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Abstract

Although the migration of hot Jupiters is not yet fully understood, measurements of the projected spin–orbit angle
λ help shed light on the processes involved. Here we present Doppler tomography of three known hot Jupiters to
determine their λ orientation: HAT-P-49 b, HAT-P-57 A b, and XO-3 A b. Our analysis explores the impact of
cross-correlation processing methods on the detectability and characterization of the planet’s Doppler shadow
using up to three independent routines for cross-correlation functions extraction; those being: Yabi, iSpec, and
IRAF. After accounting for differences among the results obtained with the various routines, we report: first, the
HAT-P-49 system is a case of a hot Jupiter on a polar orbit with λ = –85.°3 ± 1.°7, second, HAT-P-57 A indicates
practically no deviation of the planet’s projected orbit from the host’s equatorial plane with 0.4 1.9

1.4–= °+ , and
third, the XO-3 A system with the measured value of 38 4

3= °+ lies in between an aligned and a perpendicular
orientation, which is a less populated region of the spin–orbit distribution. Our findings highlight both the
diversity of spin–orbit angles among close-in giant planets and the potential discrepancies in their measurement
that can arise from different approaches to constructing the cross-correlation functions.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Planetary system evolution (2292); Exoplanet
migration (2205); Hot Jupiters (753)

1. Introduction

While the relative contributions of various formation and
migration scenarios of hot Jupiters remain uncertain, they are
commonly grouped into three main categories: in situ
formation under extreme conditions (e.g., K. Batygin et al.
2016; R. I. Dawson & J. A. Johnson 2018), disk migration
with torques prominently shrinking the planet’s semimajor
axis (e.g., D. N. C. Lin & J. Papaloizou 1986; N. Murray et al.
1998), or high-eccentricity migration (HEM) driven by
perturbation of the planet by one or more massive bodies
(e.g., D. Fabrycky & S. Tremaine 2007; S. Giacalone et al.
2017), followed by tidal dissipation of its orbital energy and
further circularization of its orbit while undergoing substantial
oscillations in inclination. An alternative to the HEM scenario
is the idea that stellar obliquities are primordial and any
misalignment arises due to chaotic accretion, cluster dynamics,
or magnetic interactions (e.g., M. R. Bate et al. 2010; D. Lai
et al. 2011). A number of discovered hot Jupiters exhibit high
values of λ, the projected angle between the planet’s orbital
plane and the star’s spin axis, which suggests that HEM may
play a role in some systems. Given that realignment of such
perturbed orbits can take several billion years (S. Albrecht
et al. 2012), it is plausible that we observe some of these
systems during this prolonged transitional phase. Furthermore,
J. N. Winn et al. (2010) first discovered that stars above the
Kraft break (≈6250 K, R. P. Kraft 1967) hosting hot Jupiters
generally tend to have high obliquities, suggesting that tidal

realignment is more effective in stars with convective
envelopes. Later, S. Albrecht et al. (2012) and M. Rice et al.
(2022) showed that although hot Jupiters on circular orbits
around hot stars exhibit a wider range of spin–orbit angles, no
such temperature-dependent trend is seen among the eccentric
sample of these planets. This implies that their orbits have not
yet been circularized or aligned.
The angle λ, known as the sky-projected obliquity (or spin–

orbit angle), can be found via the Rossiter–McLaughlin (RM)
effect (D. B. McLaughlin 1924; R. A. Rossiter 1924), a
spectroscopic anomaly detectable during a transit, within
which a planet selectively covers different parts of the stellar
surface; that is, regions producing different radial velocities
toward the observer. This distortion is most commonly
measured via the radial velocity (RV)–RM effect, where the
deficit of flux in absorption stellar line profiles affects the net
stellar radial velocity. Although this method has proven
reliable, it is not universal, as extracting radial velocities is
challenging for hot stars, which have too few spectral lines for
precise RV measurements and therefore produce very large
error bars. The situation is even more problematic for rapid
rotators, where line broadening further increases the RV
uncertainties. In such cases, a technique called Doppler
tomography offers a more direct approach (M. C. Johnson
et al. 2014) by tracking the actual distortion within the
evolving shape of the line profiles. According to the α ratio
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presented by S. H. Albrecht et al. (2022), the detectability of
the planet’s presence in the stellar spectra can be significantly
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affected not only by the star’s projected rotational velocity

*v isin and the radii ratio Rp/R�, but also by the magnitude of
micro- and macroturbulences σmicro and σmacro, and the
spectrograph’s instrumental broadening σinst. Moreover,
D. J. A. Brown et al. (2012) demonstrated another advantage
of Doppler tomography over the RM effect, noting the

*v isin degeneracy that exists in systems with low impact
parameter—that is, when the planet appears to transit very
close to the center of the stellar disk. This degeneracy is much
weaker when using the tomographic method.

For the first time among exoplanets, A. Collier Cameron
et al. (2010a) applied Doppler tomography on HD 189733b,
and in the same year’s paper (A. Collier Cameron et al. 2010b)
on WASP-33 b, both being giant gas planets with short orbital
periods. After these first applications, more Doppler tomo-
graphy analyses followed (e.g., S. Albrecht et al. 2013;
G. Zhou et al. 2016) as an alternative or complement to
previous, traditional spin–orbit angle measurements. These,
however, can show disagreement, especially when using
different data. Such an example is the system WASP-71,
measured by A. M. S. Smith et al. (2013) using the CORALIE
spectrograph via the RV–RM effect to have λ = 20.°1 ± 9.°7,
compared to the value of 1.9 7.5

7.1–= °+ given by
D. J. A. Brown et al. (2017) using Doppler tomography on
HARPS data. Another example of an RV–RM effect versus
Doppler tomography spin–orbit angle measurement discre-
pancy can be seen in the works of E. Sedaghati et al. (2022)
and E. Knudstrup & S. H. Albrecht (2022), yielding λ = –
42° ± 1° and λ = –2° ± 6°, respectively, for HD 332231. In
this case, E. Knudstrup & S. H. Albrecht (2022) also note that
using different ephemerides could have amplified the
differences between these results.

Thanks to the availability of high-resolution spectroscopic
data, the number of spin–orbit measurements has seen a surge
in recent years (V. Bourrier et al. 2023; E. Knudstrup et al.
2024; J. Zak et al. 2024). Yet, the underlying mechanisms
shaping the spin–orbit distribution remain elusive, and more
measurements covering the whole parameter space are needed
to confirm or rebut tentative trends such as the “Preponderance
of Perpendicular Planets” suggesting certain orbital configura-
tions are preferred rather than the distribution being isotropic
(S. H. Albrecht et al. 2021; M. Attia et al. 2023).

In this work, we revisit archival spectroscopic data for a
sample of stars hosting hot Jupiters—namely HAT-P-49,
HAT-P-57 A, and XO-3 A—and apply Doppler tomography to
investigate their projected spin–orbit angles λ. We focus not
only on detecting the Doppler shadow in each system, but also
on comparing how different approaches to cross-correlation
affect the resulting tomographic signals. In particular, we

examine the impact of using various synthetic templates and/
or line masks in the cross-correlation function (CCF)
construction, aiming to assess how these choices influence
the measured spin–orbit angles, placing our results in the
context of previous spin–orbit angle measurements derived
either from Doppler tomography or RV–RM effect. Addition-
ally, we investigate several dynamical timescales that could
have influenced and possibly driven the evolution toward the
planetary orbits we observe today.

2. Data Samples

In many cases, high-resolution spectroscopic transit
observations are obtained with the explicit goal of detecting
the RV–RM anomaly, yet the full information content of the
line profiles is not always utilized, and Doppler tomography—
despite its advantage, particularly for rapidly rotating stars—
remains a less commonly applied technique. For that, we
selected a sample of hot Jupiter systems and searched for
publicly available spectroscopic data in the archive of the
Telescopio Nazionale Galileo (TNG; F. Pasian 1996). We
found three targets, of which—to our knowledge—only HAT-
P-49 had previously been analyzed via Doppler tomography
using these data. We focused primarily on files containing
extracted cross-correlation functions, but also their respective
1D spectra. These could be used for external rework of the
CCFs, allowing for direct comparison between different
processing pipelines and template choices. Each of our chosen
targets has at least one transit observation (see Table 1) with
sufficient phase coverage to track the Doppler shadow.
The three systems selected for this study—all coming from

archival HARPS-N observations (R. Cosentino et al. 2012;
D. W. Latham & HARPS-N Collaboration 2013)—were
chosen to reflect different scientific and methodological
motivations.

1. HAT-P-49 has already been analyzed using the same
spectroscopic dataset; here, we aim to test whether we
can reproduce the published results and assess the
consistency of spin–orbit angle measurements when
using different CCF extraction methods.

2. HAT-P-57 A is a star with exceptionally high rotational
broadening, which makes it an ideal target for testing
how the line width of the template spectrum used in
cross-correlation affects the resulting CCFs and the
visibility of the Doppler shadow.

3. XO-3 A was selected due to the discrepancy in
previously published values of the λ, for which we
wanted to check whether one of the reported values holds
up when applying our tomographic method.

Table 1
A Sample of Objects with Data Available from the TNG Archive

Target Date Total No. Spectra No. Transit Spectra Exp. Time Avg. SNR Air Mass
(yy-mm-dd) (s) at 550 nm per pixel (Start-lowest-end)

HAT-P-49 2020-07-30 126 73 180 22.55 1.31-1.00-1.92
HAT-P-57 A 2021-06-02 19 11 1200 54.14 1.64-1.05-1.32
⋯ 2019-06-23 44 20 600 47.61 1.66-1.05-1.88
⋯ 2019-06-28 39 21 600 51.66 1.76-1.05-1.40
XO-3 A 2015-11-01 54 21 500 45.45 1.29-1.14-1.50

Note. SNR = signal-to-noise ratio. Columns denote elemental statistics for each observation. In HAT-P-57 A, the dates are not sorted chronologically, as this
arrangement is more practical for later visualizations.
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Elemental parameters for each system are given in Table 2.

3. Methodology

During a planetary transit, the observed line profiles of a star
continuously change. Such changes are typically very subtle,
so instead of analyzing individual absorption lines directly, the
CCF can be used, serving as a proxy for the average stellar line
profile. By cross-correlating the observed spectrum with a
suitable template, the CCF effectively stacks many spectral
lines together, boosting the signal-to-noise ratio (SNR) and
providing a clean, velocity-resolved profile. This averaged
profile retains the key broadening and distortion features like
stellar pulsations (e.g., O. Kochukhov et al. 2007) or starspots
(e.g., Z. Kovari et al. 2007), including—most crucially for our
analysis—the partial occultation of the rotating stellar surface
by a planetary companion.

In this work, we explored three independent methods for
CCF extraction. The first is the HARPS-N data-reduction
pipeline (F. Pepe et al. 2002), available on the Yabi platform
(A. Hunter et al. 2012) at the IA2 data center.6 The Yabi
pipeline performs cross-correlation using a weighted binary
stellar mask specifically tailored to a given spectral type. The
cross-correlation is done separately on each spectral order, and
a master CCF is then constructed by coadding the individual-
order CCFs. In addition to the Yabi pipeline, we employed
two other freely available software tools capable of cross-
correlating spectra: iSpec (S. Blanco-Cuaresma et al. 2014;
S. Blanco-Cuaresma 2019), which provides Python-based
commands, and IRAF (D. Tody 1986) using the fxcor task.
For both of them, we employed the stitched (1D) spectra as
input. Whether synthetic or observational in origin, the cross-
correlation templates used in both iSpec and IRAF share the
characteristic of containing well-defined, Gaussian-like line
profiles.

We visualize the transit as a tightly spaced time series of
residual line profiles, obtained by subtracting an average out-
of-transit profile from each individual observation, with all
profiles placed on a common velocity grid and normalized to a
consistent continuum level. This approach highlights the
distortion introduced by the transiting planet, which is
otherwise absent. To separate the in-transit and out-of-transit
data, we determine the phase corresponding to ingress and
egress as T

P

2

24
14 /

/
± , where T14 is the full transit duration in hours,

and P is the orbital period in days.

4. Data Analysis

4.1. HAT-P-49

The hot Jupiter HAT-P-49 b was first reported by A. Bieryla
et al. (2014) to revolve around one of the most massive stars
with a well-determined mass and radius, at an orbital
separation of ∼0.044 au and with the period of ∼2.69 days.
Later, V. Bourrier et al. (2023) performed the first Doppler
tomography to find the projected spin–orbit angle λ to be
−97.°7 ± 1.°8, using HARPS-N spectroscopic data.
To explore how different approaches to cross-correlation

affect the resulting line profiles and Doppler maps, we first
processed this dataset using the CCFs provided by the Yabi
pipeline. By default, Yabi offers stellar masks corresponding
to M2, K5, and G2 spectral types. However, HAT-P-49 has an
effective temperature of approximately 6820 K (A. Bieryla
et al. 2014), consistent with an F2-type star according to the
Eric Mamajek’s compilation.7 For this, we decided to use an
externally obtained F6 mask from M. Rainer (2013), which
represents the closest available match to our target, and
incorporated it into the pipeline. Although we ultimately
adopted the CCFs produced with the F6 mask for our analysis,
we found that the visibility and structure of the Doppler

Table 2
System and Stellar Parameters of HAT-P-49, HAT-P-57, and XO-3

Parameter HAT-P-49 HAT-P-57 A XO-3 A

P (days) 2.6916 ± 6 × 10−6 (1) 2.4653 ± 3.2 × 10−7 (3) 3.1915 ± 6.8 × 10−8 (4)

T0 (BJD) 2456399.62406 ± 0.00063 (1) 2455113.48127 ± 0.00048 (3) 2454449.86816 ± 0.00023(4)

T14 (hr) 4.1088 ± 0.0456(1) 3.4987 ± 0.0192(3) 2.988 ± 0.0288 (4)

Rp/R� 0.0792 ± 0.0019 (1) 0.0968 ± 0.00015(3) 0.08825 ± 0.00037 (5)

a/R� 5.13 0.30
0.19+ (1) 5.825 0.116

0.069+ (3) 7.052 0.097
0.076+ (5)

M (MJup) 1.730 ± 0.205 (1) <1.85 (3) 11.83 ± 0.39 (6)

i (deg) 86.2 ± 1.7 (1) 88.26 ± 0.85 (3) 84.20 ± 0.54 (4)

e 0
(1)

0 (3) 0.2769 0.0016
0.0017+ (5)

ω (deg) 90 (2) ⋯ 347.2 1.6
1.7+ (5)

K (m s−1) 188.76 ± 21.9 (1) <215.2 (3) 1488.0 ± 10 (6)

λ (deg) −97.7 ± 1.8 (2) ⋯ 37.3 ± 3.7 (4)

*v isin (km s−1) 16.0 ± 0.5 (1) 102.1 ± 1.3 (3) 18.54 ± 0.17 (4)

M (MSun) 1.543 ± 0.051 (1) 1.47 ± 0.12 (3) 1.213 ± 0.066 (4)

R (RSun) 1.833 0.076
0.138+ (1) 1.50 ± 0.05 (3) 1.377 ± 0.083 (7)

Teff (K) 6820 ± 52 (1) 7500 ± 250 (3) 6429 ± 100 (4)

Age (Gyr) 1.5 ± 0.2 (1) 1.00 0.51
0.67+ (3) 2.82 0.82

0.58+ (7)

[Fe/H] (dex) 0.074 ± 0.080 (1) −0.25 ± 0.25 (3) −0.177 ± 0.080 (7)

Note. Parameters for Each System as Given in: (1) A. Bieryla et al. (2014), (2) V. Bourrier et al. (2023), (3) J. D. Hartman et al. (2015), (4) J. N. Winn et al. (2009),
(5) I. Wong et al. (2014), (6) J. Southworth (2010), (7) A. S. Bonomo et al. (2017). The horizontal line divides parameters associated with the planet and its orbit
(upper section) and parameters associated with the star (lower section). All fixed values used in the fitting were taken from this table.

6 https://www.ia2.inaf.it/

7 https://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_
colors_Teff.txt
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shadow remained, at least for this target, essentially unchanged
when using the G2 mask provided by default.

Second, we employed iSpec for which we developed a
custom script to automate the cross-correlation, trimming, and
extraction of CCFs. In this case, we used a rotationally
nonbroadened synthetic stellar spectrum as the template,
created inside iSpec via the SPECTRUM radiative transfer
code (R. O. Gray 1999), while adopting the spectroscopic
stellar parameters listed in Table 2. Solar abundances were
taken from N. Grevesse & A. J. Sauval (1998), together with
the Gaia-ESO Survey (GES) line list. As the grid of model
atmospheres, we chose MARCS GES/APOGEE (B. Plez
2008). The spectral resolution was set to 115,000, which
matches the resolution of HARPS-N, and the velocity step was
set to 0.25 km s−1. All of the stitched 1D spectra provided by
the DRS—sampled with 0.60 km s−1 per pixel at 500 nm—
were rebinned accordingly, as this is the procedure also done
in the Yabi pipeline prior to computing the CCFs with a
numerical mask.

Third, we applied an IRAF-based routine, utilizing the
fxcor task. The cross-correlation was carried out using the
synthetic spectrum previously constructed in iSpec, with
identical binning of the 1D object spectra. Inside both iSpec
and IRAF, we restricted the cross-correlation region to
450–580 nm, where the telluric contamination is not severe
for either HAT-P-49 or any other object analyzed later in
this work.

We performed an Markov Chain Monte Carlo (MCMC)
analysis implemented in the user-developed Python package
tracit (introduced in E. Knudstrup & S. H. Albrecht 2022),
which is suitable for modeling traces of exoplanets (see
Figure 1). We set 8000 draws and 100 walkers for the
sampling method, which was enough to achieve good
autocorrelation given the number of fitted parameters. Here,
λ was set as a free parameter. Mean prior values for the star’s
projected rotational velocity *v isin and the radial velocity
semiamplitude K were taken from Table 2. However, for

*v isin , we adopted a slightly wider Gaussian prior to the mean

value reported, to prevent the sampler from being overly
constrained by a potentially underestimated uncertainty. In
contrast, although A. Bieryla et al. (2014) reported the
uncertainty on K of 21.9 m s−1, based on extensive tests of
our sampling setup, we found that the posterior constraint on K
is consistently much narrower (typically ∼10 m s−1 or less)
even when adopting substantially broader priors. This
indicates that the data strongly constrain K, and therefore we
adopted a correspondingly narrower prior without influencing
the resulting posterior.
The rest of the fitted parameters are ζ and ξ, denoting the

macro- and microturbulences, respectively, and the sum of the
quadratic limb darkening coefficients, q1 + q2. These were (as
will also be for the rest of the analyzed objects) obtained from
the ExoCTK tool.8 All other parameters relevant for fitting
were set to the fixed values listed in Table 2. The resulting
medians of the posterior distributions and the associated 1σ
uncertainties of the inferred parameters are contained in
Table 3.
Despite using the same spectral data as in V. Bourrier et al.

(2023), not only did we not recover a lambda value
approaching their −97.°7 (see Table 2), but we also
encountered discrepancies between different analyses. For
those, the comparative *v isin -λ corner plot is depicted in
Figure 2. Noticeable here is the discrepancy of the *v isin
values among different data extraction methods—an effect that
has been observed before by D. J. A. Brown et al. (2017)—
which decreases at the expense of increasing the velocity of
macroturbulences ζ. We also note that the macroturbulence
value may appear somewhat elevated, which, however, does
not contradict the analysis of A. P. Doyle et al. (2014), who
have inferred ζ from asteroseismic analyses of a sample of F-
and G-type stars, demonstrating its positive correlation with
effective temperature. We also report that for these analyses,
setting uniform prior for both *v isin and λ had a negligible

Figure 1. From left to right: data—best-fit model—residuals from fitting the Doppler shadow of HAT-P-49 using the Yabi CCFs on a grid of −60 to +60 km s−1.
Solid blue horizontal lines depict the first (at the bottom) and last (at the top) planet’s contact with the stellar disk, dashed blue lines border the total transit. Solid red
lines denote the borders behind which no influence of the planet on the line profiles is observed, i.e., borders for the normalization baseline. The zero-velocity
represents the center of the stellar disk, and the combination of a high projected obliquity and impact parameter reflected by inclination implies that the planet’s
trajectory does not intersect the redshifted hemisphere of the star.

8 https://exoctk.stsci.edu/limb_darkening
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impact on the final parameter values, compared to the uniform
λ and Gaussian *v isin priors.

To assess the plausibility of the inferred results, we ran
additional attempts with a Gaussian prior of –97.°7, set on the
spin–orbit angle. For the Yabi CCFs, this fit converged to –
85.°9 ± 1.°5, closely matching the result obtained using the
uniform prior in Table 3. In contrast, the iSpec and IRAF
CCFs showed a stronger sensitivity to the choice of prior,
yielding –81° ± 6°, and –79° ± 5°, respectively. Along with
this, we report that the results obtained using a uniform and a
Gaussian prior for iSpec CCFs differ by 0.8σ–1.7σ,
depending on the adopted uncertainty. For the IRAF CCFs,
the corresponding difference is 1.2σ–1.5σ. In terms of
differences between specific inferred parameters in iSpec
and IRAF CCF residuals, the results show visible similarity.
However, the extraction process associated with fxcor is
considerably more complex and harder to reproduce, for which
we prefer to exclude IRAF from the remaining analyses, and
instead rely on modern, more user-friendly and well-
documented tools. At the same time, we determine the
projected spin–orbit angle for HAT-P-49 to be λ = –
85.°3 ± 1.°7, based on the Yabi CCFs fit (see A1), which is
the only case where the result does not appear to be influenced
by prior bias.

4.2. HAT-P-57 A

This system was discovered by J. D. Hartman et al. (2015)
and reported to host a hot giant planetary companion with an
orbital period of ∼2.47 days. As they stated at the time of their
discovery, it was the fourth exoplanet found via the transit

technique known to orbit around an A-type star. According to
the Catalog of Exoplanets,9 the number has increased to 28 as
of 2025 August.
In their analysis, J. D. Hartman et al. (2015) also modeled

the projected spin–orbit angle on the average spectral
absorption line profile of a set of nine consecutive Keck I/
High Resolution Echelle Spectrometer(HIRES) observations,
presenting this angle to lie within the intervals of
〈−16.°7 < λ < 3.°3〉 or 〈27.°6 < λ < 57.°4〉 with 95% confidence.
To offer additional insight to this investigation, we conducted
our own analysis using available HARPS-N data stored in the
TNG archive. By default, these CCF files are produced on a
velocity range of 〈–20, +20〉 km s−1. Given the high projected
rotational velocity of HAT-P-57 A ( *v isin 102.1 km s−1;
J. D. Hartman et al. 2015), we recalculated the CCFs using the
Yabi interface over an expanded interval of 300 km s−1

centered on the star’s systemic velocity. Unfortunately, this
procedure eventually did not yield expected results in the form
of a planet visibly “traveling” along, but instead became
indistinguishable within the noisy CCFs. This problem was
present both with F6 and G2 stellar masks. Whether—or to
what extent—is this issue connected with the stellar type, line
broadening, or any other specification, remains unclear. A
reextraction using the new HARPS data-reduction software
may provide improved results (or at least explain why the old
DRS fails), but this will only be possible in the future, when
the updated pipeline becomes accessible via Yabi.
The second approach to obtaining good CCFs was again by

iSpec. In order to find out to what extent the spectral line
width in a cross-correlation template can affect the detection of
the possible shadow, we created (using previously mentioned
routines available inside iSpec) a set of synthetic spectra
representing a HAT-P-57 A-like star, but with *v isin of 2 and
20 km s−1 (bottom row of Figure 3). Finally, we also
synthesized a spectrum with the rotational broadening identical
to that of the real star, although, for this case, we ultimately
decided to employ an empirical template—to which we will
refer as the dataset template—created by averaging five
observed out-of-transit spectra with the highest SNR instead.
This choice was motivated by the fact that, in the second half
of the transit event in our data, the residual map displayed a
slightly higher contrast against the background when using the
dataset template. However, we recognize that this is not a
universal outcome when comparing empirical and synthetic
templates, and our preference here reflects the behavior of this
particular dataset.
We used data from three all-night observations that occurred

on 2021 June 2, 2019 June 23, and 2019 June 28 (upper row in
Figure 3, respectively), and fitted the Doppler shadow using a

Table 3
Priors and Results for Fitting the Doppler Shadow of HAT-P-49 from Three Differently Obtained Sets of CCFs

Parameter Prior PosteriorYabi CCFs PosterioriSpec CCFs PosteriorIRAF CCFs

*v isin (km s−1) N 16, 2( ) 18.9 0.8
0.9+ 14.5 0.8

0.6+ 12.2 0.6
0.7+

λ (deg) U 180, 180( ) −85.3 ± 1.7 −76 ± 3 73 4
5+

K (m s−1) N 188.7, 10( ) 182 ± 10 187 7
9+ 190 5

9+

ζ (km s−1) N 6.0, 1( ) 7.0 ± 0.6 13.8 ± 0.5 13 ± 0.6
ξ (km s−1) N 1.5, 0.5( ) 1.51 0.19

0.2+ 1.5 ± 0.5 1.6 0.5
0.3+

q1 + q2 N 0.642, 0.1( ) 0.62 0.1
0.09+ 0.49 ± 0.09 0.41 0.08

0.09+

Figure 2. Comparison of fitting three different CCF datasets made out of the
same spectral dataset of HAT-P-49; green: Yabi pipeline, blue: IRAF, red:
iSpec. Contours denote 1σ, 2σ, and 3σ confidences.

9 https://exoplanet.eu/catalog/
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consistent fitting procedure for all cases. A common feature of
each fit was the adoption of a uniform prior distribution for the
projected spin–orbit angle λ. Then, three main fitting
configurations were explored, each serving a different purpose.

First, we fitted the shadow on tomography maps constructed
using the sharpest available template (i.e., an unbroadened
synthetic spectrum). Here, we applied a Gaussian prior on the
projected stellar rotational velocity *v isin , centered at
102.1 km s−1 (a value reported by J. D. Hartman et al.
2015), elevating the uncertainties slightly more than in the
previous object due to the substantially larger rotational
broadening and the possible systematics. For the second and
third transit nights, this approach yielded similar results for
both λ and *v isin (top section in Table 4). While the *v isin
estimated for the first night was also in agreement with the
other nights, the inferred λ differed by more than 20°, likely
due to the planet’s Doppler shadow overlapping with the
pulsation features (see Figure 3, upper left panel). Because the
pulsation pattern has a steeper slope than the planetary trail,
this overlap may have biased the fit toward a higher absolute
value of λ. Notably, in all three cases, the posterior
distributions for *v isin peaked at values significantly lower
than the prior mean, not affected by the shape of the prior
distribution. When we repeated the analyses with the projected

rotational velocity fixed at 102.1 km s−1, the inferred λ angles
for the individual nights were −34.°4, 19.°2, and 8.°5 (listed in
corresponding order in the upper part of Table 4), therefore
altering the initial results significantly, mainly in the first two
cases.
We also note that the modeling showed itself to be largely

insensitive to the choice of semiamplitude K. Irrespective of
the adopted prior width, the posterior consistently settled near
the prior mean. We verified this explicitly by experimenting
with substantially broader priors, which resulted in posteriors
with comparably large uncertainties, but with only slightly
changed central values. The opposite can be said about
turbulences, in particular the macroturbulences ζ; because
there is no straightforward formula for estimating ζ in radiative
stars, we left this parameter free prior to the MCMC. However,
the sampler was unable to constrain it and consistently pushed
it toward large values regardless of the allowed range. For that,
we adopted a Gaussian prior analogously to the approach used
for HAT-P-49. While in that case the posterior of ζ remained
meaningful, we note that in HAT-P-57 A this Gaussian prior
might have been more influential. In addition to these results,
we spotted a noticeable deviation of the limb darkening value
from the initial estimation; however, we also report that fixing

Figure 3. Top row: Doppler tomography of HAT-P-57 A from three observing nights created from CCFs on a sharp-lined synthetic template ( *v isin 2= km s−1).
The dashed horizontal lines mark the orbital phases of the first and fourth transit contacts. Bottom row: third of the selected nights (2019 June 28) plotted as created
from CCFs on synthetic templates with *v isin of 2 and 20 km s−1, and a dataset template for the last case. Besides the Doppler shadow, we can see additional
diagonal distortions with a different slope, which extend beyond the transit boundaries. These can be attributed to stellar oscillations.

Table 4
Priors and Results for Fitting the Doppler Shadow of HAT-P-57 A; Sections are Divided by Horizontal Lines

Parameter *v isin (km s−1) λ (deg) K (m s−1) ζ (km s−1) ξ (km s−1) q1 + q2
Prior N 102.1, 5( ) U 180, 180( ) N 215.2, 10( ) N 6.0, 1( ) N 1.5, 0.5( ) N 0.604, 0.1( )
Posteriornight 1, 2021-06-02 90.2 1.6

1.7+ 26.58 0.13
2.08+ 217 ± 10 6.54 0.2

0.19+ 1.58 0.2
0.21+ 0.29 0.1

0.08+

Posteriornight 2, 2019-06-23 86.5 ± 0.8 0.4 1.9
1.4+ 216 ± 10 6.91 0.18

0.19+ 1.6 0.21
0.2+ 0.2 0.08

0.05+

Posteriornight 3, 2019-06-28 87.5 1.5
1.1+ 3.4 ± 1.4 217 ± 10 6.64 ± 0.19 1.6 0.2

0.21+ 0.3 ± 0.08

Posteriortemp. broad. 20 km s−1 97 ± 3 9 6
4+ 216 9

10+ 6.12 0.21
0.19+ 1.55 0.21

0.19+ 0.45 ± 0.09
Posteriordataset temp. 117 ± 5 7 10

5+ 219 9
10+ 6.01 ± 0.2 1.51 0.19

0.21+ 0.118 0.018
0.011+

Note. Top section: posterior of fitting the tomography on CCFs created using a synthetic template with *v isin of 2 km s−1. Bottom section contains, in comparison
to the last row in the top section, fitting of tomography created on the third-night CCFs made with a template with *v isin of 20 km s−1, and with an averaged dataset
template. These two sections essentially represent the fitting of the Doppler shadow for each of the tomographic maps in Figure 3 in corresponding order.
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the q1 + q2 did not make any evident impact on the rest of the
parameters in other fitting runs.

Sometimes, determining the most reliable best-fit model can
be nontrivial. In this case, although the third-night data exhibit
a slightly higher average SNR and the Doppler shadow
appears with the greatest contrast against the background, it
also overlaps with the pulsation patterns visible at the
beginning and end of the transit event (see Figure 3, upper
right panel). Therefore, we ultimately selected the fit from the
second night as our final result (see Figure 4), where both the
in-transit and out-of-transit line profiles show the least
contamination by additional distortions. Moreover, the poster-
ior distributions resulting from this fit appear the most regular
and least distorted, further supporting its reliability (see A2).
We therefore adopt a final projected spin–orbit angle
of 0.4 1.9

1.4–= °+ .
In the second fitting configuration, we used the third-night

data to investigate how the use of the rotationally broadened
stellar spectrum ( *v isin 20= km s−1) and of the dataset
template influences the inferred spin–orbit angle (bottom
section in Table 4). Compared to the result obtained with the
sharpest template (3.°4 ± 1.°4), using the synthetic spectrum
broadened to *v isin 20= km s−1 resulted in 9 6

4= °+ , and
using the empirically derived dataset template yielded

7 10
5–= °+ . Although—as expected—uncertainties increased

with broader templates, all values remained consistent with a
well-aligned orbit. Interestingly, the result from the dataset
template is in good agreement with the work of J. D. Hartman
et al. (2015), who placed λ = –7.°7 among the three highest
posterior probabilities (the other two being 37.°6 and 51.°5). In
this fit, however, the *v isin reached as high as 117 km s−1,
once again not converging to the desired central value. Similar
“oscillation” of λ and its uncertainties around the initially
inferred value, accompanied by an increase in *v isin , was
observed also in the second-night data, although with a larger
deviation, which we attribute to the lower SNR.

Finally, we repeated the second fitting setup (that is, we
investigated the third-night data constructed with all of the
three cross-correlation templates), but forcing the *v isin of the
modeled CCFs to be fixed at 102.1 km s−1. Not only did this

constraint lead to higher values of the spin–orbit angle
( 11.783 0.017

0.027= °+ using the synthetic spectrum with

*v isin 2= km s−1, and 12.1 0.4
3.9= °+ using the synthetic

spectrum with *v isin 20= km s−1), but also resulted in
posterior distributions characterized by one (for the first case)
and two closely spaced (for the second case) exceptionally
sharp peaks, which in turn produced unrealistically narrow 1σ
uncertainties. A similar behavior was observed in the λ
posteriors obtained from fitting the tomography made with the
dataset template, which, however, cannot be considered
statistically reliable, as the corresponding reduced χ2 exceeded
one hundred. In comparison, for the previous fits, the averaged
reduced χ2 was 1.24. Even doubling the number of draws in
this MCMC analysis attempt to 16,000 did not bring us closer
to meaningful results, for which we do not include it among
our primary set of solutions.

4.2.1. The Pulsations of HAT-P-57 A

In addition to the line-profile variations caused by the
planet seen as the central strip in the Doppler tomography
(Figures 3 and 4), there is a regular structure apparent
to the left but also to the right of the center, although with
lower amplitude. Similar structures were interpreted as the
manifestation of nonradial pulsations in, for example, HD 49434
(K. Uytterhoeven et al. 2008) and HD 15082 (A. Collier
Cameron et al. 2010b). The larger amplitudes in the blue part
were reported by P. Mathias et al. (2004) and explained by the
equivalent width variations due to pulsations (C. Schrijvers &
J. H. Telting 1999). Since the pattern shown in Figure 3 is stable
with respect to the transit during all three nights, we may
speculate that the pulsations are linked with the orbital motion
of the planet via tidal interactions.
The temperature 7500 K of HAT-P-57 A is close to the peak

of the temperature distribution of pulsating δ Sct and hybrid
γ Dor/δ Sct stars (e.g., S. J. Murphy et al. 2019; M. Skarka
et al. 2022). Thus, stellar oscillations in HAT-P-57 A are
expected and were already predicted by J. D. Hartman et al.
(2015). HAT-P-57 A was observed by TESS (G. R. Ricker
et al. 2015) only in Sector 80. Data products with 120- and 20 s

Figure 4. From left to right: data—best-fit model—residuals from fitting the Doppler shadow of HAT-P-57 A, depicted for the second night on a grid of −140 to
+140 km s−1.
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cadences from the SPOC routine (J. M. Jenkins et al. 2016)
show fast variations easily detectable in the light curve but
also in the periodogram (Figure 5). After we manually
masked out transits, the frequency spectrum (bottom panel of
Figure 5) clearly shows multiple peaks with the dominant
frequency at fpuls = 8.0935 c day−1 that is typical for δ Sct
pulsations (e.g., M. Breger 2000; V. Antoci et al. 2019).
Interestingly, the dominant pulsation frequency is approxi-
mately 20 times the orbital frequency ( fpuls ≈ 20forb), and the
frequency at 20.316 c day−1 is ∼50forb. This strengthens the
assumption that there might be a tidal interaction and link
between orbital and pulsations. There are also peaks in the
γ Dor regime (below 5 c day−1) providing hints that HAT-P-
57 A is a hybrid pulsator (e.g., K. Uytterhoeven et al. 2011;
V. Antoci et al. 2019). There might also be peaks induced by
rotation in the low-frequency regime. However, it is not
straightforward to identify them, particularly when the
rotation may be tidally locked with the orbital frequency.
From the light curve (top panel of Figure 5), it is obvious that
the pulsations significantly affect transits. The HAT-P-57 A
system deserves a detailed analysis of the TESS data,
pulsations, and tidal interaction, which is out of the scope
of this paper.

4.3. XO-3 A

After the discovery of the companion XO-3 A b on an orbit
of ∼3.19 days by C. M. Johns-Krull et al. (2008), a number of
other studies followed (e.g., J. N. Winn et al. 2008;
J. Southworth 2010; I. Wong et al. 2014). While all of these
confirmed the object to lie near the planet–brown dwarf
boundary (≈12MJup), K. G. Stassun et al. (2017) later reported
a significantly lower mass of ∼7.3 MJup. Another interesting
discrepancy—the most relevant for our work—emerged
among the measurements of the projected spin–orbit angle.
The first result presented of λ for this system, based on
SOPHIE spectrograph observations, was presented by
G. Hébrard et al. (2008), who derived a value of 70° ± 15°

from modeling the RV–RM effect. However, they noted that
this result could be biased due to significant variations in air
mass experienced during the observation. A subsequent study
by J. N. Winn et al. (2009), using Keck/HIRES data, yielded a
revised spin–orbit angle of 37° ± 3.°7. T. Hirano et al. (2011)
later supported this result, while also pointing out the presence
of a radial velocity trend between subsequent epochs,
suggesting the possible existence of an additional body in
the system. During the preparation of this study, J. Rusznak
et al. (2025) performed the first Doppler tomography analysis
of XO-3 A using NEID spectrograph data, reporting the
projected spin–orbit angle of 40 2.0

2.1°+ , which is in close
agreement with the previously reported value of 37° ± 3.°7.
We used Yabi with the F6 stellar mask obtained from

M. Rainer (2013) to create CCFs on a 〈−60, +60〉 km s−1

velocity range, ensuring a wide enough baseline on both sides
of the profile. However, due to an unexplainable issue in the
pipeline, several of the output data showed a general shift
along the x-axis, which produced severe outliers in the
tomography map that we could not appropriately fix by
additional means. Therefore, we were forced to discard a
significant portion of the dataset, ultimately using only 37 out
of the original 54 CCFs (see Figure 6), including 14 of the 21
in-transit frames. Fortunately, producing the CCFs via iSpec
did not yield such outliers, which left us with the full night
data. Considering our previous experience, using a template
broadened to match the star’s actual line broadening tends to
yield λ values with the largest uncertainties; therefore, we omit
this approach this time.
Utilizing our knowledge about the behavior of the sampler

discussed in the previous sections, we used tracit again and
performed the MCMC analysis on both of our residual data. To
not give prior preference to any of the earlier reported and very
different projected spin–orbit angles, we set for this parameter
a uniform prior distribution, finishing with 8000 draws, as in
the previous cases. The results (see Table 5) indicate that the
projected spin–orbit angle is inclined by around 40°, again
supporting the value derived by J. N. Winn et al. (2009) using
the traditional method, and in excellent agreement with
Doppler tomography applied on the NEID data by J. Rusznak
et al. (2025).
Because of a lower amount of evenly spaced data among the

Yabi CCFs, we decided to consider the spin–orbit angle fit of
the iSpec CCFs as the final result (see Figure A3),
giving 38 4

3= °+ .

5. Timescales

We plot the result from our analysis, among other known
measurements of the projected spin–orbit angle, in Figure 7.
Given the small size of our sample, we do not attempt any
statistical interpretation; however, it does illustrate the
diversity of spin–orbit configurations among hot Jupiters
orbiting stars with predominantly radiative envelopes, ranging
from well-aligned to highly misaligned and even polar orbits.
We also show the known eccentricities of these planets to
highlight the fraction that may have undergone high-
eccentricity migration.
To assess what are the plausible evolutionary pathways of

our sample of planets, we must first determine the relevant
timescales in their history. First, we assume the effect of large
oscillations in eccentricity and inclination induced by the
Kozai–Lidov mechanism in multiple-star systems

Figure 5. Top panel: Sector 80 TESS data with 20 s (red) and 120 s cadences
(blue) around one of the observed transits. The frequency spectrum of the 20 s
data, once the transits have been masked out, is shown in the bottom panel.
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(D. Fabrycky & S. Tremaine 2007)—in our case, this applies
to the HAT-P-57 A and XO-3 A systems. The timescale of
these cycles, as given in M. Rice et al. (2023; first introduced
by S. Naoz 2016), can be calculated as

P

P
e

M M

M

16

30
1 . 2B

b
B

A B

B
KL

2
2 3 2( ) ( )/ +

We first apply this expression to HAT-P-57 A. In their
analysis, J. D. Hartman et al. (2015) found two additional
stellar companions of this star at the distance of ∼800 au and a
period P of ∼14,000 yr. Since their mutual distance is very
small (only 68 au), we approximate them as one body denoted
“B,” with mass MB = 0.61 + 0.53MSun (corresponding to the
sum of the stars’ individual masses), and continue by
substituting the main star’s mass MA and the planet’s period
Pb (see Table 2), along with period PB. Since we do not know
anything about the eccentricity eB, we take into account two
extreme options, eccentricities of 0 and 0.9, which leads us to a
Kozai–Lidov timescale of ∼1–11 Gyr. This suggests that, in
the case of a star whose age approaches the lower boundary of
the estimated τKL interval (J. D. Hartman et al. 2015), the
mechanism has likely not had enough time to significantly
affect the system’s evolution.

J. Rusznak et al. (2025) also mention a faint M4–M5
companion of XO-3 A at the distance of ∼90 au. Substituting
an estimated mass of 0.3 mSun for this star—an approximation
based on its spectral type—and applying Kepler’s third law,
we retrieve an orbital period PB of 690 yr. Using the same
range of assumed eccentricities as for HAT-P-57 A, we then
estimate the timescale of a Kozai–Lidov cycle for this system
to be ∼4–45 myr. Considering XO-3 A’s older age of 2.8 Gyr
(A. S. Bonomo et al. 2017), and the planet’s high spin–orbit
angle, the influence of this mechanism on the system’s
dynamical evolution appears quite realistic. Furthermore,
H.-C. Hwang et al. (2020) reported another companion of
XO-3 A, a late F-type star that lies 38,000 au away. It is
possible that this stellar configuration could cause an
“eccentricity cascade” mechanism, proposed by E. Yang
et al. (2025), in which the outer star periodically excites the
eccentricity of the inner companion, and this eccentricity
excitation is slowly transferred to the cold Jupiter, triggering
its HEM. If this were the case, it would be the second system
of this type.
Next, we determine the timescale of orbital circularization.

From our selection of objects, XO-3 A b is the only planet
with reported—and quite significant—orbital eccentricity
0.2769 0.0016

0.0017+ (see Table 2). According to

e
, 3b

de

dt

circ
b

( )

which is a formula described in detail in M. Rice et al. (2023),
we calculate the circularization time τcirc for the planetary
orbit to take ∼22Myr–2.2 Gyr. The uncertainty of the 102

factor arises from estimations of planetary tidal response
parameters that are also discussed in M. Rice et al. (2023) and
K. Penev et al. (2018). Theoretically, if HAT-P-49 b and HAT-
P-57 A b had the same eccentricity, their orbits would
circularize in ∼0.8–80 myr and ∼0.6–60 myr, respectively.
Relative to the ages of these systems, if such eccentricity was
ever real, this dynamical process might have been finished a
long time ago.

Figure 6. From left to right: data—best-fit model—residuals from fitting the Doppler shadow of XO-3 A; based on tomography constructed from CCFs produced
with iSpec.

Table 5
Priors and Results for Fitting the Doppler Shadow of XO-3 A from Two

Differently Obtained Sets of CCFs

Parameter Prior PosteriorYabi CCFs PosterioriSpec CCFs

*v isin (km s−1) N 18.54, 2( ) 17.2 ± 1.1 18.2 1.2
1.1+

λ (deg) U 180, 180( ) 43 ± 6 38 4
3+

K (m s−1) N 1488, 5( ) 1487 ± 5 1488 ± 5
ζ (km s−1) N 6.0, 1( ) 7.4 0.7

0.6+ 11.0 ± 0.6
ξ (km s−1) N 1.5, 0.5( ) 2.2 ± 1.0 1.7 1.0

0.8+

q1 + q2 N 0.628, 0.1( ) 0.61 0.09
0.10+ 0.65 0.11

0.09+
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Finally, the timescale for the alignment of radiative stars
(that is, stars above the Kraft break) can be predicted following
the expression

q q

a R

1 1

0.25 5 10 yr
1

6
, 4

RA
9

2 5 6

17 2

· ·
( )

( )/

/

/

= +

×

given in S. Albrecht et al. (2012), where q ≡ Mp/M�. We
retrieve the values of 2.9× 105 Gyr, 6.8× 105 Gyr, and
5.7× 104 Gyr yr for HAT-P-49, HAT-P-57 A, and XO-3 A,
respectively. Since these timescales surpass the current age of
the Universe, the realignment is unlikely to have played a
relevant role in shaping the observed configuration of any of
these systems. For comparison, a similar calculation applied to
a convective star—where tidal dissipation is more efficient—
could result in a timescale up to four orders of magnitude
shorter (S. Albrecht et al. 2012).

6. Discussion

Our Doppler tomographic analysis of HAT-P-49, HAT-P-
57 A, and XO-3 A provides insight into both the orbital
architectures of these hot Jupiter systems and the influence of
methodological choices on spin–orbit angle measurements.
The first of the intriguing examples is the HAT-P-49 system,
where we tested three independent routines for CCF
extraction: Yabi (i.e., pipeline for HARPS-N used with a
G2/F6 weighted binary stellar mask), iSpec and IRAF
(both used with a synthetic template representing a similar
star). The derived values of λ from the respective

tomography maps, set with a free prior on this key parameter,
vary only by several degrees and are all consistent with a
highly oblique, polar orbit. Additional tests with a Gaussian
prior on λ revealed that λYabi converged to a similar value in
this setup as well, whereas λiSpec and λIRAF shifted more
noticeably. This stability makes the λYabi value more reliable,
and we therefore adopt λYabi = –85.°3 ± 1.°7 as the result most
representative of the model. We also conclude that the
planet’s high λ, together with no reported eccentricity and/or
stellar companion, is compatible with either a primordial
polar origin (M. Kuffmeier et al. 2024) or past HEM with
subsequent circularization.
In the case of HAT-P-57 A, we used a single CCF extraction

routine, iSpec, but applied differently broadened template
spectra (two synthetic with *v isin of 2 and 20 km s−1 and one
coadded averaged spectrum from the dataset) across three
separate transit nights. The use of sharp-lined versus
broadened templates did not significantly alter the qualitative
spin–orbit classification, as all the resulting fits consistently
pointed toward an orbit aligned with the star’s rotation.
However, it demonstrated that even with consistent processing,
template selection can indeed introduce subtle variations and
raise uncertainties in λ measurements. From one of the CCFs
datasets created with the sharpest line template, we chose the
best-fit value of 0.4 1.9

1.4–= °+ . Such a low projected spin–
orbit angle implies either formation of the planet in close
vicinity to the host star, or migration within the aligned
protoplanetary disk.
Finally, XO-3 A has been the subject of previous debate,

with two significantly different values of λ reported in the
literature, one near 37° and another near 70°, leading to
conflicting interpretations of the system’s spin–orbit architec-
ture. By applying two distinct CCF extraction methods (via
Yabi and iSpec) and fitting the Doppler shadow directly, we
recovered 38 4

3= °+ , representing a moderately misaligned

Figure 7. Sky-projected spin–orbit angles as functions of stellar effective temperatures Teff for stars above 6250 K. Dots denote the known obliquities listed in the
TEPCat catalog,10 diamonds depict the three objects analyzed in this work. Colorful markers belong to planets with reported eccentricity.

10 https://www.astro.keele.ac.uk/jkt/tepcat/obliquity.html (2025 August 8)
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orbit supporting the first measurement mentioned. In this case,
these misalignments point to an active Kozai–Lidov mech-
anism induced by a nearby companion, hinting at a disk-free
migration.

Knowledge of projected spin–orbit angle λ can, in some
cases, lead to determining the true spin–orbit angle ψ.
However, this requires determining the star’s inclination
toward the observer—i*—which is not a trivial task to
accomplish, as it depends on detectable photometric
variability caused by starspots. None of the stars in our
sample shows a clear sign of rotational variability that would
allow us to measure the rotational period from photometry.
Therefore, all of our estimated spin–orbit angles stay in the
projected plane.

A complementary approach to studying the migration
pathways is through the composition of planetary atmospheres
by measuring the atmospheric water abundance (L. D’Aoust
et al. 2025) or the elemental abundance ratios such as C/O, N/
O, and others (D. Turrini et al. 2021). The BOWIE-ALIGN
survey (J. Kirk et al. 2024) is investigating the atmospheric
composition to stellar obliquity link at great detail on a sample
of eight systems. The upcoming Ariel mission (G. Tinetti et al.
2018) is expected to observe up to 1000 of exoplanets in a
homogeneous way to study their atmospheric composition and
study where and how these planets have formed. All three
targets in this work are listed among Tier 3 (high priority
targets selected for detailed characterization) sample of the
Ariel mission target candidates11 (B. Edwards & G. Tinetti
2022). The majority of the Ariel target candidates do not have
their spin–orbit angle determined (J. Zak et al. 2025). Hence,

the measured values of λ in this work will provide a key
contextual information of the dynamics of these systems and
can enable a more robust interpretation of the atmo-
spheric data.
The approach demonstrated in this work can be extended to

a wider range of systems with high-resolution spectroscopic
data, including those from ongoing surveys and future
instruments. Applying Doppler tomography to a larger and
more diverse sample will be essential to refine statistical trends
in stellar obliquity and strengthen the link between spin–orbit
architecture and planetary migration pathways.
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Appendix

The appendix presents the best-fit corner plots for the
systems HAT-P-49 (Figure A1), HAT-P-57 (Figure A2), and
XO-3 (Figure A3).

11 https://github.com/arielmission-space/Mission_Candidate_Sample/tree/
main/target_lists
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Figure A1. Best-fit corner plot from fitting HAT-P-49 displays the mutual correlations between all fitted parameters and their posterior distributions. The contours
represent the 1σ and 2σ confidence regions.
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Figure A2. Best-fit corner plot from fitting HAT-P-57 A.
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