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ABSTRACT

Ultra-hot Jupiters are defined as giant planets with equilibrium temperatures larger than 2000 K. Most of them are found orbiting
bright A-F type stars, making them extremely suitable objects to study their atmospheres using high-resolution spectroscopy. Recent
studies show a variety of atoms and molecules detected in the atmospheres of this type of planets. Here we present our analysis of
the newly discovered ultra-hot Jupiter TOI-1431 b/MASCARA-5 b, using two transit observations with the HARPS-N spectrograph
and one transit observation with the EXPRES spectrograph. Analysis of the Rossiter-McLaughlin effect shows that the planet is in a
polar orbit, with a projected obliquity λ = −155+20

−10 degrees. Combining the nights and applying both cross-correlation methods and
transmission spectroscopy, we find no evidences of Ca i, Fe i, Fe ii, Mg i, Na i, V i, TiO, VO or Hα in the atmosphere of the planet. Our
most likely explanation for the lack of atmospheric features is the large surface gravity of the planet.

Key words. planetary systems – planets and satellites: individual: TOI-1431b – planets and satellites: atmospheres – techniques:
spectroscopic

1. Introduction

Ultra-hot Jupiters (hereafter UHJ) are giant planets with equi-
librium temperatures higher than 2000 K (Helling et al. 2019),
caused by their short orbital distance and the strong irradiation
from their host star. Theoretical and observational studies show
that due to thermal dissociation one does not expect H2O in their
dayside atmospheres (Parmentier et al. 2018), as is the case of
hot Jupiters. On the other hand, the elevated temperatures cause
many atomic elements to be found in the ionized state. Com-
bined with the fact that most of UHJs are found around bright
A type stars, this makes UHJs perfect laboratories to detect and
study their atmospheres. Thanks to the different Doppler veloc-
ities of the planets and their host stars, as well as the Earth, we
are able to study the planetary atmospheres using high-resolution
spectroscopy (Birkby 2018; Snellen et al. 2010) from ground-
based spectrographs.

Recent studies show variety of atoms and molecules detected
in the atmospheres of ultra-hot planets. In the atmosphere of
the hottest planet known to date, KELT-9b (Gaudi et al. 2017),
Ca ii, Cr ii, Fe i, Fe ii, Mg ii, the Mg triplet, H , Na i, Sc ii, Ti ii
and Y ii, as well as evidence of Ca i, Cr i, Co i and Sr ii were
detected (Hoeijmakers et al. 2018, 2019; Cauley et al. 2019;
Yan et al. 2019; Turner et al. 2020; Pino et al. 2020). KELT-
9b also possesses an extended hydrogen atmosphere detected in
Hα absorption (Yan & Henning 2018). Several other UHJs have
been explored so far and show the detection of one or several of
the above mentioned species: WASP-33b (Yan et al. 2019; Nu-
groho et al. 2020a; Yan et al. 2021), WASP-12b (Jensen et al.
2018), WASP-76b (Seidel et al. 2019; Ehrenreich et al. 2020),
WASP-189b (Yan et al. 2020), WASP-121b (Cabot et al. 2020;
Ben-Yami et al. 2020; Gibson et al. 2020; Hoeijmakers et al.
2020b) and MASCARA-2b/KELT-20b (Casasayas-Barris et al.
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2018, 2019; Stangret et al. 2020; Nugroho et al. 2020b; Hoeij-
makers et al. 2020a).

TOI-1431b, also known as MASCARA-5b, is a newly dis-
covered ultra-hot Jupiter with an equilibrium temperature of
2181 K, orbiting bright A star (V=8.049 mag) in 2.6502409 days
(Addison et al., 2021 submitted). The planet was originally dis-
covered using the ground-based MASCARA survey. More re-
cently, the NASA TESS mission (Ricker et al. 2015) also ob-
served the transits and alerted it as TOI-1431b. MASCARA-5b
has been confirmed as a planet by Addison et al. 2021 (submit-
ted) using ground-based facilities.

Here we present the analysis of three transit observations
of TOI-1431b using high-resolution spectroscopic observations,
which are described in section 2, in order to retrieve the system’s
architecture as well as to explore the planetary atmosphere. In
section 3 we measure the geometry of the system by analysing
the Rossiter–McLaughlin effect and in sections 4 and 5 we ex-
plore the composition of the atmosphere using cross-correlation
and transmission spectroscopy, respectively.

2. Observations

We observed two full transits of TOI-1431b during the nights
of 31 May 20201 (hereafter Night 1) and 23 July 20202 (here-
after Night 2) using the HARPS-N spectrograph (Cosentino
et al. 2012) mounted at the 3.58 m Telescopio Nazionale Galileo
(TNG) at Observatorio del Roque de los Muchachos (ORM) in
La Palma, Spain. During the first night we took 60 exposures
of 300 s, resulting in 33 out-of-transit and 27 in-transit spectra
(covering the range φ=-0.022 to +0.065; where φ is planet orbital
phase), with an average signal-to-noise ratio (S/N) of 97.4. Dur-
ing the second night we took 61 exposures of 300 s, resulting in
31 out-of-transit and 30 in-transit spectra (φ=-0.039 to +0.046),
with an average S/N of 66.

TOI-1431b was also studied using the EXtreme PREci-
sion Spectrograph (EXPRES), an optical high resolution (R ∼
140, 000) fiber-fed echelle instrument commissioned at the 4.3
m Lowell Discovery Telescope (LDT, Levine et al. 2012), at
Lowell Observatory, covering the wavelength range 380 - 680
nm. Although EXPRES was designed with the primary goal of
detecting Earth-like exoplanets around Sun-like stars (Jurgenson
et al. 2016), Hoeijmakers et al. (2020a) showed it can also be
used for the study of exoplanet atmospheres. A full transit of
TOI-1431b was observed with EXPRES during the night of 28
July 2020. We obtained 49 exposures of 330 seconds (φ=-0.045
to +0.038), resulting in 25 out-of-transit and 24 in-transit spec-
tra. A summary log of all the observations is given in Table 1.

The data from HARPS-N were reduced using the HARPS-
North Data Reduction Software (DRS, Cosentino et al. (2012);
Smareglia et al. (2014)), version 3.7, which allows us to extract
the spectra order-by-order and use a daily calibration set to per-
form flat-field. In the final steps, a one-dimensional spectrum
(380 nm - 690 nm in a step of 0.01 nm) is created by combin-
ing all the orders for each spectrum separately. The EXPRES
data were reduced using the EXPRES pipeline described in Pe-
tersburg et al. (2020), which performs telluric correction using
SELENITE (Leet et al. 2019a).

1 Collected during ITP 19-1 program (PI: Pallé).
2 Collected during GAPS2 Long-Term program (PI: G. Micela).

3. Rossiter–McLaughlin analysis

There are two main approaches to extract the radial veloci-
ties (RVs) during the transit of an exoplanet and obtain the
Rossiter–McLaughlin (RM) signal. One approach relies on the
template matching of the observed spectra (Butler et al. 1996;
Anglada-Escudé & Butler 2012), and the other one is based on
a Gaussian fit to the cross-correlation function (CCF) of the ob-
served spectra with a binary mask (Pepe et al. 2002). We cal-
culated the RVs during two transits of TOI-1431b observed by
HARPS-N from both template matching approach using SER-
VAL (Zechmeister et al. 2018), and CCF approach using DRS
(Cosentino et al. 2012). For the template matching approach for
each observing night the template was created from only the out-
of-transit spectra. For the HARPS-N data, the RM signals ex-
tracted from CCF approach show a larger variation in the out of
transits RV measurements, and also a higher number of outliers.
This could be due to using an inadequate binary mask (G2 mask)
for this type of host star. Thus, for the rest of the analysis, we de-
cided to focus only on RM results from the template matching
approach. For the transit obtained from EXPRES, the RVs were
derived with the forward modeling from empirical stellar spec-
tral templates, as described in Petersburg et al. (2020), which is
similar to the template matching approach.

Stellar noise can cause an offset and underlying slopes in the
RV measurements in out-of-transit RM observations. This slope
is in addition to the gravitationally induced RV variation gener-
ated by the orbiting planet. The activity-induced out-of-transit
RV slope can differ from transit to transit due to variations in
stellar activity over different nights (Oshagh et al. 2018). A con-
ventional approach to eliminate this effect is to remove a linear
trend considering only the out-of-transit RVs. Therefore, here we
also removed a linear trend in RVs fitted to each individual night,
and we analyse the combined and folded RM observations, as
shown in Figure 1.

To model the observed RM signal we use the prescription
presented in Ohta et al. (2005), which is optimized to retrieve the
RM signal from template matching. This model is implemented
in the PyAstronomy python package (Czesla et al. 2019).

Gaussian process (GP) is a widespread framework for mod-
eling correlated noise (Rasmussen & Williams 2006), and its
power and advantages in mitigating correlated noise in RV ob-
servations (e.g., Haywood et al. 2014; Faria et al. 2016), and also
in photometric transit observations (e.g., Aigrain et al. 2016; Ser-
rano et al. 2018), has been demonstrated widely. Our three RM
observations show clear variation especially in the out of tran-
sit RV measurements, which could be due to either stellar noise
(either granulation or active regions), an instrumental systemat-
ics, or telluric contamination. Therefore, we decided to perform
two independent analysis, one without considering GP and one
that incorporates GP to our RM modeling. We used the recent
implementation of GP in celerite package (Foreman-Mackey
et al. 2017), as some of the celerite kernels are well suited to
describe different forms of correlated noise.

We consider the spin-orbit angle λ, projected stellar rota-
tional velocity (v sin i?), mid-transit time (T0), and limb dark-
ening coefficient as our mean model’s free parameters. The rest
of the parameters required in the mean model are fixed to their
reported values in Table 2. The posterior samples for our model
were obtained through MCMC (Markov chain Monte Carlo) us-
ing emcee (Foreman-Mackey et al. 2013). The priors on v sin i?
and T0 are controlled by Gaussian priors centered on the reported
value in Table 2 and with broader widths than the reported un-
certainties, to allow better exploration of the parameter space.
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Table 1. Summary of the transit observations.

Object Instrument Date of observation Start UT End UT Texp (s) airmassa S/N@588nma Nobs

TOI-1431b HARPS-N 2020-05-31 23:45 05:13 300 1.12-2.34 107-129 60
TOI-1431b HARPS-N 2020-07-23 22:39 04:04 300 1.12-1.41 52-93 61
TOI-1431b EXPRES 2020-07-29 05:34 10:51 330 1.07-1.23 - 49

Notes. (a) Minimum and maximum values during the night.

Table 2. Physical and orbital parameters of TOI-1431 adopted from Ad-
dison et al. 2021(submitted). Parameters marked with * were calculated
in the current work.

Description Symbol Value
Identifiers - TOI-1431, HD 201033
V-band magnitude mV 8.049 ± 0.011 mag
Effective temperature Te f f 7690+400

−250 K
Surface gravity log g 4.148+0.043

−0.041 cgs
Metallicity [Fe/H] 0.43+0.20

−0.28
Stellar mass M? 1.895+0.100

−0.077 M�

Stellar radius R? 1.923+0.068
−0.067 R�

Planet mass Mp 3.12+0.19
−0.18 MJ

Planet radius Rp 1.546 ± 0.063 RJ

Equilibrium temperature Teq 2181 ± 95 K
Right ascension ... 21h04m48.89s

Declination ... +55o35
′

16.88
′′

Mid Transit Time (BJD) T0 2458739.17728 ± 0.00011
Period P 2.6502409 ± 0.0000041 days
Transit duration T14 0.1047 ± 0.0006 days
Semi-major axis a 0.0465 ± 0.0017 AU
Inclination i 80.30+0.18

−0.17 deg
Eccentricity e 0.0051+0.016−0.0039

Projected obliquity* λ −155+20
−10 deg

Projected rotation speed* v sin i?RM 3.73+1.29
−1.28 km s−1

Planetary RV Kp 188.15 km s−1

semi-amplitude
Linear limb darkening ε 0.65 ± 0.20
coefficient*

AGP
* ... 1.62+0.81

−0.50 m s−1

τGP
* ... 0.02+0.01

−0.00 days

The prior on the linear limb-darkening coefficient were also con-
strained by Gaussian prior created using LDTk (Parviainen &
Aigrain 2015). The prior on spin-orbit angle is controlled by a
uniform (uninformative) prior between -180 and +180 degrees.

For the case of PyAstronomy+GP, we fit our RM observa-
tions considering the sum of a mean model and noise model.
The mean model is the RM model of PyAstronomy, and the
noise was modeled as a GP with Matern-3/2 covariance Kernel
Palle et al. (2020). This Kernel is well suited to describe different
forms of stellar noises. The prior on the GP’s time scale param-
eter was controlled by a Gaussian prior centered on the fitted
value of a GP fit to the out-of-transit RV points, and the prior on
the GP amplitude was controlled by a uniform (uninformative)
prior between 0–10 m s−1. These priors are also listed in Table 3.

We randomly initiated the initial values for our free parame-
ters for 30 MCMC chains inside the prior distributions. For each
chain we used a burn-in phase of 500 steps, and then again sam-
pled the chains for 5000 steps. Thus, the results concatenated
to produce 150000 steps. We determined the best fitted values
by calculating the median values of the posterior distributions
for each parameters, based on the fact that the posterior distribu-

Table 3. The prior on free parameters in RM analysis.

Parameter Prior

λ (deg) U(−180; 180)
v sin i? (km s−1) N(7, 3)
T0(day) N(Ephem; 0.01)
Linear limb darkening coefficient N(LDTk; 0.1)
AGP(m/s) U(0; 10)
τGP(days) N(0.05; 0.1)

Notes:U(a; b) is a uniform prior with lower and upper limits of
a and b.N(µ;σ) is a normal distribution with mean µ and width
σ. Ephem corresponds to the predicted ephemerides.

tions were Gaussian. The best fitted model of PyAstronomy and
PyAstronomy+GP, and RM observations are shown in Figure 1,
and the posterior distributions are given in Figure A.1. We report
all the best fitted values in Table 2.

The PyAstronomy+GP model results in a moderately better
fit as indicated by a decrease in the RMS of the residual. We
also performed a model comparison using Bayesian information
criterion (BIC). We regard the difference between two models
as significant if ∆BIC > 5 (Liddle 2007). We found ∆BIC = 6
that supports the idea of fitting the observed RM with a GP given
their noise. 3

Overall, using PyAstronomy+GP analysis, we find TOI-
1431b to be highly misaligned, with a projected obliquity λ =
−155+20

−10 degrees.
We show in Figure 2 the distribution of measured projected

obliquity for known transiting planets (from TEPCat orbital
obliquity catalogue; Southworth 2011) as a function of their host
star effective temperature. We also overplotted the TOI-1431b,
which follows the general trend of planets orbiting stars with
effective temperatures higher than ∼ 6200 K, which tend to be
misaligned (Winn 2010).

4. Atmospheric Cross-correlation Analysis

In order to investigate the atmospheric composition of TOI-
1431b, we used the cross-correlation technique to search for
atomic and ionized species. In our analysis we used model trans-
mission spectra of Fe i, Fe ii, Ca ii, TiO (Plez 1998; McKemmish
et al. 2019), VO (B. Plez, priv. comm.), VI, MgI, and NaI, gen-
erated using petitRADTRANS (Mollière et al. 2019), which al-
lows us to create high-resolution model templates for atoms and
molecules at the typical temperatures of exoplanet atmospheres.
To calculate the models, we assumed a surface gravity (log gp)

3 We also did a model comparison between fitting the observation
with only GP, and that led to a worse fit, with ∆BIC = 10 in favor
of PyAstronomy+GP model.
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Fig. 1. Radial velocity time series derived using the template matching
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red and green circles, respectively, in the bottom panel.
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Fig. 2. Distribution of measured orbital obliquity for the known tran-
siting exoplanets and brown dwarfs as function of their host star effec-
tive temperature (dots) and colour bar presents the planetary radius, all
extracted from TEPCat orbital obliquity catalogue (Southworth 2011).
The star symbol represents TOI-1431b’s spin-orbit measurement. The
black-dashed vertical line marks the 6250 K effective temperature tran-
sition from Winn (2010).

of 3.57, corresponding to a planetary mass of about 3.12MJ (Ad-
dison et al., 2021 submitted). We also assumed solar abundance
and an isothermal profile at the temperature of 4000 K. Follow-
ing Hoeijmakers et al. (2019), we set the absorption continuum
at 1 mbar.

We corrected for Earth’s telluric spectra using Molecfit
(Smette et al. 2015; Kausch et al. 2015) for HARPS-N spec-
tra, and SELENITE (Leet et al. 2019b) for the EXPRES spectra.
For outlier rejection and normalization we applied the method-
ology described in Stangret et al. (2020). For HARPS-N data,
we divided the spectrum and models into 10000-pixels orders,
due to computing limitations. For the EXPRES data, we used

the spectrograph orders. We removed outliers by analysing the
time evolution of each pixel, removing them when they deviate
from fitted quadratic polynomial by more than 5σ. Additionally
we corrected the reflex motion of the star as well as systemic
velocities by fitting the linear polynomial to out-of-transit RVs.
In a final step we divided each spectrum by the master-out spec-
trum, which was computed as the mean of all the out-of-transit
spectra.

Using a radial velocity range of ±200 km s−1 in steps of
0.8 km s−1, we cross-correlated in the Earth’s rest frame each
order with the models of Fe i, Fe ii, Ca ii, TiO, VO, V i, Mg i, and
Na i.

The Pearson cross-correlation coefficients c(v, t) were calcu-
lated as:

c(v, t) =

∑
i=0 xi(t)Ti(v)√∑

i=0 xi(t)2∑
i=0 Ti(t)2

, (1)

where xi are the residuals in all orders at time t and Ti are the
values of the template shifted to different velocities v

In the next step we shift the cross-correlation map to the
planet rest frame using the formula for planet radial velocities
vp

vp(t,Kp) = Kp sin 2πφ(t) + vbar(t), (2)

where Kp is the semi-amplitude of the planet radial velocity,
φ(t) is the orbital phase of the planet, and vbar(t) is the barycentric
velocity. Assuming that the Kp value is unknown, we calculated
the planet radial velocities (vp) for range of Kp values from 0 to
300 km s−1, in steps of 1 km s−1.

Excluding the ingress and egress data, we co-added the in-
transit cross-correlation values for each Kp value separately. To
check the significance of the signal, we calculated its S/N for
each Kp value, following the same method as in Birkby et al.
(2017), Brogi et al. (2018), Alonso-Floriano et al. (2019), and
Sánchez-López et al. (2019). We expect the planetary signal at
0 km s−1 radial velocity and Kp = 188.15 km s−1.

In the left panels of Fig. 3 and 4 we show the cross-
correlation maps for Fe i, Fe ii, Ca ii, TiO , VO , VI, MgI and NaI
for HARPS-N and EXPRES data, respectively. In the case of
TiO, we show the results using the line list by McKemmish et al.
(2019), but we get very similar results using the line list by Plez
(1998). The expected trace of the planetary signal is marked by
a white tilted dashed line. In the middle panel we show a sig-
nificance map for a range of Kp values, from 0 to 300 km s−1.
The S/N was calculated by dividing the sum of in-transit cross-
correlation residuals by the standard deviation of region from
-50 km s−1 to -150 km s−1 and from 50 km s−1 to 150 km s−1,
away from expected signal. The S/N plots at the expected Kp
value are given in the right panels. There is not significant plan-
etary signal detection for any of the species investigated here.

TOI-1431 is a rotating star, and because of this, in the case
of Fe i, Fe ii, and Mg i, we can clearly see the effects of the RM
and center to limb variation (CLV) in the cross-correlation maps.
These effects should be corrected as they might mask planetary
absorption features. To this end, we modelled the stellar spectra
at different planet orbital phases, which contains the RM and
CLV effects. We applied the same methodology as described
in Casasayas-Barris et al. (2019). We used the Spectroscopy
Made Easy tool (SME, Valenti & Piskunov (1996)) to com-
pute models using the Kurucz ATLAS9 and VALD3 line list
(Ryabchikova et al. 2015), and we modelled the stellar spec-
tra for different limb-darkening angles. We assumed solar abun-
dance and local thermodynamical equilibrium (LTE). Assuming

Article number, page 4 of 14
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Fig. 3. Left panels: Cross-correlation residual maps of Fe i, Fe ii, Ca ii, TiO , VO , V i, Mg i, and Na i for combination of two night from HARPS-N.
Red horizontal map shows beginning and end of the transit. Light-blue tilted line presents trace of expected signal from the planet. Middle panels:
significance map for Kp in a range of 0 to 300 km s−1, we expect signal from the planet in the 0 km s−1 radial velocities and Kp = 185.3 km s−1

marked with dashed lines. Right panels: S/N plot for expected Kp value. Here, the RM+CLV effects have not been corrected.

also 1RP=1.546 RJ (Addison et al, 2021 submitted), we calcu-
lated the stellar models containing the RM and CLV effects tak-
ing into consideration the different stellar regions covered by the
planet at each orbital phase. After dividing the model by the out-

of-transit spectra we cross-correlated them with models of Fe i
and Fe ii using the same methodology applied for the observa-
tions. The same steps were taken to create the model considering
only the RM effect.

Article number, page 5 of 14
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Fig. 4. Same as Figure 3, but for EXPRES data.

The next step was to remove the RM and CLV effects from
the data. To do so we calculated the sum of all in-transit orbital
phases for both data and models, and then scale the models to the
data by fitting to the maximum value. Due to the uncertainties in
the λ value derived in Section 3 we observed small difference
within the observed slope of the RM in the data and the models.

In order to accurately remove the model effects, we shifted their
slope to that measured in the observations. In Fig. 5 we present
the results after the RM+CLV and the RM alone effects correc-
tion for Fe i. The models are presented in the left panels, while
the middle panels present the cross-correlation residual maps af-
ter the corrections and the right panels show S/N plot at the ex-
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pected Kp value before and after the correction. The corrections
applied to the data seem to be quite efficient at removing the RM
and CLV effects from the data, but do not lead to any signifi-
cant detections. In figures 6 (for HARPS-N data) and 7 (for EX-
PRES data), we present the results after removing the RM+CLV
effects for the atomic species where the RM residuals were de-
tected, namely (Fe i, Fe ii and Mg i). Any remaining feature in the
cross-correlation residual maps are probably associated to stellar
activity.

As a final check, we simply masked the region where RM
and CLV effects appear strong in the models, and re-calculated
the significance map as well as S/N plots with the unmasked data
(not shown), but we do not detected any significant absorption
signal.

We also explored in both cases the range of planet radial-
velocity semi-amplitudes from Kp = 300 to Kp = 600 km s−1

(see section 5 discussion for details) without results.

5. Transmission spectroscopy

The atmospheres of UHJs are expected to be depleted of wa-
ter and other molecular species (Parmentier et al. 2018; Helling
et al. 2019), due to their high equilibrium temperatures. How-
ever, the presence of Hα absorption excess in the stellar spectrum
has been previously observed in other UHJs, as a sign of atmo-
spheric expansion and hydrogen escape (Yan & Henning 2018).
Here we analyze the transmission spectrum of TOI-1431b at the
Hα line region.

The extraction of the transmission spectrum around individ-
ual lines is performed using the common methodology presented
in Wyttenbach et al. (2015) and Casasayas-Barris et al. (2019).
We first correct the observed stellar spectra of telluric absorp-
tion contamination from the Earth atmosphere using Molecfit
(Smette et al. 2015; Kausch et al. 2015). Then, the spectra are
shifted to the stellar rest frame using the barycentric Earth radial-
velocity and the systemic velocity, and corrected by reflex mo-
tion of the star (vbar(t) Equation 2, and vsys and reflex motion
retrieved from RVs), as discussed in Section 4. Once all spectra
are moved to the stellar rest frame, in order to remove the stellar
contribution from the data, we divide each individual spectrum
by the master out-of-transit spectrum, computed as the combina-
tion of all out-of-transit spectra. At this point, only variations of
the stellar lines profile during the observations are expected to be
observed in the residuals. Finally, the transmission spectrum is
computed by combining all the resulting in-transit residuals once
moved to the planetary rest frame using the weighted mean. The
planet radial velocity during each exposure is calculated as pre-
sented in Section 4. This combination is performed with a simple
average of the relative flux per wavelength. The individual night
results can be observed in Fig. 8.

The features observed in the final transmission spectrum are
quantified by fitting a Gaussian profile to the Hα region for each
individual night. The uncertainties of the transmission spectra
come from the propagation of the photon noise and readout noise
of the observations. These are then used to estimate the uncer-
tainties of the best-fit values from the Gaussian profile by using
the diagonal elements of the covariance matrix. For the Night 1
observed with HARPS-N we measure a ∼ 4.5σ absorption ex-
cess of 0.33±0.07 % and a full width at half maximum (FWHM)
of 0.9 ± 0.2 Å, with no significant blue shift (0 ± 4 km s−1). For
the Night 2 observed with the same instrument, no significant ex-
cess is observed in the transmission spectrum (0.0± 0.1% with a
0.75 Å passband centred to the Hα position). For the transit ob-
served with EXPRES, the features observed at the Hα position

are consistent with null absorption excess at 1.4σ, measuring an
absorption excess of 0.13±0.09% in a 0.75 Å passband. We note
that the RM and CLV effects are not significant in transmission
spectroscopy at the S/N achieved in the observations.

In Fig. 8, there is an absorption-like feature that appears
only during the in-transit exposures for the first HARPS-N night
(right panels in Fig. 8), but this absorption trail disappears for the
second night (middle panels in Fig. 8) and for EXPRES observa-
tions (right panels in Fig. 8). Visually, it is difficult to recognize
if the velocity of this absorption feature is in agreement with the
predicted velocity of TOI 1431b or not. As presented in Chen
et al. (2020), in order to probe its velocity during the transit,
we cross-correlate a Gaussian profile with each individual ex-
posure of the 2D map. The Gaussian profile is computed with a
contrast of −0.4% and FWHM of 0.75 Å, slightly narrower and
deeper than the best-fit obtained in the transmission spectrum
for Kp = 188.15 km s−1. We explore the velocity range between
±650 km s−1 in steps of 0.5 km s−1. Once the cross-correlation
is applied to each exposure, we collapse the in-transit residu-
als using different Kp values between −100 and +700 km s−1 in
steps of 0.5 km s−1. The Kp-map is then computed as described
in Section 4. In this case, however, we use the range from -300 to
-100 km s−1, and from +100 to 300 km s−1 to compute the stan-
dard deviation and calculate the S/N of the result. Although ex-
cess of absorption is observable at the predicted Kp, this excess
is maximum at Kp ∼ 340 km s−1, far from the expected the-
oretical value (see Fig. A.2). The transmission spectrum com-
puted considering this value is shown in the bottom panels of
Figure 8. For the Night 1, the transmission spectrum shows a
contrast of −0.50 ± 0.09% and FWHM of 0.4 ± 0.1 Å, shifted
by −3 ± 1 km s−1. However, there is no evidence of absorption
during the other two nights using the same Kp value.

Finally, we check the origin of these absorption features us-
ing the Empirical Monte Carlo (EMC) method (Redfield et al.
2008). The EMC is based on computing the transmission spec-
trum assuming different combinations of spectra building the in-
and out-of-transit samples. Therefore, we would expect to repro-
duce the results only when the in- and out-of-transit exposures
are correctly ordered. Here, we use the three common scenar-
ios: ’in-in’, ’out-out’, and ’in-out’ (see Casasayas-Barris et al.
2019 for more details). We run the EMC 20 000 times per sce-
nario, and measure the absorption depth of every final transmis-
sion spectra using a 0.75 Å (∼ 1 FWHM) bandwidth centred on
the expected Hα position. The results of the individual nights are
presented in Figure A.3. In all cases, we observe that the control
samples (’in-in’ and ’out-out’) are centred at ∼ 0 % absorption
depth, while the planet scenario (’in-out’) is centred at −0.17 %
for the Night 1 observed with HARPS-N , +0.01 % for the Night
2, and −0.18 % for the night observed with EXPRES. The stan-
dard deviation of the ’out-out’ control distributions is 0.16 %,
0.24 % and 0.24 % for each night, respectively. This value is in-
dicative of variations in the stellar lines core. Thus, we conclude
that the most likely explanation for the variability observed in
the Hα absorption is stellar activity rather than variability in the
planetary atmosphere.

We also explore the transmission spectrum of TOI-1431b
around the Na i doublet lines, but we find no excess of absorption
for any of the individual nights(see Figure A.4).

6. Discussion and Conclusions

We observed the transmission spectrum of ultra-hot Jupiter TOI-
1431b / MASCARA-5b during two nights using the HARPS-N
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Fig. 5. Left panels: The RM plus CLV model (top) and the RM alone model (bottom) for Fe i. Middle panels: cross-correlation residual maps of Fe i
for the combination of two HARPS-N nights after removing the modelled effects in the left panels. The red horizontal lines represent the beginning
and end of the transit. The light-blue tilted dashed line shows the position of the expected signal of the planet. Right panels: cross-correlation sum
plots at the expected Kp value, before (gray dotted line) and after (black line) removing the effects. In purple we show the calculated models for
each effect.

Fig. 6. Left panels: cross-correlation residual maps for HARPS-N data after removing RM+CLV effects for Fe I (top), Fe II (middle), and MgI
(bottom). Middle panels: Kp maps after removing RM+CLV signal. Right panels: cross-correlation sum plots at the expected Kp value, before
(gray dotted line) and after (black line) removing the effects. In purple we show the calculated models for RM+CLV effects.

high-resolution spectrograph and one night using the EXPRES
spectrograph. Our results indicate that TOI-1431b does not seem
to be the proto-typical UHJ.

By analysing the Rossiter–McLaughlin effect we find an
obliquity value of λ = −155 deg. This puts the planet on a
very inclined, near polar orbit, which speaks about an interest-
ing dynamical history, and perhaps indicating the presence of
more than one planet in the early history for this system (Triaud
2017). The misalignment of TOI-1431b is also consistent with
misaligned planets being preferentially found around stars with
effective temperatures Te f f > 6250 K (Albrecht et al. 2019).

Additionally we studied the composition of TOI-1431b’s at-
mosphere using two different methods. First, we used the cross-

correlation technique to search for Fe i, Fe ii, Ca i, Na i, Mg i, V i,
TiO , and VO , finding no evidences of the presence of any of
these atoms and molecules in its atmosphere. In the particular
case of VO , the inaccuracy of available line list remains a possi-
ble explanation for the non-detection. We also used transmission
spectroscopy analysis to search for the Hα absorption line and
the Na i doublet lines, again with negative results. These results
are at odds with other studies of similar UHJs orbiting bright
stars where various atoms and molecules have been found.

Figure 9 puts TOI-1431b in context by presenting all known
UHJs with their equilibrium temperature plotted against semi-
major axis. The absence of ionized atomic species, most spe-
cially Fe ii, in the atmosphere of TOI-1431b poses a mystery,
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Fig. 7. Same as Figure 6, but for EXPRES data. In this case we do not show MgI, as no strong RM effect was detected in the EXPRESS data
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Fig. 8. Top panels: Residual map around the Hα line for the first night (left), second night (middle), and the EXPRES night (right). The horizontal
black lines indicate the beginning and end of the transit. The red-dashed line shows the expected radial-velocity movement of the planet absorp-
tion (Kp = 188.15 km s−1), plotted only in the out-of-transit regions for a better visualisation of the in-transit residuals. The green-dashed lines
corresponds to Kp = 340 km s−1. Bottom panels: Transmission spectrum of TOI-1431b around the Hα line for Night 1 (left) and Night 2 (middle)
obtained with the HARPS-N, and the night of 2020-07-29 (right) observed with EXPRES. In light gray we show the original data, and the black
dots are the data binned at intervals of 0.2 Å. In this case, the transmission spectrum is obtained assuming Kp = 188.15 km s−1. In blue and with
an offset of 1.5 % for better visualisation, the transmission spectrum obtained at Kp = 340 km s−1 is shown with the best fit Gaussian profile in
green-dashed lines. The red line is the best fit Gaussian profile. The blue vertical line shows the laboratory position (at 6562.81 Å) of the Hα line.

as this ionized Fe has been detected in almost all UHJs for
which precise high-resolution spectroscopic data are available,
including planets with lower Teq than TOI-1431b. For example,
MASCARA-2b/KELT-20b has a Teq value about 100 K lower,
and Fe ii has been detected in its atmosphere both in cross-
correlation (Stangret et al. 2020; Nugroho et al. 2020b; Hoei-
jmakers et al. 2020a) and in transmission spectroscopy for the
strongest individual lines (Casasayas-Barris et al. 2019).

A first reason for the absence of atmospheric features could
be the S/N of the observations. However, TOI-1431 is nearly as
bright as MASCARA-2 or KELT-20 (only 0.4 mag fainter in V),
and in both cases the same instrumentation has been success-
fully used to retrieve significant detections (Hoeijmakers et al.
2019; Casasayas-Barris et al. 2019). Low S/N could be perhaps
the culprit for the non-detection of Hα absorption during the
second night observed with HARPS-N and the observations per-
formed with EXPRES, but can hardly explain the negative cross-
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correlation results during the first night. We also performed some
injection tests (not shown here) where we were able to recover
from the data planetary signals with strengths similar to those
detected in other UHJs, reinforcing our hypothesis that S/N is
not the limiting factor for atmospheric signatures detection.

The second possibility is the influence of the
Rossiter–McLaughlin effect on the data, being TOI-1431
on a nearly polar orbit. Casasayas-Barris et al. (2020) already
demonstrated how inappropriately dealing with this effect
can lead to spurious detections or mask the planetary signals.
Although these effects are clearly seen in the cross-correlation
residual maps of Figure 3, the exoplanet atmospheric features,
if present, could also be visually disentangled in the regions
where the planet radial-velocity and RM effect do not overlap.
As the exoplanet atmosphere is not clearly seen in the maps,
we attempted to correct both the RM and the CLV effect on
the data, by modeling the effects and subtracting them from
the observations, but still no significant absorption is found.
Nevertheless, the impact of these effects in the planet rest frame
remains in the noise level of the data, and thus are not a likely
explanation for the non-detections.

The third and most probable explanation lies in the bulk
properties of the planet itself. TOI-1431b has a large surface
gravity and a small scale height, similar to that of the UHJ
WASP-189 b for which no consistent atmospheric absorption
have been detected (Cauley et al. 2020). These two planets have
the highest surface gravity among the UHJ planets whose atmo-
spheres have studied so far. If this is the case, observing the plan-
etary emission spectrum, rather than the transmission spectrum,
might give much more insight into the physics of these more
massive UHJs planets. New higher resolution data with larger
aperture telescopes might be also able to shed new light into this
interesting UHJ planet.
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Appendix A: Additional figures
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indicates the Kp position with maximum S/N. The horizontal black dashed line shows the predicted Kp = 188.15 km s−1 value, the cyan-dashed
line the Kp ∼ 340 km s−1 at which the S/N is maximum, and the vertical black dashed line shows 0 km s−1 shift. Bottom panel: cross-correlation
values extracted at the maximum S/N Kp (cyan), and at the predicted Kp (black).
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Fig. A.3. Empirical Monte Carlo (EMC) distributions in the Hα line for the first (left) and second (middle) nights observed with HARPS-N,
and the night observed with EXPRES (right). The distributions are obtained using 20 000 iterations and measuring the absorption depth with a
bandwidth of 0.75 Å. Each panel corresponds to the analysis of one night. In green we present the ‘out-out’ scenario, in blue the ‘in-in’, and in
grey the ‘in-out’, which corresponds to the atmospheric absorption scenario. The blue-dashed vertical line marks the zero absorption level and the
black-dashed line the center of the ‘in-out’ distribution.
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Fig. A.4. Same as Figure 8 but for the Na i doublet. In light green we mark the regions affected by telluric residuals. The residual observed in the
left panel (2020-05-31) corresponds to a telluric Na i emission line which has not been completely corrected in the sky subtraction, probably due
to the different efficiency of the two fibers. The residual observed in the right panel (2020-07-29) is produced by two H2O absorption lines that are
not detected by SELENITE in the telluric correction.
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