco-Cuaresma (2019); 13. Tsantaki et al.
(2018); 14. Buchhave et al. (2012)

3.1. SED Analysis

We performed a SED analysis of TOI-1431 using
EXOFASTv2 to derive stellar parameters independent of

those from spectroscopy. We used broadband photome-
try obtained from the Tycho (Høg et al. 2000), 2MASS
(Cutri et al. 2003), WISE (Cutri et al. 2013), and Gaia
(Gaia Collaboration et al. 2018b) catalogs for the fit-
ting of the SED (Figure 7). Gaussian priors were placed
on the parallax from Gaia DR2, adding 82µas to cor-
rect for the systematic offset found by Stassun & Torres
(2018) and adding the 33µas uncertainty in their offset
in quadrature to the Gaia-reported uncertainty. We ap-
plied an upper limit on the V-band extinction of 3.4905
from the Schlafly & Finkbeiner (2011) dust maps at the
location of TOI-1431 as well as an upper limit on the
dilution effects of nearby stars of 0.00484 as reported in
the TESS SPOC light curve file. The SED analysis ran
until convergence, i.e., the Gelman-Rubin statistic (Rz)
and the number of independent chain draws (Tz) were
less than 1.01 and greater than 1000, respectively (see
Eastman et al. 2019). The YY stellar evolutionary mod-
els were used instead of the default MESA Isochrones
and Stellar Tracks (MIST) to determine the stellar ra-
dius (R?), mass (M?), effective temperature (Teff), lumi-
nosity (L?), metallicity ([Fe/H]), surface gravity (log g),
and age of TOI-1431, which are given in Table 1. We
found that using the MIST models resulted in many of
the Markov Chain Monte Carlo (MCMC) steps reaching
the [Fe/H] grid’s upper limit of 0.5 dex while the MCMC
chains never reached the [Fe/H] upper limit of 0.78 dex
using the YY tracks. The YY evolutionary models are
better suited for hot metal rich stars such as TOI-1431.
From the best-fit Kurucz stellar atmosphere model

from the SED and the best-fitting YY stellar evolu-
tionary model (Figure 8), we find that TOI-1431 is
a very hot and metal rich A-type star with R? =

1.92 ± 0.07R�, M? = 1.90+0.10
−0.08 M�, Teff = 7690+400

−250 K,
log g = 4.15 ± 0.04 (where g is in units of cm s−2), and
[Fe/H] = 0.43+0.20

−0.28 dex. The effective temperature found
for this star makes it one of the hottest known exo-
planet hosts. The only known host stars hotter than
TOI-1431 are KELT-9 (Teff = 10170 ± 450K, Gaudi
et al. 2017), WASP-178 (Teff = 9360 ± 150K, Hellier
et al. 2019), KELT-20 (Teff = 8720+250

−260 K, Lund et al.
2017b), Kepler-1115 (Teff = 8480+300

−220 K, Morton et al.
2016), HAT-P-70 (Teff = 8450+540

−690 K, Zhou et al. 2019a),
HATS-70 (Teff = 7930+630

−820 K, Zhou et al. 2019b), and
MASCARA-4 (Teff = 7800± 200K, Dorval et al. 2020).
These stellar parameters (in particular Teff , log g, and
metallicity), however, are in strong disagreement with
the spectroscopic parameters derived from the analysis
of the SONG, SOPHIE, and FIES data. The source
of this disagreement is likely due to the “anomalous
luminosity effect” observed in Am stars (e.g., Bolton
1971) such as TOI-1431, which we discuss further in
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Figure 7. The SED for TOI-1431. The red symbols are
the broadband photometric measurements used in the SED
analysis (provided in Table 1) with the horizontal uncertainty
bars representing the effective width of the passband. The
blue symbols are the model fluxes from the best-fit Kurucz
atmosphere model.

Section 5.1. The log g derived from the SED fit is in
good agreement with the value obtained from the stel-
lar density (log g ∼ 4.17 dex) from fitting the transits,
and we have therefore adopted this value along with the
values for Teff , R?, and M? as the preferred values for
the star.

3.2. Spectroscopy

We used the iSpec spectral analysis tool (Blanco-
Cuaresma et al. 2014; Blanco-Cuaresma 2019) to derive
the effective temperature, surface gravity, rotational ve-
locity, alpha elemental abundance ([α/H]), and overall
metallicity ([M/H]) of TOI-1431 from the reduced and
stacked SONG spectra. The iSpec synthetic grid was
configured to incorporate a MARCS atmospheric model
(Gustafsson et al. 2008) and the spectrum (Gray &
Corbally 1994) radiative transfer code. [M/H] and [α/H]
were derived using version 5.0 of Gaia-ESO Survey’s
(GES) line-list (Heiter et al. 2015) normalized by so-
lar values obtained by Asplund et al. (2009). Initial
values for Teff , log g, and [M/H] as determined by the
SED analysis with EXOFASTv2 (see Section 3.1) were
used to construct the synthetic spectra fit. From the
iSpec analysis of the SONG spectra, we find that TOI-
1431 has a Teff = 6764± 120K, log g = 2.76± 0.26 dex,
[M/H] = −0.15 ± 0.10 dex, [α/H] = −0.27 ± 0.10 dex,
and v sin i = 7.1±1.0 km s−1. These results would seem
to suggest that the star is quite evolved, is slightly metal
poor, and is deficient in α elements. However, Teff and
log g, in particular, are in very strong disagreement with
the results obtained from the SED analysis as a conse-
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Figure 8. The YY mass track for TOI-1431. The black line
represents the mass track interpolated at the model values
forM?, [Fe/H], and age. The black circle is the best-fit model
value for Teff and log g while the red asterisk is the best-fit
model age along the track. The black circle and red aster-
isk almost perfectly overlap indicating excellent consistency
among all the components of the global model.

quence of the nature of the host being an Am star (see
discussion in Section 5.1).
The atmospheric stellar parameters Teff , log g, and

[Fe/H] were derived from the SOPHIE spectra for
TOI-1431 using the FASMA spectral synthesis package
(Tsantaki et al. 2018). We provided initial stellar pa-
rameters for Teff , log g, and [Fe/H] from the SED anal-
ysis with EXOFASTv2 as a starting point of the spectral
synthesis in FASMA. The synthetic spectra were created
using the radiative transfer code, MOOG (Sneden 1973),
and the model atmospheres grid was generated by the
ATLAS-APOGEE (Kurucz 1993), MARCS (Gustafsson
et al. 2008), and ATLAS9 (Mészáros et al. 2012) models.
The line list used to determine the stellar parameters
comes from the Vienna Atomic Line Database (VALD,
Piskunov et al. 1995; Ryabchikova et al. 2015) and in-
cludes all of the iron lines in the regions 5399 − 5619Å
and 6347−6790Å as well as all the atomic and molecu-
lar lines within intervals of ±2Å of the iron lines. From
this analysis with the SOPHIE spectra, we find the star
has Teff = 6950 ± 60K, log g = 4.72 ± 0.08 dex, and
[Fe/H] = 0.09 ± 0.03 dex, consistent with a late A-type
main-sequence star that is modestly metal rich. We have
adopted the [Fe/H] value derived here as the preferred
value for the star’s iron abundance.
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The stellar parameters for this star were also derived
from the FIES spectra using the stellar parameter clas-
sification (SPC) technique (Buchhave et al. 2012; Torres
et al. 2012; Buchhave et al. 2014). To derive Teff , log g,
v sin i, and [M/H] for this star using SPC, we cross-
correlated the reduced and the stacked FIES spectra
against a library of synthetic spectra calculated from the
Kurucz model atmospheres (Castelli & Kurucz 2003).
The synthetic spectra covers the wavelength range from
5050 − 5360Å, of which five of the FIES echelle orders
span that region and could be used for the spectral anal-
ysis. The best-fit values were determined by finding the
maximum of the cross-correlation coefficient as a func-
tion of the stellar parameters. The results of the SPC
analysis on the FIES spectra gives Teff = 6910 ± 50K,
log g = 3.29 ± 0.10 dex, [M/H] = 0.03 ± 0.08 dex, and
v sin i = 9.2± 0.5 km s−1, which suggest an A-type sub-
giant star with solar metallicity. It should be noted that
SPC was not designed for hot stars such as TOI-1431
and that surface gravities are often poorly constrained
by spectral analyses (e.g., see, Sozzetti et al. 2007; Winn
et al. 2008).
The spectral analyses carried out on the SONG, SO-

PHIE, and FIES spectra give significantly different re-
sults for the host star properties, and in particular for
the surface gravity. However, the stellar density (and
surface gravity) determined from the SED and transit
light curve analysis are in good agreement with each
other. Winn et al. (2008) has demonstrated that stel-
lar densities can be more accurately determined through
transit light curve analysis and should be preferred over
those derived through spectroscopy if there are strong
disagreements between them. In this light, we therefore
have adopted the Teff , log g, R?, and M? from the SED
analysis as the preferred values for the star.

4. MODELLING AND RESULTS

To determine the system parameters for TOI-1431 and
its planet, including the planet’s thermal emissions and
day-night temperature contrast, we used Allesfitter
(Günther & Daylan 2019, 2021) to perform a joint anal-
ysis of the TESS light curve segments (from the multi-
scale MAP PDC, single-scale MAP PDC, and SAP pho-
tometry), the photometric ground-based light curves,
and the radial velocity measurements. The ground-
based light curves included in the analysis are from
CDK14 (Sloan g′ and zs bands) taken on the 24 Decem-
ber 2019, MuSCAT2 (four Sloan bands g′, r′, i′, and zs)
obtained on the 16 May 2020, AUKR (Sloan zs band)
observed on the 16 June 2020, SCT (TESS -equivalent
band) acquired on the 8 August 2020, ULMT in the
Sloan z′ band collected on the 20 September 2020, and

LCOGT captured on the 14 October 2020. We used
the radial velocity measurements from the SONG, SO-
PHIE, FIES, NRES, and EXPRES instruments in the
joint analysis.

4.1. Joint Transit, Phase-curve, & Radial Velocity
Analysis

For the joint analysis, Gaussian priors were placed
on the stellar parameters R?, M?, and Teff from the
SED and YY isochrones fitting using EXOFASTv2. We
also applied a Gaussian prior on the dilution param-
eter (D0) from the TESS SPOC light curve parame-
ter CROWDSAP, after transforming the CROWDSAP
value to conform to the definition of the dilution parame-
ter used in Allesfitter (D0 = 1−CROWDSAP ). For
the other physical model parameters, we used uniform
priors with reasonable boundaries and starting values.
These parameters include the planet-to-star radius ra-
tio (Rp/R?), the ratio of the sum of the planet and star
radii to the semi-major axis ((R?+Rp)/ap), cosine of the
inclination angle (cos ip), mid-transit time (T0;b), orbital
period (Pp), the radial velocity semi-amplitude (K), ec-
centricity (√ep cosωp and √ep sinωp), surface bright-
ness ratio (Jp), set of quadratic limb-darkening coeffi-
cients (q1 and q2) and flux error scaling (lnσFinst) for
each of the light curves, and a radial velocity baseline
offset (∆RVinst) and jitter term (log σRVinst) for each
radial velocity instrument.
We experimented with several different detrending

techniques in our analysis of each of the three ver-
sions of the TESS photometry, including: (1) base-
line flux offset, (2) rspline detrending prior to the light
curve fitting with a baseline flux offset, (3) hybrid cu-
bic spline detrending run simultaneously with the light
curve fitting, and (4) a red noise detrending model us-
ing a Matérn 3/2 Gaussian Processes (GP) kernel run
simultaneously with the light curve fitting. For the
GP parameters, we applied uniform priors with reason-
able boundaries and starting values on the flux offset
(GPoffset, between -0.01 and 0.01), characteristic am-
plitude (lnσflux, between -15 and 0), and characteristic
length scale (ln ρflux, between 2.07 and 12). These pa-
rameters were also coupled across the TESS light curve
segments so that a single GP model is sampled at every
sampling step. The lower boundary on the characteris-
tic length scale term was set to three times the planet’s
orbital period to ensure that the GP preserves any phase
curve modulations while still removing most of the re-
maining systematics present in the light curve segments.
Close inspection of the TESS light curves reveals pe-

riodic photometric modulations that are synchronized
with the orbital period of the planet. These phase curve
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variations are driven by the changing viewing angle of
the planet and the planet–star gravitational interaction.
There are three main components to the phase curve
that can be detected in visible-light photometry (see
detailed review in Shporer 2017): (1) the atmospheric
brightness modulation, which arises due to the varia-
tions in atmospheric temperature, thermal emission, and
reflected starlight across the surface of a tidally-locked
planet, (2) ellipsoidal distortion of the host star due to
the tidal bulge raised by the orbiting planet, and (3)
beaming, i.e., modulations in the star’s flux within the
band-pass due primarily to the radial velocity driven
Doppler shifting of the stellar spectrum. Setting the
zero-point of orbital phase at mid-transit, these three
phase curve modulations appear as, to the leading or-
der, the cosine of the fundamental frequency, the cosine
of the first harmonic, and the sine of the fundamental.
In this work, we also fit for these phase curve terms

by including free parameters for the respective full am-
plitudes: Aatmospheric, Aellipsoidal, and Abeaming. Simi-
lar methodologies have been used in extensive previous
phase curve analyses of TESS -observed exoplanet sys-
tems (e.g., Shporer et al. 2019; Wong et al. 2020a,b,c;
Daylan et al. 2021). The full list of priors used in the
analysis are given in Table 2.

4.1.1. Multi-scale MAP PDC Photometry

We started the joint analysis using the TESS multi-
scale MAP corrected PDC light curve (after removing
all quality-flagged data and outliers as described in Sec-
tion 2.1) since most of the instrumental systematics are
removed by the SPOC PDC pipeline from the use of
co-trending basis vectors and flux corrections due to
crowding from other stars (e.g., see Stumpe et al. 2014).
This results in a cleaner light curve compared to the
SAP version while still preserving astrophysical signals
on timescales shorter than the orbital period of TOI-
1431 b, important for phase curve and secondary eclipse
analysis.
The analysis was carried out using a MCMC that ran

until convergence (all chains are > 42 times their au-
tocorrelation lengths) for the four different detrending
techniques mentioned in Section 4.1. Figure 9 is the
resulting phase-folded and detrended PDC light curve
of TOI-1431 from the hybrid cubic spline detrending,
overplotted with 20 light curve models drawn from the
MCMC posteriors. It is apparent in the residuals to
the best-fit transit model that there are two significant
dip features in the light curve (∼ 200 ppm depth), one
starting ∼ 1hr before transit ingress and continuing un-
til just after the start of ingress and another starting
just prior to the end of egress with a duration of ∼ 1hr.

The residuals from the fit using the other three detrend-
ing techniques also show similar dip features. As addi-
tional checks, we ran the Allesfitter analysis without
any detrending separately on the Sector 15 and 16 PDC
light curves and observed similar dip signatures, ruling
out the possibility that the light curve detrending was
responsible for these features. These signatures are also
present in the Data Validation (DV) light curve pro-
vided in the Data Validation Report Summary available
on exo.MAST.
Further investigations revealed the source of the dip

features to be a wavelet artifact caused by the multi-
scale MAP correction applied by PDC (see Section 2.1).
Normally, multi-scale MAP performs better than single-
scale MAP for removing long period systematics while
preserving signals at transit scales. However, there is
a mechanism where multi-scale MAP can slightly cor-
rupt a very deep transit in a light curve with little long
period systematics, such as we see in TOI-1431. The
single-scale MAP corrected light curve was found to not
contain the dip features and as such, we chose to report
the results of the analysis performed on that light curve.

4.1.2. Single-scale MAP PDC Photometry

The joint analysis with the pre-cleaned (as described
in Section 2.1) single-scale MAP corrected PDC light
curve segments in Allesfitter follows the same proce-
dure as with the multi-scale MAP corrected PDC light
curves. We ran MCMC fits until convergence for the four
different detrending techniques. We then used the best-
fit parameter values found from the MCMC as starting
values in subsequent Nested Sampling fits to estimate
the Bayesian evidence for use in a robust comparison
of the four detrending models. We used the default
Allesfitter settings for the nested sampling fits (see
Günther & Daylan 2021) that ran until they reached the
convergence criterion threshold of ∆ lnZ ≤ 0.01.
The results from the Nested Sampling fits are in good

agreement with the MCMC results to within 1σ. Com-
paring the Bayesian evidence of the Nested Sampling
models, we find that the hybrid cubic spline detrending
run simultaneously with the light curve fitting is deci-
sively favored over the second most favored model, the
red noise GP detrending model, with a Bayes model
comparison factor of lnR = 119. We also applied the
hybrid cubic spline detrending to each of the ground-
based transit light curves used in the joint fit.
Figure 10 shows the resulting phase folded and de-

trended single-scale MAP PDC light curve of TOI-1431
from the simultaneous cubic spline detrending Nested
Sampling model. Unlike the multi-scale MAP PDC light
curve shown in Figure 9, there is no evidence of the
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Figure 9. Phase-folded and detrended TESS multi-scale
MAP PDC light curve of TOI-1431 (Sectors 15 and 16) from
the simultaneous hybrid cubic spline detrending model, fo-
cusing on the transit. Systematics and other quality-flagged
data (as shown in Figure 1) that are the result of, for exam-
ple, spacecraft pointing anomalies have been removed prior
to performing the analysis on the light curve. The blue points
are binned at a cadence of 15m and the red solid lines are 20
light curve models drawn from the posteriors of the Markov
Chain Monte Carlo (MCMC) analysis in Allesfitter. Dip
features starting ∼ 1hr before and after transit ingress and
egress, respectively, are apparent in the light curve and were
introduced during the PDC multi-scale MAP cotrending pro-
cess. These dip features are not present in the single-scale
MAP corrected PDC and SAP versions of the light curve
(see Figure 10).

strange dip features near the transit, motivating our de-
cision to use the results derived from the single-scale
MAP version of light curve analysis. Both the MCMC
and Nested Sampling give consistent results, and we re-
port both the fitted and derived parameter results of
the Nested Sampling model in Table 2. In Figures 3,
4, and 5, we show the ground-based transit light curves
and radial velocity measurements with the correspond-
ing models drawn from the Nested Sampling posterior,
respectively.
Our preferred solution from the joint analysis us-

ing the single-scale MAP PDC light curve shows that
TOI-1431 hosts an inflated and highly irradiated Jo-
vian planet with a radius of Rp = 1.49 ± 0.05 RJ

(16.7 ± 0.6R⊕), mass of 3.12 ± 0.18MJ, high equilib-
rium temperature of Teq = 2370 ± 70K (assuming zero
Bond albedo), and a circular orbit with a period of

P = 2.650237 ± 0.000003 d. The mean density of the
planet is 1.17+0.18

−0.16 g cm
−3, slightly less dense but con-

sistent with the density of Jupiter (1.326 g cm−3) and
similar in density to other Jovian worlds. The large
number and high quality of radial velocity measure-
ments (as shown in Figure 5), coupled with the host
star’s low v sin i of 6.0 ± 0.2 km s−1, has allowed us to
measure the radial velocity semi-amplitude of the orbit
(294.1 ± 1.1 ms−1) with unusually high precision for a
planet orbiting such a hot star (7690+400

−250 K). In fact, this
is the highest precision orbit measured for any planet
that has a host star hotter than 6600K. The largest
contributor to the uncertainty in the planet mass (17.4σ

detection) is from the uncertainty on the host star mass.
There is also a clear signature of the secondary eclipse

(occultation, i.e., when the planet passes behind the
star) with a depth of δocc;dil = 0.127+0.004

−0.005 ppt. We
also robustly detect the longitudinal modulation of the
planet’s light in the TESS band-pass (Aatmospheric =

0.078+0.007
−0.008 ppt) from the full phase curve, as shown in

Figure 11, providing us with a rare opportunity to mea-
sure the planet’s day/night brightness temperature con-
trast (see Section 4.2).
From the light curve, we see a very weak beam-

ing signal with a measured amplitude of Abeaming =

0.0010+0.0012
−0.0006 ppt and a marginal detection of ellipsoidal

modulation with an amplitude of Aellipsoidal = 0.029 ±
0.006 ppt. The predicted full amplitudes of both of these
phase curve components can be derived from theory and
depend on the planet–star mass ratio qp = Mp/M∗ (see,
for example, the review in Shporer 2017):

Aellipsoidal = 2αellipqp

(
R∗
a

)3

sin2 ip, (1)

Abeaming = 2

[
2πG

Ppc3
q2
pMp sin3 ip

(1 + qp)2

] 1
3 〈

xex

ex − 1

〉
TESS

.

(2)

Here, we have assumed for simplicity that the stellar
spectrum is a blackbody, and x ≡ hc/kλT∗; the angled
brackets indicate averaging over the TESS band-pass.
The prefactor αellip in the ellipsoidal distortion is an
expression that includes the limb- and gravity-darkening
coefficients for the host star.
To calculate the predicted amplitudes, we use the stel-

lar parameters derived from the SED fit (Table 1) and
the best-fit system parameters from the joint analy-
sis. For the limb- and gravity-darkening coefficients, we
take tabulated values from Claret (2017) and interpo-
late to the measured stellar parameters. Uncertainties
are propagated to the estimates using Monte Carlo sam-
pling. We obtain predicted amplitudes of Aellipsoidal =
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Figure 10. Phase-folded and detrended light curve of TOI-
1431 from the simultaneous hybrid cubic spline detrending
model, similar to Figure 9, but with the single-scale MAP
corrected PDC data instead. The colored points represent
the individual phased light curve segments across Sectors 15
and 16 that have been binned at a cadence of 15m. The red
solid lines are 20 light curve models drawn from the posteri-
ors of the Nested Sampling analysis in Allesfitter.

0.028 ± 0.004 ppt and Abeaming = 0.0052 ± 0.0004 ppt.
These theoretical values are in excellent agreement with
our measured values to within the 1σ level.

Our phase-curve analysis did not consider a possible
phase shift in the time of maximum brightness, which
would correspond to an offset in the dayside hotspot.
Previous studies of ultra-hot Jupiter have indicated very
small (if any) phase-curve offsets (see, for example, the
case of KELT-9 b; Wong et al. 2020b). Any offset would
manifest itself in our phase-curve fits through its effect
on the measured beaming amplitude. We have shown
that the measured and predicted values of Abeaming are
consistent to within 1σ. Therefore, we conclude that
there is no evidence for a significant phase offset in the
planet’s atmospheric brightness modulation.

4.1.3. SAP Photometry

We also performed the analysis of the pre-cleaned SAP
light curve segments following the same procedures as
done in Sections 4.1.1 & 4.1.2. The SAP light curve (see
Figure 15 in the Appendix) also shows no evidence of
the dip features near the transit. We do find some dis-
crepancies in the results between the joint fit using the
SAP light curve and the single-scale MAP PDC light
curve that are likely due to spacecraft point excursions
(see Figure 16 in the Appendix). However, most of our
derived parameters were consistent within 1σ. We adopt
the results from the joint analysis using the single-scale
MAP PDC light curve based on Bayesian model com-
parison for the discussion of this paper.

Table 2. Median values and 68% confidence interval of the fitted and derived parameters for TOI-1431b from the
joint Nested Sampling Allesfitter analysis of the TESS single-scale MAP corrected PDC photometry, ground-based
light curves, and radial velocity measurements.

Parameter Description Priora Value

Fitted parameters

Rb/R? . . . . . . . Radius ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . U(0.082; 0.010; 0.300) 0.07955+0.00063
−0.00053

(R? +Rb)/a . . Radii sum to semi-major axis . . . . . . . . . . . . U(0.21; 0.05; 0.50) 0.2096± 0.0017

cos ib . . . . . . . . . Cosine of inclination . . . . . . . . . . . . . . . . . . . . . U(0.169; 0; 1) 0.1715± 0.0022

T0 . . . . . . . . . . . . Mid transit time (2458700-BJDTDB) . . . . . U(39.177; 38.177; 40.177) 39.17737± 0.00007

Pb . . . . . . . . . . . . Orbital period (d). . . . . . . . . . . . . . . . . . . . . . . . U(2.65; 2.35; 2.95) 2.650237± 0.000003
√
e cosω . . . . . . Eccentricity term . . . . . . . . . . . . . . . . . . . . . . . . U(0.0;−0.3; 0.3) −0.009+0.023

−0.021√
e sinω . . . . . . Eccentricity term . . . . . . . . . . . . . . . . . . . . . . . . U(0.0;−0.3; 0.3) 0.036+0.033

−0.041

Kb . . . . . . . . . . . RV semi-amplitude ( km s−1) . . . . . . . . . . . . . U(0.300; 0; 1.0) 0.2941± 0.0011

D0TESS . . . . . . . Dilution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N (0.004904; 0.000588) 0.00486± 0.00051

Table 2 continued
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Figure 11. The phase-folded TESS single-scale MAP PDC light curve for TOI-1431 b, zoomed in to show the phase curve
and secondary eclipse. The grey points are the detrended photometry, the dark grey points are the binned photometry with a
cadence of Pp/300 (∼ 12.7m), and the black stars are the binned photometry with a cadence of Pp/150 (∼ 25.5m). Included
in the phase curve model fit are the ellipsoidal (blue dash-dotted line), the atmospheric (orange dashed line), and the beaming
modulations (green dotted line). The combined median model fit is plotted as the solid red line. The dark grey dashed line
represents no emission from TOI-1431 b. The bottom panel shows the residuals to the combined median model.

Table 2 (continued)

Parameter Description Priora Value

q1TESS . . . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.40; 0; 1) 0.22± 0.05

q2TESS . . . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.21; 0; 1) 0.18+0.13
−0.09

q1LCOY . . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.24; 0; 1) 0.19+0.13
−0.10

q2LCOY . . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.44; 0; 1) 0.50± 0.29

q1MuSCAT2z′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.35; 0; 1) 0.26+0.12
−0.10

q2MuSCAT2z′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.42; 0; 1) 0.52± 0.28

q1MuSCAT2r′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.50; 0; 1) 0.41+0.13
−0.12

q2MuSCAT2r′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.47; 0; 1) 0.51± 0.25

q1MuSCAT2i′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.26; 0; 1) 0.19+0.09
−0.08

q2MuSCAT2i′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.53; 0; 1) 0.58+0.24
−0.28

q1MuSCAT2g′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.62; 0; 1) 0.54+0.13
−0.11

q2MuSCAT2g′ . . . Transformed limb darkening . . . . . . . . . . . . . U(0.61; 0; 1) 0.63+0.19
−0.21

q1ULMTi′ . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.26; 0; 1) 0.14+0.18
−0.10

q2ULMTi′ . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.53; 0; 1) 0.35+0.32
−0.23

q1CDK14z′ . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.35; 0; 1) 0.54± 0.28

Table 2 continued
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Table 2 (continued)

Parameter Description Priora Value

q2CDK14z′ . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.42; 0; 1) 0.51± 0.30

q1CDK14g′ . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.62; 0; 1) 0.45+0.29
−0.27

q2CDK14g′ . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.61; 0; 1) 0.63+0.23
−0.31

q1AUKRz′ . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.35; 0; 1) 0.83+0.11
−0.18

q2AUKRz′ . . . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.42; 0; 1) 0.60+0.24
−0.29

q1SCTTESS . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.40; 0; 1) 0.22+0.15
−0.11

q2SCTTESS . . . . Transformed limb darkening . . . . . . . . . . . . . U(0.21; 0; 1) 0.57+0.26
−0.30

Jp . . . . . . . . . . . . Surface brightness ratio . . . . . . . . . . . . . . . . . . U(0.0074; 0; 0.1) 0.0076± 0.0023

Abeaming . . . . . . Phase curve term (ppt) . . . . . . . . . . . . . . . . . . U(0.0099; 0; 1) 0.0010+0.0012
−0.0007

Aatmospheric . . . Phase curve term (ppt) . . . . . . . . . . . . . . . . . . U(0.0976; 0; 1) 0.0785+0.0073
−0.0077

Aellipsoidal . . . . Phase curve term (ppt) . . . . . . . . . . . . . . . . . . U(0.0409; 0; 1) 0.0291± 0.0064

lnσTESS . . . . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−7.545;−10;−5) −7.779+0.003
−0.004

lnσLCOY . . . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−6.53;−10;−3) −6.528± 0.040

lnσMuSCAT2z′ . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−6.92;−10;−3) −6.926± 0.041

lnσMuSCAT2r′ . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−7.00;−10;−3) −7.007± 0.041

lnσMuSCAT2i′ . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−7.02;−10;−3) −7.019± 0.041

lnσMuSCAT2g′ Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−7.05;−10;−3) −7.045± 0.042

lnσULMTi′ . . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−6.5;−10;−3) −5.826± 0.030

lnσCDK14z′ . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−5.9;−10;−3) −5.330± 0.043

lnσCDK14g′ . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−6.1;−10;−3) −5.358± 0.044

lnσAUKRz′ . . . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−5.8;−10;−3) 5.808± 0.031

lnσSCTTESS . . Flux error scaling (ln rel.flux.) . . . . . . . . . . . . U(−6.5;−10;−3) −5.845± 0.023

log σRVSONG . . RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−7.35;−10;−1) −7.2± 1.6

log σRVELP . . . RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−2.93;−10;−1) −2.97+0.34
−0.31

log σRVTLV . . . RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−2.79;−10;−1) −2.79+0.14
−0.14

log σRVFIES . . . RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−4.43;−10;−1) −7.3+1.3
−1.5

log σRVSOPHIE . RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−5.09;−10;−1) −5.54+0.73
−1.3

log σRVEXPRES RV jitter ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−2.50;−10;−1) −7.15+0.70
−1.1

∆RVSONG . . . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−25.15;−26.0;−24.4) −25.154± 0.006

∆RVELP . . . . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−25.57;−26.5;−24.8) −25.579± 0.019

∆RVTLV . . . . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−25.56;−26.0;−25.0) −25.570± 0.011

∆RVFIES . . . . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−0.28;−1.2; 0.2) −0.274± 0.002

∆RVSOPHIE . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(−25.24;−26.0;−24.4) −25.249± 0.003

∆RVEXPRES . . RV offset ( km s−1) . . . . . . . . . . . . . . . . . . . . . . . U(0.0;−1.0; 1.0) 0.0051± 0.0007

Derived parameters

R?/a . . . . . . . . . Host radius to semi-major axis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.194± 0.002

a/R? . . . . . . . . . Semi-major axis to host radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.15± 0.05

Rb . . . . . . . . . . . Planet radius (R⊕). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.7± 0.6

Rb . . . . . . . . . . . Planet radius (Rjup) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.49± 0.05

a . . . . . . . . . . . . . Semi-major axis (AU). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.046± 0.002

Table 2 continued
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Table 2 (continued)

Parameter Description Priora Value

i . . . . . . . . . . . . . Inclination (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80.13± 0.13

btra . . . . . . . . . . . Impact parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.881± 0.004

e . . . . . . . . . . . . . Eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0022+0.0030
−0.0016

ω . . . . . . . . . . . . . Argument of periastron (deg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108+92
−31

qb . . . . . . . . . . . . Mass ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.00157± 0.00006

Mb . . . . . . . . . . . Companion mass (M⊕) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 990± 60

Mb . . . . . . . . . . . Companion mass (Mjup) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.12± 0.18

Ttot . . . . . . . . . . Total transit duration (h) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.489± 0.009

Tfull . . . . . . . . . . Full-transit duration (h) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.057± 0.034

T0;occ . . . . . . . . . Epoch occultation (2458700-BJDTDB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40.502± 0.002

bocc . . . . . . . . . . Impact parameter occultation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.885+0.006
−0.005

ρ? . . . . . . . . . . . . Host density from orbit (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.37± 0.01

ρb . . . . . . . . . . . Companion density (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.17+0.18
−0.16

gb . . . . . . . . . . . . Companion surface gravity (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3430+50
−60

Teq
b . . . . . . . . . . Equilibrium temperature (K) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2370± 70

Hb . . . . . . . . . . . Companion atmospheric scale height (km) . . . . . . . . . . . . . . . . . . . . . . . . 230± 30

u1;TESS . . . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.13+0.13
−0.08

u2;TESS . . . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.33+0.10
−0.12

u1;LCOY . . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.40+0.27
−0.24

u2;LCOY . . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.00+0.25
−0.22

u1;MuSCAT2z′ . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.51± 0.26

u2;MuSCAT2z′ . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.02+0.29
−0.24

u1;MuSCAT2r′ . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.64+0.28
−0.31

u2;MuSCAT2r′ . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.01+0.33
−0.28

u1;MuSCAT2i′ . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.49± 0.24

u2;MuSCAT2i′ . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.07+0.24
−0.20

u1;MuSCAT2g′ . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.91+0.25
−0.28

u2;MuSCAT2g′ . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.18+0.31
−0.26

u1;ULMTi′ . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.23+0.25
−0.16

u2;ULMTi′ . . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.09+0.23
−0.19

u1;CDK14z′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.67+0.50
−0.40

u2;CDK14z′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.02+0.42
−0.39

u1;CDK14g′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.76+0.46
−0.43

u2;CDK14g′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.15+0.35
−0.33

u1;AUKRz′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.04+0.44
−0.50

u2;AUKRz′ . . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.17+0.51
−0.42

u1;SCTTESS . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.48+0.27
−0.24

u2;SCTTESS . . . Limb darkening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . −0.05+0.29
−0.21

δTESStr;undil . . Transit depth (undil.) (ppt). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.825± 0.007

δTESStr;dil . . . . Transit depth (dil.) (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.797± 0.007

δTESSocc;undil . Occultation depth (undil.) (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.127+0.004
−0.005

Table 2 continued
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Table 2 (continued)

Parameter Description Priora Value

δTESSocc;dil . . . Occultation depth (dil.) (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.127+0.004
−0.005

FTESSnight;undil Nightside flux (undil.) (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.049+0.004
−0.005

FTESSnight;dil . Nightside flux (dil.) (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.049+0.004
−0.005

δLCOY . . . . . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.67+0.25
−0.27

δMuSCAT2z′ . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.54+0.22
−0.24

δMuSCAT2r′ . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.30+0.22
−0.27

δMuSCAT2i′ . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.62+0.21
−0.23

δMuSCAT2g′ . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.90± 0.26

δULMTi′ . . . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.84+0.26
−0.31

δCDK14z′ . . . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.13+0.47
−0.61

δCDK14g′ . . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.09+0.55
−0.68

δAUKRz′ . . . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.51+0.53
−0.56

δSCTTESS . . . . Transit depth (ppt) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.58+0.24
−0.27

aN (µ;σ) is a normal distribution with mean µ and width σ, U(s; a; b) is a uniform prior with a starting value s and
lower and upper limits of a and b, respectively.
bCalculated assuming zero Bond albedo.

4.2. The Atmosphere

We have used the TESS single-scale MAP corrected
PDC photometry and Allesfitter to characterize the
red-optical (6000− 9500Å) phase curve of TOI-1431 b,
which includes contributions from beaming, ellipsoidal
modulation, and atmospheric brightness modulation, as
well as the secondary eclipse (see Section 4.1.2). We also
fit the phase curve and secondary eclipse using the TESS
SAP photometry (see Figure 18 in the Appendix) as a
comparison to our preferred solution using the single-
scale MAP PDC photometry.
From the measured secondary eclipse depth δocc and

nightside planetary flux δnight, we can derive the dayside
and nightside brightness temperatures of TOI-1431 b us-
ing the relationship between the planet–star flux ratio
δ, planetary emission Fp(λ, Tp) (assumed to be a black-
body), and stellar spectrum F∗(λ, Teff):

δ =

(
Rp
R∗

)2 ∫
Fp(λ, Tp)τ(λ)dλ∫
F∗(λ, Teff)τ(λ)dλ

+Ag

(
Rp
a

)2

. (3)

Any reflected light on the dayside atmosphere con-
tributes to the measured flux ratio through the geomet-
ric albedo Ag; this second term is zero when computing
the nightside temperature. The planetary and stellar
spectra are integrated over the TESS band-pass, which
has a transmission function (in energy units) represented
by τ(λ).
We model the star’s spectrum using PHOENIX mod-

els (Husser et al. 2013). To properly interpolate the

stellar models and propagate the uncertainties in stellar
parameters to the planetary temperature estimates, we
follow the methodology described in Wong et al. (2020b)
and calculate the integrated stellar flux within the TESS
band-pass for a grid of PHOENIX models, before fit-
ting a cubic polynomial in (Teff , log g, [Fe/H]) to the full
set of values. We then use a standard MCMC routine
to compute the posterior distribution of the planetary
brightness temperature Tp, with Gaussian priors on the
stellar and system parameters, as well as the measured
dayside or nightside flux (δocc or δnight; see Table 2).
For the dayside brightness temperature, we obtain

Tday = 3004 ± 64K when assuming zero geometric
albedo; across an albedo range of 0–0.2, we find day-
side brightness temperatures spanning 2700–3100 K. We
measure a very high nightside brightness temperature
of Tnight = 2583 ± 63K. The extremely hot dayside is
expected to preclude the formation of condensates, re-
sulting in a cloudfree dayside hemisphere (e.g., Wake-
ford et al. 2017). Previous analyses of other ultra-hot
Jupiters combining secondary eclipses at optical and
thermal infrared wavelengths confirm the predictions
of low reflectivity, yielding near-zero geometric albedos
(e.g., WASP-18b and WASP-33b; Shporer et al. 2019;
von Essen et al. 2020).
We use the measured dayside and nightside brightness

temperatures to jointly constrain the Bond albedo AB

and the efficiency of heat recirculation from the day-
side to nightside of the planet ε (0 for no recirculation;
1 for full recirculation), following the thermal balance
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Figure 12. Plots of nightside brightness temperature Tnight, Bond albedo AB , and day-night heat recirculation efficiency
ε as a function of equilibrium temperature Teq for a population of hot and ultra-hot Jupiters. TOI-1431 b is indicated in
blue; the black points are taken/derived from the results of Bell et al. (2020). KELT-16b has been omitted due to its very
large nightside temperature uncertainty (> 400 K) and poorly constrained ε value. With its high nightside temperature, low
day/night temperature contrast, and strongly negative Bond albedo, TOI-1431 b is a notable outlier among gas giants with
similar levels of stellar irradiation, and is very similar to HAT-P-7b.

formalism outlined in Cowan & Agol (2011) and the
methodology described in Wong et al. (2020b). We find
AB = −0.82+0.30

−0.38 and ε = 0.76 ± 0.05. The very effi-
cient day-night heat recirculation is borne out by the low
day/night temperature contrast (∼420K). However, the
unusual negative Bond albedo suggests that the overall
thermal emission level across the entire planet cannot be
accounted for by the energy input from stellar insolation
alone.
By placing TOI-1431 b in context, we can appreciate

the exceptional atmospheric properties of this planet.
Figure 12 shows the nightside brightness temperatures,
Bond albedos, and recirculation efficiencies for a sam-
ple of hot and ultra-hot Jupiters, taken and/or analo-
gously derived from the brightness temperatures listed
in the comprehensive Spitzer 4.5 µm phase curve anal-
ysis by Bell et al. (2020). From the plots, it is evident
that TOI-1431 b has a much higher nightside temper-
ature and day-night heat recirculation efficiency than
most other hot Jupiters with comparable equilibrium
temperatures. In particular, this planet has a higher
heat recirculation efficiency and significantly lower Bond
albedo when compared to KELT-9 b (ε = 0.39 ± 0.05

and AB = 0.19+0.12
−0.11; Wong et al. 2020b), the hottest ex-

oplanet ever discovered (Gaudi et al. 2017) with a day-
side and nightside brightness temperatures of Tday =

4450+220
−210 K and Tday = 3290 ± 170K (Bell et al. 2020),

respectively. Meanwhile, only HAT-P-7 b has a simi-
lar strongly (> 2σ) negative inferred Bond albedo; in-
deed, HAT-P-7 b is very similar to TOI-1431 b in all re-
spects. Broadly speaking, KELT-9 b, HAT-P-7 b, and
TOI-1431 b are outliers amid the weak overall trends
across gas giants with Teq > 1200K, i.e., increasing
nightside temperature, decreasing Bond albedo, and de-
creasing day-night heat recirculation efficiency with in-
creasing equilibrium temperature. In the case of KELT-

9 b in particular, given its extreme dayside temperature,
its anomalously high heat recirculation efficiency could
be explained from the moderation of the day-night tem-
perature contrast due to the transport of thermally dis-
sociated atomic hydrogen from the dayside to the night-
side and subsequent recombination into molecular hy-
drogen, which releases a significant amount of heat (e.g.,
Bell & Cowan 2018).
The unexpected negative Bond albedo may indicate

the limitations of the simple thermal balance consid-
erations underpinning our estimates of AB and ε. In
particular, gradients in chemical composition between
the dayside and nightside hemispheres can entail drasti-
cally different atmospheric opacities, meaning that the
pressure levels probed by our broadband photometric
measurements may vary significantly across the planet’s
surface. Another explanation for a negative Bond albedo
is additional thermal emission from residual heat of for-
mation. This scenario would increase the emitted flux at
all longitudes, raising the measured brightness tempera-
tures on both the dayside and the nightside hemispheres.
This explanation may be especially applicable to TOI-

1431 b: the stellar age inferred from SED modeling is
0.29+0.32

−0.19 Gyr, making the system among the youngest
giant planet hosting systems hitherto discovered. How-
ever, the age of the planet is sufficient for it to have
deflated through the initial Kelvin-Helmholtz contrac-
tion phase and for its atmosphere to have cooled and
reached the equilibrium temperature. The time scale
over which this initial cooling and deflation occurred is
∼ 1Myr (see Equation 17 from Ginzburg & Sari 2015),
the photospheric cooling time to reach the regime where
stellar irradiation acts to slow cooling. The current level
of incident stellar flux is sufficient to slow the planet’s
interior cooling and allow it to remain hot and inflated
at its present-day radius (see Figure 17 in the Appendix
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and Mol Lous & Miguel 2020, Komacek et al. 2020). We
do not require deposited heating in the deep interior to
explain the present-day radius, however, a weak conver-
sion of < 0.05% of the incident stellar flux to deposited
heating is allowed. Importantly, we find that the ef-
fects of irradiation slowing cooling can only explain the
present-day radius if TOI-1431 b arrived at its current
orbit within ∼ 1Myr after formation. This may imply
that TOI-1431 b either formed in-situ or that a nearby
stellar or massive planetary companion rapidly scattered
the planet inward very soon after formation. The high
obliquity orbit as measured by the Rossiter-McLaughlin
effect (Stangret et al. 2021, see Section 5.2), suggests
that the planet experienced just such a scattering event
early in its history.
Future spectrally-resolved emission spectra with the

James Webb Space Telescope (JWST) can enable de-
tailed analyses of the atmospheric composition and
temperature–pressure profiles across the planet’s sur-
face, providing a full picture of the thermal energy bud-
get for TOI-1431 b.
From the derived equilibrium temperature and surface

gravity of the planet and assuming a H/He atmosphere
with a mean molecular mass of µ = 2.3 amu, the calcu-
lated atmospheric scale height (from Hp = kTeq/(µgp))
is Hp = 220± 30 km. While not the largest scale height
among the population of hot Jupiters, this planet orbits
one of the brightest host stars (Jmag = 7.541 ± 0.030

and Kmag = 7.439 ± 0.030, see Figure 13) making it a
potential target for future atmospheric characterization
through transmission spectroscopy.
The transmission spectroscopy metric (TSM, see,

Kempton et al. 2018), used to assess the suitability of
transmission spectroscopy observations with JWST, is
∼ 110 for TOI-1431 b. Planets with TSM values greater
than 90 (for Jovians and sub-Jovians), such as for this
planet, are considered suitable for these observations
with JWST. However, transmission spectroscopy car-
ried out by Stangret et al. (2021) from two HARPS-
N and one EXPRES transit observations finds no ab-
sorption signatures in the planet’s atmosphere, likely
due to its high surface gravity. Additionally, given
the detection of the phase curve and secondary eclipse
in the TESS red-optical band photometry, this will
be an excellent target for emission spectroscopy with
JWST. In particular, phase curve observations carried
out with the Near Infrared Imager and Slitless Spec-
trograph (NIRISS) over wavelengths between 0.6 and
5.0µm should provide a high-precision global temper-
ature map of this planet’s atmosphere (Parmentier &
Crossfield 2018). Measurements of the abundances of
molecular species as a function of longitude (chemical

mapping) could also be probed through phase-resolved
spectroscopic observations taken with JWST’s NIRCam
and NIRSpec instruments.
Previous atmospheric modeling of the extreme end-

member ultra-hot Jupiter KELT-9 b can serve as a
guide for exploring what future intensive emission spec-
troscopy might reveal for TOI-1431 b. The comparison
is particularly apropos due to the similar planetary sur-
face gravities of the two planets — log gp = 3.30 and
3.54 (in cgs units) for KELT-9 b and TOI-1431 b, re-
spectively. In Wong et al. (2020b), radiative transfer
calculations of the dayside emission spectrum of KELT-
9 b produced largely featureless spectra across the vis-
ible and near-infrared wavelength range. In contrast,
model nightside emission spectra spanning 2500–3500K
showed large near-infrared absorption features due to
H2O and CO, as well as excess continuum opacity in
the visible and near-infrared through ∼1.7 µm due to
dissociated H−; this latter spectral feature is a unique
property of the hottest ultra-hot Jupiters and has been
studied in detail by numerous earlier theoretical works
(e.g., Arcangeli et al. 2018; Lothringer et al. 2018; Par-
mentier et al. 2018). Measuring the detailed shape of
this H− feature can provide the abundance of H− and
the temperature–pressure profile across the nightside,
which will in turn probe the effect of hydrogen dissoci-
ation on the global atmospheric dynamics and thermal
energy budget.
TOI-1431 b will also be a great target for detailed

atmospheric characterization by the European Space
Agency’s Atmospheric Remote-sensing Infrared Exo-
planet Large-survey (ARIEL, Tinetti et al. 2018) tele-
scope. ARIEL will operate in the infrared with a
spectral range between 1.25–7.8µm as well as multi-
ple narrow-band photometry in the optical. As such, it
will be well suited to potentially measure this planet’s
equilibrium chemistry, trace gases, vertical and hori-
zontal thermal structures, and the detection of clouds
and cloud composition (assuming the atmosphere is not
cloud free) through transmission and emission spec-
troscopy and phase curve observations.

5. DISCUSSION

TOI-1431 b joins the growing list of ∼ 16 hot and
ultra-hot Jovians with measured full phase curves and
secondary eclipses (e.g., see, Bell et al. 2020). With a
dayside and nightside brigntness temperatures of Tday =

3004±64K and Tnight = 2583±63K, respectively, TOI-
1431 b is one of the hottest known exoplanets.
We have measured the mass of TOI-1431 b to be

Mp = 3.12 ± 0.18MJ from radial velocity observations
obtained from the SONG, SOPHIE, FIES, NRES TLV
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Figure 13. Comparison of TOI-1431 b and its host star with other hot and ultra-hot Jupiter systems. Top left: The
atmospheric scale heights of hot Jupiters as a function of host star brightness in the Jmag. The points are colored based on
the distance from the host star, with TOI-1431 b plotted as a triangle. This planet transits one of the brightest stars, making
it an excellent candidate for future follow-up atmospheric studies. Top right: Planet mass versus radius of hot Jupiters. The
red point is the location of TOI-1431 b. Planets located above the dark grey solid line are predicted to have no solid core while
those plotted below the light grey solid line are predicted to have a solid core of at least 100M⊕ (Fortney et al. 2007). The
dotted lines are isodensity lines, with the density value given in the top-left, in cgs units. This plot shows that TOI-1431 b is
moderately inflated compared to other Jovians of similar mass. Bottom left: Incident stellar irradiation versus planet radius
for all known Jovians and sub-Jovians that have measured masses and radii with the planet masses indicated by the color
scale on the left. TOI-1431 b is plotted as the colored triangle on the right and it is clear that this planet is one of the most
highly irradiated planets. Bottom right: Plot of stellar effective temperature versus surface gravity for planet hosting stars.
TOI-1431 is plotted as the red point and shows that it is one of the hottest (top 1%) known planet hosting stars.

and ELP, and EXPRES spectrographs. When combined
with the planet radius of Rp = 1.49± 0.05RJ, this mass
gives a bulk density of ρp = 1.17+0.18

−0.16 g cm
−3, similar

to Jupiter (1.326 g cm−3). The measured radial velocity
semi-amplitude of K = 294.1 ± 1.1 ms−1 is the most
precise K measurement for a planet-hosting star hot-
ter than 6600K. A large contributing factor for this is

the unusually slow projected stellar rotational velocity
of v sin i < 10 km s−1.
Figure 13 shows a plot of the planet radius as a func-

tion of planet mass as well as a plot of planet radius
as a function of stellar irradiation for all known Jovians
and sub-Jovians with measured masses and radii. The
radius of TOI-1431 b is inflated compared to other exo-
planets of similar mass as shown in Figure 13, but is not
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so inflated when accounting for the very high insolation
flux (5300+500

−470S⊕), indicating that the planet inflation
is likely the result of stellar irradiation and youthful age
(0.29+0.32

−0.19 Gyr).

5.1. Metal Peculiar Am Star

TOI-1431 b orbits a bright (VT ∼ 8.0 and J ∼ 7.5)
and very hot (Teff ∼ 7700K) host star. In fact, TOI-
1431 is one of the hottest planet hosting stars as shown
in Figure 13. The star is also classified as being a non-
magnetic metallic-line chemically peculiar Am star (see,
Conti 1970; Figueras et al. 1991; Renson et al. 1991;
Renson & Manfroid 2009). Am stars typically have slow
rotation rates compared to typical ‘field’ A stars of sim-
ilar effective temperatures (A star v sin i range between
∼ 100 to ∼ 150 km s−1, see for example, Abt & Morrell
1995), which is certainly the case for TOI-1431 (assum-
ing the star is not being observed nearly pole-on). The
slow rotation of these stars is believed to be due to a
close orbiting (2.5 . P . 100 d) stellar companion (at
least 64% of Am stars are found to be binary systems,
see e.g., Böhm-Vitense 2006 and Carquillat & Prieur
2007) that raises tidal forces on the primary star, caus-
ing the primary to lose angular momentum and spin
down (Michaud et al. 1983).
This in turn results in the onset of gravitational set-

tling and radiative levitation due to the lack of mixing in
the shallow convective envelopes of slow rotating A stars
that produces a chemical peculiarity observed as a pho-
tospheric overabundance of iron-peak elements (such as
Cr, Mn, Fe, and Ni and specifically of Ba, Y and Sr) but
depleted abundances of light elements such as Ca, Sc and
Mg (e.g., see, Preston 1974; Michaud et al. 1983; Char-
bonneau 1993; Böhm-Vitense 2006; Xiang et al. 2020).
The spectroscopic analysis of TOI-1431 from spec-

tra collected from SONG reveals that the star has an
overall metallicity slightly lower than the Solar abun-
dance ([M/H] = −0.15 ± 0.10 dex) and even less so in
alpha elements (such as O, Mg, Si, S, Ca, and Ti) with
[α/H] = −0.27±0.10 dex, while analysis of the SOPHIE
spectra gives a somewhat higher than Solar abundance
of iron ([Fe/H] = 0.09 ± 0.03). This seems to suggest
that the star has an overabundance of iron group ele-
ments and an under-abundance of light elements (com-
pared with normal A stars) that is characteristic of Am
stars. However, a more detailed analysis of the stellar
spectra is required to confirm the Am star classification.
Another interesting feature of Am stars is the “anoma-

lous luminosity effect”, which causes deviations in the
strengths of specific spectral lines from what is expected
from normal main-sequence A stars at a given effective
temperature (Bolton 1971). This means that depend-

ing on the spectral lines used when fitting the stellar
spectrum model, one can obtain very different values
for a star’s effective temperature and surface gravity,
hence the overall stellar classification. This appears to
be the case for TOI-1431 (especially for log g); the anal-
ysis of SONG spectra gives a Teff = 6764 ± 120K and
log g = 2.76± 0.26 dex, the FIES spectral analysis gives
Teff = 6910± 50K and log g = 3.29± 0.10 dex, and the
SOPHIE spectral analysis gives Teff = 6950± 60K and
log g = 4.72± 0.08 dex.
Planets orbiting main-sequence Am stars appear to

be quite rare–only five that transit have been discov-
ered to date and these include TOI-1431 b, WASP-33 b
(Collier Cameron et al. 2010b), KELT-17 b (Zhou et al.
2016c; Saffe et al. 2020, 2021), KELT-19Ab (Siverd
et al. 2018c), and WASP-178 b (Hellier et al. 2019)/
KELT-26 b (Rodríguez Martínez et al. 2020). This raises
some interesting questions. First, what is the occurrence
rate of planets around Am stars? Radial velocity sur-
veys have historically avoided hot and early type stars
(Teff > 6500K and mid-F and earlier), instead have tar-
geted ‘Solar analogs’ (i.e., late-F, G, and K type stars,
see, Cumming et al. 1999; Tinney et al. 2001b; Pepe
et al. 2004; Valenti & Fischer 2005; Wright et al. 2008)
in the search for planets. As such, planets orbiting hot
main-sequence A stars like TOI-1431 have gone nearly
undiscovered, until now thanks to TESS indiscrimi-
nately surveying the sky for transiting planets orbiting
bright stars. Planets have been discovered orbiting for-
mer A stars, i.e., stars that have evolved off the main-
sequence to become giant and sub-giant stars, in radial
velocity surveys targeting such stars (e.g. Johnson et al.
2006; Trifonov et al. 2014; Reffert et al. 2015b; Jones
et al. 2016; Luhn et al. 2019; Wittenmyer et al. 2020).
Recent results from surveys of evolved stars indicate that
the occurrence rate of giant planets around giant stars
is ∼10 percent (e.g., Wittenmyer et al. 2020; Wolthoff
et al., under review), indicating that giant planets are
relatively common around hot stars and could also be
common around Am stars as well.
If giant planet formation around A-type stars is indeed

a relatively common occurrence, could the migration of
a Jovian planet to a close-in orbit around its host (as
presumed to be the case for TOI-1431 b) play a signifi-
cant role in its tidal spin-down and as such, contribute
to its nature as being an Am star? For TOI-1431 b, we
do not see any conclusive evidence for this given that
the system does not appear to be tidally synchronized
(Pp ' Prot) based on the host star’s rotation period
of between ∼ 10 to ∼ 16 d (from spectroscopic mea-
surements of v sin i) and the planet’s orbital period of
∼ 2.65 d. However, the one caveat is that the orien-
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tation of the stellar spin axis (I?) is unknown and the
star could perhaps be spinning more rapidly if we are
observing it nearly pole-on (leaving open the possibility
of Pp ' Prot). If indeed giant planets can contribute
to the nature of their host’s being an Am star, for Am
stars without evidence of a stellar binary, do most or all
host a hot sub-stellar or massive planetary companion?
Radial velocity and transit searches targeting Am stars
could resolve this question as well as provide valuable
insights into the formation and evolution of Am stars, a
process that is not fully understood.

5.2. Projected Spin-Orbit Angle

We attempted to measure the projected spin-orbit
alignment (λ) of this system, using the planetary shadow
technique (e.g., see, Collier Cameron et al. 2010a; John-
son et al. 2014; Zhou et al. 2016a), by acquiring in-
transit high-resolution spectroscopic observations with
the FIES instrument. We observed a transit of TOI-
1431 b on the night of 23 May 2020 using FIES, ob-
taining a total of 30 exposures, each with an exposure
time of 300 s and with airmass decreasing from 1.88 to
1.16 throughout the observation. The wavelength cali-
brated 2-D reduced spectra were extracted as outlined
in Section 2.3.3. We then followed a procedure similar
to that of Hoeijmakers et al. (2020) to attempt to ex-
tract the absorption line deformations during the tran-
sit of the planet. This involved first cross-correlating
a continuum-normalized model template of the stellar
spectrum of TOI-1431 with the telluric-corrected FIES
spectra (in the stellar rest frame) to produce in-transit
cross-correlation functions (CCFs). The in-transit CCFs
were then divided by the mean out-of-transit CCF to re-
trieve the Doppler shadow map.
From our analysis, the planetary shadow is not clearly

detected from the FIES data, likely because of the slow
rotation of the star. However, observations taken with
HARPS-N and EXPRES of three transits of TOI-1431 b
do successfully detect the Rossiter-McLaughlin effect,
revealing that the planet is on a retrograde orbit with
λ = −155.3+16.1

−11.3

◦
(Stangret et al. 2021). The results

of Stangret et al. (2021) suggest that TOI-1431 b likely
experienced high-eccentricity migration in the past that
produced its high obliquity orbit and then later the or-
bit was tidally circularized to the ∼ 2.65 day period we
observe today (for dissenting views of the formation of
close-in gas giant planets in-situ via the core-accretion
process and spin-orbit misalignments due to processes
unrelated to planet migration, see e.g., Batygin et al.
2016; Hasegawa et al. 2019; Louden et al. 2021; Hjorth
et al. 2021). This result follows the general pattern ob-
served by other studies that the hottest stars tend to

host planets on misaligned orbits (e.g., Winn et al. 2009;
Albrecht et al. 2012; Louden et al. 2021).

6. CONCLUSIONS

We have presented the discovery of the transiting
ultra-hot Jupiter, TOI-1431 b. This planet orbits one
of the hottest (Teff = 7690+400

−250 K) and brightest (VT ∼
8.0) of the known host stars with a period of just
Pp = 2.650237 ± 0.000003 d, resulting in it receiving a
high amount of insolation flux and being moderately in-
flated. A joint analysis of the TESS light curve, ground-
based light curves from MuSCAT2 and LCOGT, and
radial velocities from SONG, SOPHIE, FIES, NRES,
and EXPRES instruments results in a planet radius of
Rp = 1.49± 0.05RJ (16.7± 0.6R⊕) and a planet mass
of 3.12 ± 0.18MJ, corresponding to a bulk density of
1.17+0.18

−0.16 g cm
−3.

The planet’s phase curve and secondary eclipse have
been detected from the TESS photometry, providing us
with the exciting opportunity to measure the planet’s
dayside and nightside temperatures as Tday = 3004 ±
64K and Tnight = 2583±63K, respectively, when assum-
ing zero dayside geometric albedo. Among the popula-
tion of hot/ultra-hot Jupiters, TOI-1431 b has the sec-
ond highest measured nightside temperature and day-
night heat recirculation efficiency.
It is also an excellent candidate for future follow-up

observations with JWST and ARIEL to measure its
transmission and emission spectra as well as obtain a
high-precision global temperature and cloud map of this
planet’s atmosphere. Furthermore, the discovery and
characterization of planets orbiting Am stars, for which
few planets have been found, provides good opportuni-
ties to probe the tidal interactions between Jovian plan-
ets and hot host stars and the potential mechanisms
responsible for the creation and evolution of Am stars.
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Table 3. A summary of the ground-based transit follow-up observations taken of TOI-1431.

Telescope Camera Filter UT Date Coverage Precision (ppt) Joint Fit Comments

CDK14 STXL-6303E z′ 2019-12-24 Full 2.62 Yes Minimal systematics
CDK14 STXL-6303E g′ 2019-12-24 Full 2.32 Yes Minimal systematics
TCS MuSCAT2 g′ 2020-05-16 Full 0.93 Yes Minimal systematics
TCS MuSCAT2 r′ 2020-05-16 Full 0.97 Yes Minimal systematics
TCS MuSCAT2 i′ 2020-05-16 Full 0.94 Yes Minimal systematics
TCS MuSCAT2 zs 2020-05-16 Full 1.01 Yes Minimal systematics
TCS MuSCAT2 g′ 2020-05-23 Full 1.23 No Limited pre-ingress data and systematics
TCS MuSCAT2 r′ 2020-05-23 Full 1.07 No Limited pre-ingress data and systematics
TCS MuSCAT2 i′ 2020-05-23 Full 1.08 No Limited pre-ingress data and systematics
TCS MuSCAT2 zs 2020-05-23 Full 1.09 No Limited pre-ingress data and systematics
AUKR ALTA U47 z′ 2020-06-16 Full 3.00 Yes Some systematics
LCOGT-McD Sinistro PANSTARRS Y 2020-07-13 Ingress 0.48 No Ingress only
SCT ST7XME TESS band 2020-08-08 Full 1.49 Yes Minimal systematics
ULMT STX 16803 i′ 2020-09-20 Full 1.51 Yes Some systematics
ULMT STX 16803 i′ 2020-09-28 Full 3.41 No Significant systematics
LCOGT-McD Sinistro PANSTARRS Y 2020-10-14 Full 1.18 Yes Minimal systematics

APPENDIX

Table 4. Radial Velocity Measurements

Datea RV b σRV Instrument

BJD - 2400000 (m s−1) (m s−1)

58805.564199 -25696.6 14.5 ELP
58806.565002 -25761.0 15.3 ELP
58807.566340 -25346.6 13.3 ELP
58808.570467 -25830.7 29.9 ELP
58814.663425 -25557.9 26.2 ELP
58815.307593 9.2 14.2 FIES
58818.618086 -25457.5 18.0 ELP
58836.224800 -25039.0 7.0 SOPHIE
58838.252200 -25441.0 7.0 SOPHIE
58840.399100 -25532.0 45.0 SOPHIE
58841.235500 -25222.0 7.0 SOPHIE
58841.352100 -25152.0 6.0 SOPHIE
58859.232100 -25528.0 7.0 SOPHIE
58860.267700 -24987.0 6.0 SOPHIE
58861.259600 -25374.0 6.0 SOPHIE
58914.768952 -25465.4 53.1 SONG
58919.763375 -25434.9 81.7 SONG
58921.764647 -24969.6 74.1 SONG
58942.562272 -25283.8 19.2 TLV
58943.567282 -25788.4 15.4 TLV
58948.564452 -25514.9 16.4 TLV
58952.584719 -25528.9 16.3 TLV
58955.532830 -25299.7 28.7 TLV
58956.668739 -25303.1 139.4 SONG

Table 4 continued

Table 4 (continued)

Datea RV b σRV Instrument

BJD - 2400000 (m s−1) (m s−1)

58961.645589 -25067.3 56.1 SONG
58965.721756 -25219.0 44.1 SONG
58980.495174 -25900.9 19.9 TLV
58982.464359 -25256.1 27.5 TLV
58983.637401 -25477.9 64.2 SONG
58987.442635 -25265.9 22.1 TLV
58988.470752 -25659.4 27.9 TLV
58988.619270 -25374.0 26.6 SONG
58989.466532 -25588.9 42.2 TLV
58990.449283 -25278.6 20.1 TLV
58990.567802 -24.1 7.9 FIES
58991.456242 -25896.5 26.1 TLV
58991.562807 -581.4 15.6 FIES
58991.594498 -565.9 12.9 FIES
58991.642527 -25435.4 18.0 SONG
58991.698593 -565.4 11.0 FIES
58992.606914 -69.5 12.5 FIES
58992.615274 -75.2 18.9 FIES
58993.658735 -318.3 11.6 FIES
58993.662679 -339.5 15.6 FIES
58993.666687 -314.2 14.1 FIES
58993.670878 -329.4 18.3 FIES
58993.674862 -315.8 11.2 FIES
58993.678937 -333.8 13.4 FIES
58993.686045 -334.8 9.8 FIES
58993.690092 -329.0 13.9 FIES
58993.694137 -337.2 13.8 FIES

Table 4 continued
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Figure 14. An observed transit on 16 May 2020 by MuSCAT2 using simultaneous multi-color photometry in g′, r′, i′, and zs
bands. The top panel shows the distribution of residuals to the fit of the light curve in each band. The second panel from the
top shows the fit to the transit plus systematics. The third panel shows the fit to the transit with the systematics removed. The
three blue vertical bars in the second, third, and fourth panels represent the predicted ingress, mid-transit, and egress times
along with their 1σ uncertainties based on the ephemeris used at the time. The horizontal dotted blue lines in the third panel
show the predicted transit depth. The bottom panel shows the resulting residuals to the fit of the light curves.

Table 4 (continued)

Datea RV b σRV Instrument

BJD - 2400000 (m s−1) (m s−1)

58993.698146 -345.5 9.7 FIES
58994.571980 -500.4 9.3 FIES
58994.621049 -471.6 8.0 FIES
58994.704411 -429.4 11.7 FIES
58995.443468 -25324.0 28.7 TLV
58995.570851 15.5 11.5 FIES
58995.620876 13.7 7.2 FIES
58995.703476 0.0 11.9 FIES
58996.502720 -25732.7 26.1 TLV
58997.422153 -25702.1 38.1 TLV
58998.422132 -25287.5 23.5 TLV
58999.424288 -25873.9 19.0 TLV
58999.624293 -25458.0 76.4 SONG
59001.471298 -25606.2 20.1 TLV
59001.641856 -25224.1 28.8 SONG
59002.428683 -25802.8 21.2 TLV
59002.787631 -55.3 2.5 EXPRES

Table 4 continued

Table 4 (continued)

Datea RV b σRV Instrument

BJD - 2400000 (m s−1) (m s−1)

59003.954076 167.7 1.8 EXPRES
59004.452546 -25721.2 16.9 TLV
59004.602433 -25375.3 24.6 SONG
59004.953876 -279.8 2.0 EXPRES
59005.450710 -25560.8 18.8 TLV
59006.382260 -25320.8 19.6 TLV
59007.421885 -25873.3 17.2 TLV
59007.604415 -25444.7 39.9 SONG
59008.456417 -25235.3 34.6 TLV
59009.487869 -25570.9 18.7 TLV
59009.566599 -25187.8 24.2 SONG
59010.502769 -25751.8 19.5 TLV
59010.624528 -25295.0 24.9 SONG
59012.426456 -25777.6 16.5 TLV
59012.640398 -25419.6 29.3 SONG
59012.955625 -271.6 1.9 EXPRES
59018.520808 -447.3 17.6 FIES

Table 4 continued
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Table 4 (continued)

Datea RV b σRV Instrument

BJD - 2400000 (m s−1) (m s−1)

59018.597262 -406.4 15.7 FIES
59018.693433 -330.5 8.5 FIES
59019.513133 34.7 8.4 FIES
59019.594250 2.8 7.5 FIES
59019.694408 -25.8 9.3 FIES
59020.514030 -516.7 10.5 FIES
59020.590422 -546.9 9.0 FIES
59020.688977 -552.9 12.6 FIES
59023.610494 -25418.5 21.3 SONG
59027.569361 -24874.0 24.4 SONG
59029.510059 -25065.6 20.3 SONG
59033.957319 -287.7 2.2 EXPRES
59059.915400 -36.2 2.1 EXPRES
59059.919605 -44.0 2.0 EXPRES
59059.923762 -38.9 2.0 EXPRES
59059.927997 -45.9 2.2 EXPRES
59059.932407 -51.7 2.2 EXPRES
59059.936606 -50.3 2.3 EXPRES
59059.940835 -50.7 2.2 EXPRES
59059.945055 -58.2 2.1 EXPRES
59059.949247 -59.5 1.9 EXPRES
59059.953490 -62.4 2.3 EXPRES

aThe dates for each observation are reported as BJD at the
UTC time at the midpoint of the exposure.

b FIES and EXPRES radial velocities are given at an arbi-
trary zero point.
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Figure 15. Phase-folded and detrended light curve of TOI-
1431 from the simultaneous hybrid cubic spline detrending
model using the SAP data. The colored points represent the
individual phased light curve segments across Sectors 15 and
16 that have been binned at a cadence of 15m. The red solid
lines are 20 light curve models drawn from the posteriors of
the Nested Sampling analysis in Allesfitter.
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Figure 16. TESS Sector 15 photometry of TOI-1431 from the SAP (blue points) and single-scale MAP PDC (red points)
light curves. The SAP light curve shows ‘whisker’-like flux dips that are caused by brief spacecraft pointing excursions, some
of which overlap with the transit events. The correction applied to the single-scale MAP PDC light curve from the use of the
Co-trending Basis Vectors has removed these features.
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Figure 17. Radius evolution of TOI-1431b for various as-
sumptions about the presence of irradiation and deep de-
posited heating. The curve labeled Thorngren & Fortney
(2018) includes irradiation and applies deposited heating in
the deep interior with a strength that varies with equilibrium
temperature, as in Equation (34) of Thorngren & Fortney
(2018). The models labeled γ = 5×10−4 and γ = 1×10−4 re-
spectively assume that 0.05% and 0.01% of the incident stel-
lar power is converted to heat deposited deep in the planetary
interior and include irradiation. The model labeled “irradi-
ation” considers only irradiation with no deposited heating,
and the model labeled “no heating” does not include irradi-
ation or deposited heating. Evolution models are conducted
with MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019) us-
ing the model setup described in Komacek et al. (2020) and
stellar evolution tracks from Choi et al. (2016) and Dotter
(2016). The present-day radius of TOI-1431b can be fit by
planetary evolution models including only irradiation slow-
ing cooling, but a small amount of deep deposited heating
corresponding to < 0.05% of the incident stellar power con-
verted to heat is allowed.
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Figure 18. The phase-folded TESS SAP light curve for TOI-1431 b, zoomed in to show the phase curve and secondary eclipse,
similar to Figure 11.
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