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Abstract

Observing the Rossiter-McLaughlin effect during a planetary transit allows the determination of the angle A
between the sky projections of the star’s spin axis and the planet’s orbital axis. Such observations have revealed a
large population of well-aligned systems and a smaller population of misaligned systems, with values of \ ranging
up to 180°. For a subset of 57 systems, we can now go beyond the sky projection and determine the 3D obliquity
by combining the Rossiter—-McLaughlin data with constraints on the line-of-sight inclination of the spin axis. Here
we show that the misaligned systems do not span the full range of obliquities; they show a preference for nearly
perpendicular orbits (1) = 80°-125°) that seems unlikely to be a statistical fluke. If confirmed by further
observations, this pile-up of polar orbits is a clue about the unknown processes of obliquity excitation and

evolution.

Unified Astronomy Thesaurus concepts: Exoplanet dynamics (490); Exoplanet tides (497); Stellar rotation (1629);

Exoplanet astronomy (486); Planet hosting stars (1242)

1. Introduction

An interesting development in exoplanet science was the
discovery that a star’s direction of rotation need not be aligned
with the orbital motion of its planets (Hébrard et al. 2008; Winn
et al. 2009; Queloz et al. 2010). This fact came to light through
observations of the Rossiter-McLaughlin (RM) effect, a
spectroscopic anomaly during planetary transits that depends
on the degree of spin—orbit alignment (Triaud 2017).

An obstacle to the interpretation of these results is that the
RM effect depends mainly on the angle A between the sky
projections of the rotational and orbital axes, but the physically
important angle is the obliquity ¢ measured between the axes
in three dimensions. See Figure 1 for a diagram of the angles,
and Fabrycky & Winn (2009) for more details on the geometry.

To determine 1), observations of the RM effect must be
supplemented with information about the inclination i of the
star’s rotation axis with respect to the line of sight. For
example, a measurement of the star’s projected rotation
velocity vsini can be combined with the expected value of
the rotation velocity v based on the star’s mass and age to arrive
at a constraint on sini (Schlaufman 2010). Recently, Louden
et al. (2021) helped to set expectations for the rotation
velocities of stars with effective temperatures between 5900
and 6600 K by measuring the v sin i distribution of a randomly
oriented sample of stars. In reviewing the RM data for such
stars, we noticed that whenever \ exceeds 90°, the inclination
tends to be quite low, indicating a nearly polar orbit as opposed
to a retrograde orbit. This pattern, shown in Figure 2, made us
wonder if the 3D obliquity distribution shows a concentration
near 90° even though the projected obliquity distribution spans
the full range from 0° to 180°.

There is a growing number of stars for which the inclination
can be determined directly from the data, even without prior
expectations for the rotation velocity. In this Letter, we collect
and analyze all of these systems (Section 2), and show that the
distribution of v does indeed have a peak near 90° (Section 3).
We perform tests of the statistical significance of this pattern

(Section 4) and consider possible biases (Section 5). Finally,
we speculate on possible physical explanations (Section 6).

2. Sample Selection

Our starting point was the online database TEPCAT
(Southworth et al. 2011a), which includes a compilation of
results from RM observations. To the 155 systems that were in
this database on 2021 January 5, we added K2-290 (Hjorth
et al. 2021) for a total of 156.

Our main method for determining the stellar inclination
angle was to combine measurements of the star’s projected
rotation velocity (v sin i), radius (R), and rotation period (Pyq):

vsini Py vsini

sini = =

1
% 27R M

The limiting factor was knowledge of the rotation period. A
literature search turned up 38 cases in which the rotation period
had been determined through photometric monitoring. We also
analyzed all the available light curves from the Kepler, K2, and
TESS missions using the autocorrelation method (McQuillan
et al. 2013), which led to rotation period measurements for 28
stars. Of these, 15 were in agreement with values reported in
the literature, and 13 had not been reported previously. All
together we had 51 stars with measured rotation periods.

In addition, there are a few stars for which the stellar
inclination angle was determined using a different method. For
HAT-P-7, we used the result from the asteroseismic method,
based on the relative amplitudes of the members of rotationally
split multiplets in the oscillation spectrum. For KELT-9,
KELT-17, Kepler-13, MASCARA-4, and WASP-189, we used
results from the gravity-darkening method, based on modeling
the distortions to the transit light curve due to the star’s
equator-to-pole intensity gradient. Table 2 in the Appendix
gives all the data and citations to the literature.

This made for a total of 57 systems for which we could
determine the 3D obliquity. Figure 3 displays the key
properties of the sample. Throughout this figure (and the two
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Figure 1. Geometry of the problem. Shown are the obliquity ¢, the sky-
projected obliquity A, the star’s inclination i, and the orbital inclination i,
(which is always near 90° for a transiting planet). Modeled after a similar figure

by Perryman (2011).
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Figure 2. Suspiciously low v sin i. Shown are all stars for which (i) A has been
measured, (ii) the effective temperature is within the plotted range, and (iii) the
parameter (m /M)(R/a)3 is less than 0.002, to avoid tidally spun-up stars.
Whenever A > 90° (white and red points), the vsini is abnormally low. The
thick line is the fitting function v(7g) from Louden et al. (2021), and the other
lines are scaled for various inclinations. Of the eight stars with A > 90°, five
(63%) have inclinations <45°, more than the 30% we would expect from a
randomly oriented population.

figures to follow), the color of each data point conveys A, with
blue for 0°, white for 90°, and red for 180°. The upper left
panel shows that the stars range from M dwarfs to A stars. The
middle left plot shows vsini versus effective temperature,
including the sharp rise around 6250 K (the “Kraft break™). The
lower left panel shows the subset of stars with measured
rotation periods. The lower right panel shows rotation period as a
function of main-sequence age, as estimated from stellar-
evolutionary models. For reference, we highlighted the stars we
expect to conform to the Skumanich law, By o< /7, indicated by
the dashed line. Specifically, the highlighted stars have effective
temperatures between 4000 and 6500 K and are unlikely to have
been tidally spun up because (m/M)(R/a)’>0.002 (corresp-
onding to a/R>8 for a Jupiter-mass planet around a Sun-
like star).
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3. Obliquity Distribution

For the stars with measured rotation periods, we used the
method of Masuda & Winn (2020) to determine the posterior
probability distribution for the obliquity, using the equation

€0s 1 = sini sini, oS A\ + COSi COS i, 2)

There are two solutions because the available observations
cannot distinguish i from 180° — i, nor can they distinguish (i,
A) from (180° — i,, — A). The two solutions are closely spaced
because i, ~ 90°.

In a few cases, the values of A reported in the literature
had uncertainties less than a degree. Out of concern about
systematic errors, we imposed a minimum uncertainty of 1° in
our analysis. For the same reason, we imposed a minimum
uncertainty of 0.1 kms ™" in v sini. In all cases for which v had
been reported previously in the literature, our results were in
agreement. In four of these cases—HAT-P-11, K2-290, Kepler-
63, and WASP-107—we adopted the previously reported value
because it was based on more data.

Figure 4 shows the results as function of effective
temperature. For ease of visual interpretation, instead of
showing both solutions for i, we show the results assuming
io =90°." The left panel of Figure 4 shows the distribution of
A, which ranges from 0° to 180°. The middle panel shows the
distribution of ), in which there are two groups: 38 well-aligned
systems with ¢ < 35° and 18 systems with 1) in between 80° and
125°. The right panel shows the distribution of cos ), which is
easier to interpret visually because randomly oriented stars would
have a uniform distribution in cos. As a less exact and more
visual representation of the results, Figure 5 shows a 3D
representation of the stellar spin orientations.

Seeking clues to the origin of this pattern, we tried to find
something else the misaligned stars all have in common.
Nothing stood out (see Figure 6). The misaligned group
includes stars of spectral types A through M, orbital distances
from 3 to 40 stellar radii, and planet masses from 0.1 to 3 My,p,.
The three Neptune-mass planets GJ 436, HAT-P-11, and
WASP-107 all have perpendicular orbits, as do the six hot
Jupiters HAT-P-7, KELT-9, and WASP-7/76/189. The
subgroup of systems with 1)~ 110° consists of hot Jupiters
around A, F, and G stars as well as the two-transiting-planet
system K2-290. The lone star in between the aligned and
misaligned groups is Kepler-13, with ) =60°. This star also
has the most massive planet among the misaligned stars
(4.9-8.1 My,p; Shporer et al. 2014). This could be a
coincidence, although it does conform to the previously noted
pattern that the stars with the most massive planets are rarely
found to have A\ >90° (Hébrard et al. 201 1a).

4. Statistical Tests

We performed several statistical tests of the “null hypoth-
esis” that the misaligned stars are randomly oriented instead of
being clustered around 1 ~ 90°. Defining misaligned stars as
having cos ) < 0.75 (¢» > 41°), the null hypothesis would lead
to the expectation that cos) is uniformly distributed between
—1 and 0.75.

4 The median spacing between the two degenerate solutions is 0.20 where o
is the statistical uncertainty, and the maximum spacing is 2o.
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Figure 3. Stars with measurements of sky-projected obliquity. The color scale indicates ), from blue for 0° to red for 180°. As a function of the star’s effective
temperature, the left column shows the star’s radius (top), sky-projected rotation velocity (middle), and rotation period when available (bottom). The right column
shows the planet’s orbital separation in units of the stellar radius (top) and mass (middle). The lower right panel shows the star’s rotation period versus age, with a line
indicating the Skumanich law P oc /7. The darker data points for which the stars are expected to obey the Skumanich law: T = 4500-6000 K, (m/M)(R/

a)® < 0.002.
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Figure 4. Obliquity distribution. Shown as a function of the star’s effective temperature are the sky-projected obliquity (left), the 3D obliquity (middle), and the cosine

of the 3D obliquity (right).
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Figure 5. Obliquity distribution in 3D. The z-axis is the line of sight, and the y-
axis is the orbital axis. The arrows represent the orientations of the stellar spin
axes in our sample, and the colors of the latitudinal lines convey the obliquity.
For plotting purposes, we broke the two-way degeneracy by choosing i and i,
to be <90° and taking the signed value of X from the literature.

One way to characterize the distribution of the misaligned
stars is by the observed dispersion of cos ¢ around zero:

I N
oo = .| —2 (cos)? 3
0 N i=1(cos ;) 3)

where N=19. If cosvy were distributed uniformly for the
misaligned stars, how often would o be at least as small as is
observed? To construct the expected distribution of oy under
this null hypothesis, we repeatedly drew 19 numbers from a
uniform random distribution between —1 and 0.75 and
calculated o in each case. Then, in each of 10° trials, we
constructed a realization of the data by (i) choosing one of the

two solutions of Equation (2) at random for each data point, (ii)
drawing a value of cos ¢ from the observational posterior. For
each realization of the data, we calculated the p-value of the
null hypothesis. The median p-value was 3.1 x 107>,

We obtained similar results when replacing oy by the
standard deviation, i.e., when testing for clustering of cos )
around the mean value, rather than around zero. Through
similar Monte Carlo simulations, we found that the median p-
value in that case is 9.6 x 107

The left column of Table 2 in the Appendix summarizes the
results of these tests. While the p-values are low enough to
reject the null hypothesis according to customary criteria, we
acknowledge that the choices of the specific tests and the
threshold value of cost to qualify as “misaligned” were
devised after seeing the data. As always in such cases, caution
is warranted, and there is no substitute for getting addi-
tional data.

5. Possible Biases

The basic result of our study is that |cos | tends to be small
for the misaligned systems. Suppose that systematic errors in
our input data have caused the inferred value of |cos | to be
biased by a factor f; i.e., when we infer cos ¢ = x the true value
is x(1 +f). How large would f need to be for the evidence for
clustering around 90° to go away? We answered this question
through another Monte Carlo simulation: we searched for the
value of f that causes the median p-value to rise to 0.05 in the
standard-deviation test described in the previous section. The
answer is f~ 0.30.

It seems unlikely that the inputs are biased at the 30% level.
For the rotation period method, the obliquity is determined via
the equation

Pt vsini

2R @

COS Y ~2 COS A

Therefore, a bias toward low |cos | could be caused by:

1. Underestimating vsini. We adopted the results from
analyses of RM data. Cross-checks with results based on
spectral-line broadening indicate agreement within 10%
with no discernible bias.

2. Overestimating R. The evolutionary models used to
determine R are not perfect, but for these well-
characterized stars any bias is likely to be <10%.
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Figure 6. No trends seen. The 3D obliquity is plotted as a function of the sky-projected obliquity (left), the planet’s orbital separation (middle), and the planet’s mass
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(right).

Table 1

p-values
Test Including Excluding

Hottest Stars Hottest Stars
Disp. around 90° 0.00310 0.0100
Disp. around mean 0.00096 0.0044

3. Underestimating P,,. Differential rotation probably
introduces biases at the <10% level. For example, the
photometric period might be associated with features at
different latitudes than those that contribute to the
determination of v sini.

Another possible problem is that sometimes a photometric
period is not the rotation period, but rather one-half of the
rotation period, because spots occur on opposite hemispheres.
Supposing this factor of 2 error occurred for n stars out of the
sample of 19, we found through Monte Carlo simulation that
we would need n 2 6 to cause the p-value of the standard-
deviation test to rise to 0.05. We cannot exclude this
possibility, though it seems doubtful given the good agreement
between the periods we derived and the periods reported in the
literature based on earlier data. Also, in many cases the
measured rotation period conforms with expectations given the
star’s mass and age (lower panels of Figure 3).

We also tried omitting the stars with Tee > 7000 K from our
statistical tests, for two reasons. First, for such hot stars, the
photometric period might actually be a pulsation period instead
of the rotation period. Second, our sample might be biased
against hot stars with ) = 0° or 180° because such stars would
have larger v sini values, making it more difficult to perform
Doppler spectroscopy and confirm a planetary signal. The
resulting p values, given in the second column of Table 1,
are <0.01.

6. Discussion

The literature contains a previous observational hint that
nearly polar orbits are common, as well as several theoretical
scenarios that might be relevant. On the observational side,
Mazeh et al. (2015) found statistical evidence that stars with
effective temperatures between about 6000 and 6500 K have
high obliquities, with a possible preference for polar orbits.

This tentative conclusion was based on the observation that the
amplitude of photometric variations associated with rotation
was lower for stars with transiting planets than for randomly
oriented stars. The correspondence with our sample is not
exact, though: our stars span a wider range of effective
temperatures, and our planets are generally larger than those
analyzed by Mazeh et al. (2015).

On the theoretical side, four scenarios that could lead to
obliquities near 90° are as follows:

1. Tidal dissipation is usually thought to damp obliquities to
0° but in some cases can cause the obliquity to linger at
90°. Lai 2012 showed this can happen when the damping
is dominated by the dissipation of inertial waves driven in
the convective zone by Coriolis forces (see also Rogers &
Lin 2013; Anderson et al. 2021). This theory might
account for a few near-perpendicular systems. However,
many systems have properties that seem incompatible
with this theory: six have stars that lack convective zones
(T > 7000 K) and seven have orbital separations beyond
10 stellar radii where tides are expected to be negligible.
Furthermore, 12 systems do not satisfy the criterion
Pt > 2P, necessary to prevent tidal orbital decay, and 5
have large angular momentum ratios L,/ Lspin Which would
cause the obliquity to stall at 180° instead of 90°.

2. Von Zeipel-Kozai-Lidov cycles, often invoked to
explain hot Jupiters as the outcome of high-eccentricity
tidal migration, were predicted to lead an obliquity
distribution with a peak near 115° (Fabrycky & Tremaine
2007), a good match to the data. The predicted distribution
also has a peak near 35°, while the low-obliquity group in
our sample has (/) = 15°. Subsequent studies have shown
that the predicted obliquity distribution depends on the
orbital parameters of the perturber (Naoz et al. 2011), and
the star’s mass and rotational oblateness and the planet’s
mass (Anderson et al. 2016; Vick et al. 2019). It is worth
revisiting these calculations to see if a better match to the
data can be obtained. A scenario we are investigating is
when the eccentricity required for high-eccentricity migra-
tion can only be induced by an outer companion on a
nearly polar orbit; if the Jupiter begins its tidal migration
near the general-relativistic quenching limit, the final
obliquity would be near 90°.

3. Secular resonance crossing was proposed by Petrovich
et al. (2020) to explain the previously reported nearly
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polar orbits of the Neptune-mass planets in our sample.
The resonance between the disk-driven nodal precession
frequencies of the transiting planet and an outer
companion occurs as the disk decreases in mass. The
resonance excites the inclination of the inner planet, and
if the general relativistic precession rate is fast enough,
the inclination is pushed up to 90°. Like the Von Zeipel—
Kozai-Lidov scenario, the clearest prediction is that the
nearly polar systems have massive outer companions.
Petrovich et al. 2020 determined that the secular
resonance crossing mechanism is most effective for
lower-mass, close-orbiting planets, and low-mass, slowly
rotating stars. Therefore, it is not clear that this
mechanism would work for many of the systems in our
sample.

4. Magnetic warping can tilt the young protoplanetary disk
toward a perpendicular orientation, but other mechanisms
can counteract this effect (e.g., accretion, magnetic
braking, disk winds, differential precession, and wrap-
ping of magnetic fields around the stellar rotational axis;
Foucart & Lai 2011; Lai et al. 2011; Romanova et al.
2021).

Of course, nature is under no obligation to use only a single
mechanism to tilt orbits and stars. We may find that the systems

Albrecht et al.

in our sample have followed different paths to their nearly
perpendicular configurations.
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Appendix

Table 2 in this Appendix displays data used in this project.
This also includes obliquity, 1, values obtained as part of this
work, as well as literature values.

Table 2
Listing of the Systems and Some Parameters
System Tetr R Prot vsini A P References
X (Re) (days) (kms™") © ©)

@ 2 3) (€} (5) (6) N (®)
AU Mic 3700 & 100 0.75 4 0.03 4.85+0.75 9.23707) 47404 12,1713 1
CoRoT-2 5598 + 50 0.90 + 0.02 4.52 4 0.02 11.25 +0.45 1.0+77 8.9787 2,3
CoRoT-18 5440 + 100 0.88+9:93 5534033 8.00 & 1.00 10.0 + 20.0 2544139 4
DS Tuc 5598+ 0.87 & 0.03 2.85 +0.06 20587934 29103 40116 5
EPIC 246851721 6202732 1.6273% 1.14 £ 0.06 74.921082 1.5+£09 2.9+108 6
GJ 436 3416 =+ 54 0.46 & 0.02 44.09 + 0.08 0.3370% 72.04339 80.0734 7
HAT-P-7 6310 + 15 2.02 £ 0.01 2.70 £ 0.50 142.07129 97.0 £ 14.0 8,9, 10
HAT-P-11 4780 + 50 0.68 £ 0.01 29.32 4 1.00 1.0079% 103.07289 97.0789 11, 12, 13
HAT-P-20 4595 + 45 0.68 £ 0.01 14.48 + 0.02 1.85 4 0.27 8.0+ 6.9 36.9712¢ 14
HAT-P-22 5314 + 50 1.06 £ 0.05 28.70 £ 0.40 1.65 4 0.26 21430 6.713%* 15
HAT-P-36 5620 + 40 1.04 + 0.02 15.30 + 0.40 3124075 14.0 + 18.0 28.6+12 16
HATS-2 5227 +95 0.90 £ 0.02 24.98 + 0.04 1.50 4 0.50 8.0 + 8.0 20.6733%8 2, 17
HD 63433 5640 + 74 0917393 6.61 £ 0.71 7.30 £ 0.30 8.01339 2561323 18, 19
HD 189733 5050 + 50 0.75 £ 0.03 11.95 + 0.02 3.25 4 0.02 04402 2.35133 20, 21
HD 209458 6117 £ 50 1.16 £ 0.01 10.65 £ 0.75 4.80 £ 0.20 0.6+ 0.4 2821775 22,23
K2-25 3207 + 58 0.29 £ 0.01 1.88 & 0.04 8.90 + 0.60 3.0+ 16.0 13.871%! 24
K2-29 5358 + 38 0.86 + 0.01 10.76 & 0.22 3.70 + 0.50 15+87 1935137 25
K2-290 6302 £ 120 1517098 6.63 £ 0.66 6907929 153.0 + 8.0 124.0 + 6.0 26, 27
KELT-9 9600 + 400 2.42 +0.06 116.90 + 1.80 85.0 +0.2 87.011%0 28, 29
KELT-17 7454 + 49 1.6579%¢ 4420139 1159 + 4.1 116.0 + 4.0 30
Kepler-8 6213 + 150 1.50 + 0.04 7.13 £ 0.14 8.90 + 1.00 50470 311493 8
Kepler-9 5774 + 60 0.96 + 0.02 16.49 + 0.33 2.74 + 0.40 13.0 + 16.0 28.17139 31
Kepler-13 7650 + 250 1.71 £ 0.04 62.70 £ 0.20 5924+ 0.1 602 £ 0.1 32
Kepler-17 5781 + 85 0.98592 12.09 +0.24 4.70 4+ 1.00 0.0 +15.0 19.771%4 33
Kepler-25 6270 £ 79 132792 23.15 £ 0.04 8.20 4+ 0.20 0.5+57 5.7+42 34, 35
Kepler-63 5576 + 50 0.90003 5.40 + 0.01 5.60 = 0.80 110.07239 104.0199, 22, 36
Kepler-448 6820 + 120 1.63 £ 0.15 1.29 £ 0.03 66.437099 71538 10.074%¢ 37
MASCARA-4 7800 + 200 1.92 +0.11 46.50 = 1.00 1125517 104.0579, 38, 39
Qatar-1 4910 + 100 0.80 + 0.02 23.70 £ 0.12 1.70 £ 0.30 84471 16.914%° 40, 41
Qatar-2 4645 + 50 0.70 £ 0.01 18.50 + 1.90 2.80 + 0.50 0.0+ 8.0 1147123 42, 43, 44
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Table 2
(Continued)
System Tetr R P vsini A P References
() (Ro) (days) (kms ") © ©)
1 (@) (3) @) ) (6) ) ®)
TRAPPIST-1 2557 + 47 0.12 + 0.00 3.28 +£0.22 2.04 +0.18 15.0+380 23.3H179 45
WASP-4 5540 + 55 0.91 £ 0.02 22.20 4 3.30 2.141038 1.0+139 20.07132 2, 46
WASP-5 5770 + 65 1.09 + 0.04 16.20 + 0.40 3.20 + 0.30 12,1259, 222+113 2, 47
WASP-6 5375 4 65 0.86 & 0.03 23.80 + 0.15 1.607537 72437 13.173%° 2, 48, 49
WASP-7 6520 + 70 1.48 £ 0.09 3.68 + 1.23 14.00 £ 2.00 86.0 & 6.0 87.143) 50
WASP-8 5690 + 36 0.98 + 0.02 15.31 4 0.80 1.90 + 0.05 143.0%12 118.2732 51
WASP-12 6313 £+ 52 1667003 6.77 £ 1.58 1.6075%9 59.07339 85.516% 8
WASP-19 5460 + 90 1.02 £ 0.01 12.13 +£2.10 4.40 £ 0.90 1L.0+12 377380 8, 52
WASP-32 6100 = 100 1.11 £ 0.05 11.60 + 1.00 3.90+04 10.5%84 35.8+192 53, 54
WASP-33 7430 £ 100 1515002 0.52 £ 0.05 86.637032 112.9702 1041138 55
WASP-41 5546 + 33 0.89 + 0.01 18.41 +0.05 1.60 & 1.10 6.0+ 11.0 22,6739 2, 56
WASP-43 4520 + 120 0.67°99! 15.60 + 0.40 2.26 +0.54 35+68 12.773%7 2, 14
WASP-52 5000 + 100 0.79 + 0.02 17.26%938 2.62 + 0.07 1.1+1.1 28498 57, 58
WASP-62 6230 + 80 1.28 + 0.05 6.65 4+ 0.13 9.30 + 0.20 19.4738 25.018% 59
WASP-69 4700 + 50 0.81 £ 0.03 23.07 £ 0.16 2.20 £ 0.40 0.4729 3.87383 2, 60
WASP-76 6329 + 65 1.76 £ 0.07 9.29 +1.27 1.48 +0.28 613716 85.7°23 61
WASP-84 5280 + 80 0.77 + 0.02 14.36 4 0.35 2.56 + 0.08 03+ 1.7 18.641 2,62
WASP-85 5685 + 65 0.94 + 0.02 13.08 £ 0.26 3.41 +0.89 0.0 + 14.0 22.14174 63
WASP-94A 6170 + 80 1.62°5% 10.48 + 1.60 4.20 4+ 0.50 151.07389 116.6797 64
WASP-107 4425 4+ 70 0.67 & 0.02 17.10 + 1.00 2.50 £ 0.80 112.67242 92.6+3%7 65, 66
WASP-121 6586 + 59 1.44 £ 0.03 3.38 £ 0.40 13.56705% 87.2704 88.1+£0.2 67
WASP-166 6050 + 50 1.22 +0.06 12.30 & 1.90 5.10 +0.30 3.0£5.0 10.151¢7 68
WASP-167 704348 1.79 £ 0.05 1.02 £ 0.10 49.94 +0.04 165.0 £ 5.0 123.814¢ 69
WASP-189 8000 + 80 2.36 + 0.03 100.00 + 5.00 89.3 + 1.4 85.4+43 70, 71
X0-2 5332 4 57 1.0075%3 41.60 + 1.10 1.07 4 0.09 7.0+ 11.0 26.5+118 72
X0-6 6720 + 100 1.93+0.18 1.79 + 0.06 48.00 =+ 3.00 20.7 +2.3 2337143 73
pi Men 5998 + 62 1.17 £ 0.02 18.30 & 1.00 3.16 £ 0.27 240+ 4.1 269133 74,175

Note. The quoted 1 — o values for P, and ) are obtained from the highest density regions. If not derived in this work then values are either taken from TEPCAT or
(1) Hirano et al. (2020a), (2) Bonomo et al. (2017), (3) Czesla et al. (2012), (4) Hébrard et al. (2011b), (5) Zhou et al. (2020), (6) Yu et al. (2018), (7) Bourrier et al.
(2018), (8) Albrecht et al. (2012b), (9) Masuda (2015), (10) Lund et al. (2014), (11) Béky et al. (2014), (12) Winn et al. (2010), (13) Sanchis-Ojeda & Winn (2011),
(14) Esposito et al. (2017), (15) Mancini et al. (2018), (16) Mancini et al. (2015), (17) Mohler-Fischer et al. (2013), (18) Mann et al. (2020), (19) Dai et al. (2020),
(20) Henry & Winn (2008), (21) Cegla et al. (2016), (22) Maxted et al. (2015), (23) Santos et al. (2020), (24) Stefansson et al. (2020), (25) Santerne et al. (2016),
(26) Hjorth et al. (2019), (27) Hjorth et al. (2021), (28) Wyttenbach et al. (2020), (29) Ahlers et al. (2020a), (30) Zhou et al. (2016), (31) Wang et al. (2018),
(32) Howarth & Morello (2017), (33) Désert et al. (2011), (34) McQuillan et al. (2013), (35) Albrecht et al. (2013), (36) Sanchis-Ojeda et al. (2013), (37) Johnson
et al. (2017), (38) Dorval et al. (2020), (39) Ahlers et al. (2020b), (40) Mislis et al. (2015), (41) Covino et al. (2013), (42) Dai et al. (2017), (43) Bryan et al. (2012),
(44) Mocnik et al. (2017), (45) Hirano et al. (2020b), (46) Sanchis-Ojeda et al. (2011), (47) Triaud et al. (2010), (48) Gillon et al. (2009), (49) Tregloan-Reed et al.
(2015), (50) Albrecht et al. (2012a), (51) Bourrier et al. (2017), (52) Tregloan-Reed et al. (2013), (53) Brothwell et al. (2014), (54) Brown et al. (2012), (55) Johnson
et al. (2015), (56) Southworth et al. (2011b), (57) Rosich et al. (2020), (58) Chen et al. (2020), (59) Brown et al. (2017), (60) Casasayas-Barris et al. (2017),
(61) Ehrenreich et al. (2020), (62) Anderson et al. (2015), (63) Mocnik et al. (2016), (64) Neveu-VanMalle et al. (2014), (65) Anderson et al. (2017), (66) Rubenzahl
et al. (2021), (67) Bourrier et al. (2020), (68) Hellier et al. (2019), (69) Temple et al. (2017), (70) Anderson et al. (2018), (71) Lendl et al. (2020), (72) Damasso et al.
(2015), (73) Crouzet et al. (2017), (74) Zurlo et al. (2018), or (75 ) Kunovac Hodzi¢ et al. (2021)
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