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Confirmations of 
highly inclined 
exoplanet orbits
Wayne Spencer

There has been increasing interest 
and new research into extrasolar 

planets that have highly inclined orbits 
compared to the orientation of their 
stars. This was first referred to by 
Spencer in 20101 for the case of an 
exoplanet known as WASP-17b (The 
acronym ‘WASP’ represents a British 
project called the ‘Wide Area Search 
for Planets’). In theories of the for-
mation of planets, the star first forms 
in a flattened disk of gas and dust. The 
planets then form from the gas and dust 
in the spinning disk. Since the newly 
formed planets in this scenario would 
get their motion from the spinning 
disk, the planet orbits would normally 
be expected to be lined up close to the 
equator of the star. But in some cases 
exoplanets have been discovered in 
which the orbit inclinations are very 
different from the plane of the equator 
of the star. This raises questions about 
how these exoplanetary systems came 
into this configuration. These cases 

have been challenging for planetary 
scientists to explain. In our own solar 
system, this angle between the solar 
equator and the ecliptic plane of the 
planets is approximately 7°.

In mid-April of 2010, a conference 
was held at the University of Glasgow 
for astronomers. This event was the 
National Astronomy Meeting of the 
Royal Astronomical Society (RAS). At 
this meeting it was announced that sci-
entists had discovered that in a group 
of 27 exoplanet cases studied, six of 
these planets seemed to be moving 
retrograde in comparison to the spin 
axis of their star. This was quite a sur-
prise.2 At the conference, the report 
on the six retrograde exoplanets was 
presented by Andrew Cameron. He 
made the statement: “The new results 
really challenge the conventional wis-
dom that planets should always orbit in 
the same direction as their stars spin.”2

Measuring misalignments

Since 2010 there has been more 
research on similar cases, and scientists 
are attempting to refine their methods 
for investigating these stars and their 
exoplanet orbits. Today these exoplan-
ets are referred to by scientists as ‘mis-
aligned’ when the plane of the exoplan-
et’s orbit is significantly different from 

the equator of the star. There are many 
factors that complicate observations of 
the inclined exoplanets. Multiple types 
of data have to be combined in order 
to properly determine the properties of 
the star. Once the star’s spin axis can 
be determined with some confidence, 
then it may be possible to determine 
the angle between the stellar spin axis 
and the exoplanet orbit. Some key 
techniques involved in these determi-
nations are asteroseismology, spec-
troscopy measurements of the transit 
light curve, and what is known as the 
Rossiter-McLaughlin effect (figure 1).

The first requirement in determining 
the inclination of the exoplanet orbit 
is that the planet must transit the star 
along our observational line of sight. 
(In a transit, the exoplanet passes in 
front of the star.) The transiting planet 
causes a dip in the light curve from the 
star. Asteroseismology is then used to 
analyze oscillatory modes of the star to 
determine a number of stellar proper-
ties, including its spin axis.3

The Rossiter-McLaughlin effect 
affects Doppler measurements of 
redshift during a transit. Due to the 
star’s rotation, one side of the stellar 
disk moves toward the observer (and 
is blueshifted) while the other side of 
the star moves away from the observer 
(redshifted). As the planet passes in 

Figure 1. In the graphic an Earth observer looks at the rotating star from the bottom. The star will have blueshifted light on the side of the yellow disk 
that moves toward the observer and redshifted light on the opposite side. When an exoplanet passes in front of the star it will first block the blueshifted 
light (middle picture) and then block the redshifted light (right picture). The change this causes in the redshift is known as the Rossiter-McLaughlin effect.
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https://en.wikipedia.org/wiki/Rossiter–McLaughlin_effect#/media/File:Rossiter-McLaughlin_effect.svg
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front of the stellar disk, it blocks part 
of the blueshifted light and then blocks 
part of the redshifted light (figure 1). 
This produces a measurable effect in 
the redshift at the edges of the star.4,5 
This causes the redshift to be skewed 
in a manner that depends on the angle 
between the orbit of the planet and the 
spin axis of the star. The actual geom-
etry is complicated because in doing 
an observation, the observer is seeing 
a projection of the stellar spin axis and 
a projection of the exoplanet’s orbital 
plane. Thus, the variations in the star 
and the Doppler transit data are exam-
ined over a period of time and a model 
of the motion of the star and the planet 
is constructed to explain the variations 
in the light curve.

There are two angles used in refer-
ence to these cases, one is denoted by 
the Greek letter λ (lambda), which is 
the projection of the spin-orbit angle 
on the plane of the sky. This angle is 
what is observed but the actual angle 
desired is in a different plane. So, the 
goal is to determine in three dimen-
sions the angle between the stellar 
spin axis and the planet’s orbital axis, 
denoted by ψ (psi).3 The angle ψ is 
known as the stellar obliquity. Only 
some transiting exoplanets have been 
sufficiently studied to determine both 
of these angles. The results can vary 
from different research teams measur-
ing the two angles. In 2017 Spencer 
listed 20 cases of inclined exoplanet 
orbits for 16 stars.6 In those cases, the 
ψ angle ranged from 0 to 145°. (Note 

that an angle ψ greater than 90° is con-
sidered retrograde, although exoplanet 
cases close to 90° are often described 
as being in ‘polar orbits’.)

It is instructive to consider how 
much variation in the λ and ψ angles 
there can be from different observa-
tions and different analyses. A con-
cern might be raised over whether the 
conclusions correctly follow from the 
observations. Can the high angles for 
λ and ψ be reproduced? To show an 
example we can consider exoplanet 
HAT-P-7b. Exoplanet HAT-P-7b may 
be one of the most studied cases of 
exoplanets and thus multiple teams 
have done observations and analy-
ses. Table 1 shows four sets of values 
for the λ and ψ angles, along with the 
amount of possible error or uncertain-
ty estimated by the various research-
ers. In table 1, each name under the 
‘Source’ column represents a team of 
researchers with a published source. 
The Winn7 and Narita8 sources, as well 
as Albrecht5 all did their own origi-
nal observations of the HAT-P-7 star. 
Later, the Lund3, Benomar,9 and Cam-
pante10 teams re-analyzed the data. 
Note that the uncertainties in both 
angles is significant and is estimated 
very differently by different research-
ers. Yet, in spite of this, the final results 
for angle psi are similar, with the angle 
estimated to be from 94.6° to 116.4°. 
Thus, this planet is in a roughly polar 
orbit around its star. This conclusion 
is certainly borne out by multiple 
researchers.

Origins of inclined 
exoplanet orbits

In the accepted origins scenarios for 
the formation of stars, disks, and plan-
etary systems, this raises interesting 
questions. From a creation perspective, 
a Creator could create an exoplanet 
with any orbit inclination about its star. 
But from a naturalistic or evolution-
ary perspective, it requires scientists 
to put forward creative scenarios. One 
common approach is to propose that 
a planet near the star, as it migrated 
in, would have its orbit altered over 
long periods of time by another planet 
(or possibly a second star) in a more 
distant but inclined orbit. This is some-
times referred to as the Kozai effect.11,12 
The Kozai mechanism relies on there 
being a few planets or objects in orbits 
that are in differing planes that can 
perturb each other over time. A planet 
migrating inward can be influenced 
by tidal effects from the star as well. 
Near passes between planets can also 
cause an orbit inclination to change. 
Planet–planet scattering scenarios like 
this tend to require billions of years 
of time. Planet–planet scattering sce-
narios also require that there be a third 
object (a planet or star) in certain types 
of inclined elliptical orbits. In many 
systems there is no observational evi-
dence of such a third object.

Other scenarios have been put for-
ward that try to provide a mechanism 
for the star and the disk around it to be 

Table 1. Results from RM measurements for the HAT-P-7b transit. Bracketed references are for earlier teams who did original observations which were 
subsequently reanalyzed by others. Psi is the estimated actual angle between the angular momentum vectors of the stellar spin axis and the planet orbit.

Star Name Source Lambda (λ) in° Lambda 
Uncertainty Psi (ψ) in° Psi Uncertainty

HAT-P-7 Winn, 20097 182.5 ±9.4 94.6 +5.5, -3

HAT-P-7
Lund, 20143

[Albrecht, 20125]
155 ±16.3 97 ±14

HAT-P-7
Benomar, 20149

[Narita, 20098]
220.3

+8.2,
-9.3

115
+19,
-16

HAT-P-7
Campante, 201610

[Albrecht, 20125]
155 ±37 116.4

+30.2,
-14.7
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misaligned early during the formation 
of the star. One approach to this sug-
gests the magnetic field of the star can 
tilt the star relative to the disk.13 Anoth-
er proposal is that in some systems if 
gas and dust falling onto a forming star 
falls inward with a nonsymmetrical 
configuration it can cause the result-
ing star to have a different orienta-
tion than the resulting disk.13 Another 
view suggests that the star formed in 
a cluster of multiple newly forming 
stars and the interaction of the stars 
near each other distorts, truncates, and 
tilts the disk before the planets form.14 
Then the planet (or planets) form from 
what remains of the disk. These types 
of scenarios might be described as 
‘early tilt’ mechanisms. In these ‘ear-
ly tilt’ scenarios there is less reliance 
on exoplanet orbit migration. Instead, 
the orientation of the star compared 
to the disk is determined early while 
the star is young and then the planets 
form later. A potential problem with 
these scenarios is that the disks tend 
to be disrupted by the processes and 
so there may not be enough material 
left to form planets. Also, all of these 
early-tilt scenarios depend on complex 
theories of star formation which are 
totally theoretical and not verifiable 
by observations.

A number of researchers have 
noticed another curious correlation 
between the effective temperature of 
the star and its obliquity angle ψ. It 
seems that hotter stars tend to have 
more highly tilted orbits for their exo-
planets. More research is needed on 
potential causes of this correlation. 
Some researchers argue it relates to 
the ‘early tilt’ star formation sce-
narios above.15 However, Winn16 and 
Albrecht5 have suggested it could be a 
tidal dissipation effect relating to the 
interaction of the star and the planet. 
As the planet migrates inward toward 
the star tidal forces become stronger. It 
is thought that a hot star is more likely 
to change the tilt of a planet orbit but 
a cooler star may come into alignment 
with the planet orbit.

Conclusions

The exoplanets with misaligned 
orbits will continue to motivate much 
research by planetary scientists. The 
critical examination of theories it 
motivates is a healthy exercise in sci-
ence. How many exoplanets have these 
‘misaligned’ orbits? There are various 
estimates, but it may be that approxi-
mately 40% of transiting exoplanets 
which have been studied using the 
RM measurements could be consid-
ered misaligned. Out of this 40%, only 
a few are likely to be actual retrograde 
cases. Benomar et al. 9 summarize the 
problem:

“Among the 70 transiting plane-
tary systems observed with the RM 
effect, more than 30 systems exhibit 
significant misalignment with |λ| > 
22.5° ... . This unexpected diversi-
ty of the spin–orbit angle is not yet 
properly understood by the existing 
theories, and remains an interesting 
challenge.”

That there are highly inclined 
exoplanet orbits (relative to their stellar 
equators) is not disputed today among 
planetary scientists. This finding has 
challenged exoplanet formation theories 
and has led to new theories to attempt 
to explain these cases. The diversity of 
exoplanets points to God’s creativity 
and power. Though Scripture does not 
mention planets in Genesis Chapter 1, 
it seems logical to put the supernatu-
ral creation of planets along with the 
creation of stars on the fourth day of 
the Creation Week. Without acknowl-
edging supernatural creation, scientists 
are forced to propose very complex 
scenarios to explain exoplanet diversity. 
The variety of planetary systems God 
created continues to surprise and chal-
lenge scientists. Supernatural creation 
as outlined in Genesis is still a viable 
explanation.
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