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ABSTRACT

We investigate the current sample of exoplanet spin—orbit measurements to determine whether a dominant planet
migration channel can be identified, and at what confidence. We use the predictions of Kozai migration plus tidal
friction and planet—planet scattering as our misalignment models, and we allow for a fraction of intrinsically aligned
systems, explainable by disk migration. Bayesian model comparison demonstrates that the current sample of 32
spin—orbit measurements strongly favors a two-mode migration scenario combining planet—planet scattering and
disk migration over a single-mode Kozai migration scenario. Our analysis indicates that between 34% and 76%
of close-in planets (95% confidence) migrated via planet—planet scattering. Separately analyzing the subsample of
12 stars with Ter > 6250 K—which Winn et al. predict to be the only type of stars to maintain their primordial
misalignments—we find that the data favor a single-mode scattering model over Kozai with 85% confidence. We
also assess the number of additional hot star spin—orbit measurements that will likely be necessary to provide a
more confident model selection, finding that an additional 20-30 measurement has a >50% chance of resulting in
a 95% confident model selection, if the current model selection is correct. While we test only the predictions of
particular Kozai and scattering migration models in this work, our methods may be used to test the predictions of

any other spin—orbit misaligning mechanism.
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1. INTRODUCTION

Exoplanets that transit their host stars provide opportunity
to study distant planetary systems in great detail. Most imme-
diately, photometry during transit measures a planet’s radius
and density, but follow-up studies can provide much more. Sec-
ondary eclipse photometry, photometric phase curve measure-
ments, and transmission spectroscopy, for example, can reveal
a planet’s temperature, albedo, atmospheric composition, and
even weather patterns. While these tools investigate the physi-
cal characteristics of the planets themselves, transits also pro-
vide a valuable opportunity to measure details of planets’ orbital
characteristics using the Rossiter—McLaughlin (RM) effect.

The RM effect is an anomalous Doppler signal due to the
shadow of a transiting planet crossing the face of a rotating star
and is measured by obtaining radial velocity (RV) measurements
of the host star during transit. As the approaching limb of the
stellar surface is occulted, the total integrated RV is redshifted,
and as the receding limb is occulted, the integrated velocity is
blueshifted. Modeling the RM effect yields a measure of the
angle between the orbital axis of the planet and the projected
rotation axis of the host star, typically referred to as A. While
this angle is not itself physically meaningful, it constrains ¥,
the true angle between the planet’s orbit and the star’s rotation.
In addition to being a fundamental system parameter akin to
the semimajor axis or eccentricity, i is a potential window into
learning about planetary orbital migration, as different migration
scenarios predict different distributions of yr.

The first several RM measurements that were made all
indicated small values of A (Winn et al. 2005, 2006; Wolf
et al. 2007; Narita et al. 2007), and thus were consistent with
small values of yr, which was not unexpected since the orbits
of all the planets in the solar system are aligned to within 7°
of the solar spin axis. The first misaligned system, XO-3, was
discovered by Hébrard et al. (2008) and confirmed by Winn

et al. (2009a). Since then, many additional misaligned systems
have been discovered (Winn et al. 2009b; Johnson et al. 2009;
Narita et al. 2009; Triaud et al. 2010). This diversity of measured
As suggests that planetary migration is more complicated than
simple disk migration, which predicts planet orbits well aligned
with stellar spins (unless the disk itself is misaligned), and even
hints at multiple migration channels.

As the number of exoplanet systems with measured values
of X increases, so does the desire and ability to draw conclu-
sions based on the data. For example, Fabrycky & Winn (2009,
FW09) suggest that there might be two distinct populations
of close-in planets—intrinsically aligned and intrinsically mis-
aligned—with a 95% probability of > 64% of planets belonging
to the aligned population. This remarkable result was based on
the first 10 RM measurements, which included a single mis-
aligned system.

There now exists a sample of 32 published spin—orbit angles,
which provides a valuable opportunity to readdress and extend
this previous study, particularly in light of the recent proposition
by Triaud et al. (2010) that current data suggest that all hot
Jupiters migrated via the Kozai mechanism (Kozai 1962; Wu
etal. 2007; Fabrycky & Tremaine 2007). The central goal of this
paper is to determine whether the current sample of spin—orbit
measurements is sufficient to begin to discern between the
predictions of different exoplanet migration theories such as
the Kozai mechanism and planet—planet scattering (Nagasawa
et al. 2008), and if not, then how many more RM observations
will be needed to draw more meaningful conclusions about the
intrinsic i distribution of transiting exoplanets.

We describe our models in Section 2 and our analysis in
Section 3 and 4. In Section 5, we repeat our analysis restricted
to hot stars (following the suggestion of Winn et al. 2010).
In Section 6, we look to the future and ask how many RM
observations will be needed to draw more confident statistical
conclusions. We conclude our discussion in Section 7.
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2. THE MODELS

We test two hypotheses against each other in this paper. The
first is that close-in exoplanets migrated to their present-day
orbital locations through a combination of the effects of Kozai
cycles and tidal friction, as described by Fabrycky & Tremaine
(2007, FT07). Kozai cycles are oscillations in eccentricity and
inclination of a close binary system caused by the presence
of distant third companion on an inclined orbit. If a giant
planet (assumed to have formed beyond the ice line in its
protoplanetary disk) undergoes Kozai cycles that cause it to pass
within a few stellar radii of its host star, then tidal friction can
quickly circularize its orbit, freezing in a potentially large orbital
inclination () to the newly migrated hot Jupiter. FTO7 use 1000
simulations of such systems, using Jupiter-mass planets with
initial orbital separations of 5 AU and outer 1 M companions
on a 500 AU orbits highly inclined with respect to the planet’s
initial orbit. The final inclination of the resulting close-in planets
in these simulations is their prediction of the hot Jupiter
distribution resulting from this migration mechanism (FTO07,
Figure 10). In the rest of the paper, we refer to this model as
“KCTFE”

The second hypothesis is that planet—planet scattering is the
dominant mechanism for forming close-in planets, as modeled
by Nagasawa et al. (2008) (NOS8). In their simulations, they
study the evolution of systems of three Jupiter-mass planets with
initial orbital separations of 5.00, 7.25, and 9.50 AU and initial
inclinations of 025, 1°0, and 1°5. In addition to planet—planet
scattering, they also include the effects of the Kozai mechanism
and tidal friction, and produce a final population of close-
in planets with a large range of orbital inclinations (NOS,
Figure 11(c)). We refer to this model as “PSTF.”

There have been many different simulations similar in nature
to these that we test (e.g., Wu et al. 2007; Chatterjee et al. 2008;
Ford & Rasio 2008; Juri¢ & Tremaine 2008), but these are the
two that produce the broadest distribution of Y values, and thus
seem most likely to be able to explain the observed retrograde
systems. In addition, Triaud et al. (2010) also compared the
observed data with these two models, concluding that the KCTF
model of FT07 describes the current data better than PSTF of
NOS.

We emphasize that while the true spin—orbit angle i is
the physically meaningful angle, only the projected version
of this angle A is measurable through the RM effect, because
the inclination of the stellar rotation axis is unknown. If the
star is rotating completely edge-on (I, = 90°), then L = v,
but in general the star’s rotation axis may be tilted along the
line of sight, resulting in A # i (see FW09, their Figure 3).
In other words, observation of a large value of A is firmly
indicative of a large ¥, but observation of a small A does
not rule out the possibility of large . In rare cases, this
unknown stellar inclination can be constrained by combining
photometric determination of a rotation period with an estimate
of the stellar radius and rotational line broadening (Winn
et al. 2007). Additionally, the likelihood for any particular
transiting planet to be misaligned may be estimated before
even any RM measurement occurs, by comparing the observed
line broadening to theoretical rotation predictions (Schlaufman
2010). In general, however, since the inclinations of individual
stellar rotations are unknown, statistical methods must be
employed to draw conclusions about y from an observed
population of A.

One strategy to do this, employed by Triaud et al. (2010), is
to statistically deproject each A measurement to form a poste-
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Figure 1. Probability distributions for the true (v; top panel) and projected (A;
bottom panel) spin—orbit angles that our two misalignment mechanisms produce.
The KCTF o distribution is taken from the simulations of final inclinations
of planets migrating through Kozai cycles + tidal damping from Fabrycky &
Tremaine (2007), and the planet—planet scattering (PSTF) prediction is taken
from the simulations of Nagasawa et al. (2008). We use Monte Carlo simulations
to project each v distribution to create the A distributions. Note that non-zero but
small A values are preferred by the KCTF model, while large values (A > 60°)
are preferred by the PSTF model. The bottom panel shows the distribution of
the 32 measured A values.

(A color version of this figure is available in the online journal.)

rior probability density function (PDF) for ¢ for each system,
assuming an isotropic distribution for the inclination of stellar
spins, and sum them to form an overall ¥» PDF. However, this
method has the disadvantage that isotropy of stellar spins is ac-
tually a strong assumption, since the observed distribution of
spin inclinations will depend on the true v distribution, which
we are trying to determine. This is analogous to how the orbit
inclinations of RV-detected planets may not always be assumed
to be isotropically distributed, as discussed in Ho & Turner
(2010).

Our analysis relies instead on comparing the observed A data
directly to theoretical predictions of the models, in A-space.
This requires that we determine a PDF for A corresponding to
each of the i distributions we wish to test. Since both of our
predictions are the results of complicated simulations, we use a
Monte Carlo procedure to perform this transformation.

We fix an observer-oriented spherical coordinate system and
simulate a large number of systems as follows. First, we populate
1 96 stars with transiting planets with orbital inclination vectors
O assigned according to the distribution of kgown transiting
planet inclinations. Then, the stellar spins § are assigned
relative to the planet population, according to the predicted
Y distributions of KCTF and PSTF. This is accomplished by
selecting a ¥ from the distribution implied by the simulations
of FTO7 or NOS treating this i as a polar angle relatlve to 0
and assigning S to have an azimuthal angle around O, chosen
uniformly on (0, 27). Then, S is transformed back into the
observer-oriented coordinate system, in which A is simply the
azimuthal angle of S about the line of sight. The probability
distribution for A is then determined from the distribution of
these resulting A values. Figure 1 illustrates the original i and
derived A distributions for both misalignment models, as well
as the current A data.
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Table 1
Results Summary
Data Model 1 Model 2 * (Model 1) * (Model 2) RP Confidence®
All 32 systems KCTF¢ PSTF® e e 1.34 96%
All 32 systems KCTF + aligned PSTF + aligned 0.64 £0.24 0.55+£0.21 —1.16 93%
All 32 systems KCTF PSTF + aligned . 0.55+0.21 —3.00 99%
12 hot systems' KCTF PSTF —-0.73 81%

Notes. Bold text indicates the favored model for a particular model comparison.
# Maximum-likelihood value, with symmetric 95% confidence range; only applicable to two-mode models.

b R > 0 favors model 1; R < 0 favors model 2.

¢ Degree of belief that the model selection is correct; based on Monte Carlo simulations (Section 3.2).

4 Kozai cycles + tidal friction (Fabrycky & Tremaine 2007).

¢ Planet—planet scattering + Kozai cycles and tidal friction (Nagasawa et al. 2008).

f Host star 7o > 6250 K.

In addition to comparing these two misalignment models,
we also consider the possibility that there might be multiple
migration mechanisms, inspired by the conclusions of FW09,
who found the data available at the time (10 systems) favored a
model with planets drawn from two distinct distributions: one
perfectly aligned (v = 0) and one isotropically misaligned.
After introducing our methods in Section 3, we explore in
Section 4 what we can learn if we assume that only a fraction
f of systems are misaligned according to one of the above
mechanisms, with the remaining 1 — f fraction being perfectly
aligned.

3. DATA ANALYSIS

The goal of our analysis is to select the model that describes
the data best, and to determine the confidence with which we can
make that selection. We do this first assuming that all planets are
misaligned, and then again allowing for an aligned population.
The following subsections outline the details of these steps.
The data we use are the 28 RM measurements compiled in
Table 1 of Winn et al. (2010) (with five of these systems
updated; J. N. Winn 2010, private communication), plus HAT-P-
14 (185°+£4.5) (J. N. Winn 2010, private communication), HAT-
P-4 (—15° & 16°) (J. N. Winn 2010, private communication),
and XO-4 (Narita et al. 2010). A summary of the results of all
our analysis is in Table 1.

3.1. Which Misalignment Mechanism is Preferred?

We use the Bayes factor for our model selection statistic,
which in the simple case of comparing two models with no free
parameters reduces to a likelihood ratio, as follows:

Lxoz({A
Re=logi (chxiD ’ M

where Lg,,({1}) and Ls.({A}) are likelihoods of the observed
data {A} under the two different misalignment models. R > 0
favors the KCTF model, and R < 0 favors the PSTF model.
The likelihoods are calculated as follows:

N
L) =[] P, )
i=1

where

180
Pyi) = / Pi)prma(A)da, 3)
0

with p;(A) being the probability distribution of the ith A
measurement (which we take to be a Gaussian centered at
the published value with width as the published error bar),
and pu; (L) being the A PDF for the model in question
(M = {Koz, scat}).

Using the current set of 32 A measurements, we calculate
R = 1.34, which favors KCTF over the PSTF. The following
section explains how we quantify the strength of this model
selection.

3.2. Confidence Assessment

Within the dichotomous paradigm of comparing two mis-
alignment models we can determine the confidence in our model
selection by answering the following question: “Given a mea-
sured value of R = 1.34, which favors the KCTF model, what
is the probability that the KCTF model is actually correct?” Or,
more generally, given any measured value of R, how can we
quantify the confidence in the implied model selection?

To address this question, we perform the analysis described
above on many simulated data sets. Starting with 10° randomly
generated spin—orbit systems for each misalignment model,
constructed according to the procedure described in Section 2,
we randomly select 32 A values from each underlying model.
Each simulated . measurement is the exact value of A drawn
from the simulations, perturbed by a measurement error o;,
assigned using Equation (16) from Gaudi & Winn (2007):

o) =

o 1 —y? |:(1—bz)coszk+3bzcoszk:|1/2
vsinl,/N ¥? b*(1 — b?) ’
4)

where o is the single-point RV measurement uncertainty, v sin I,
is the projected rotational velocity of the star, N is the number
of RV points in transit, y is the planet-star radius ratio, and b
is the transit impact parameter. For these simulated data sets,
we randomly assign vsin/,, y, and b by drawing randomly
with replacement from the current set of all transiting planet
systems.’> We take 0 = 5ms~! and N = 20 for each simulated
measurement.

We repeat this data simulation procedure 5000 times and
calculate R (Equation (1)) for each data set, giving us an
understanding of the expected distribution of R if either of
these models do describe the actual underlying . Using
these simulations to construct PDFs for R under each model

3 As listed at http://www.exoplanets.org
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Figure 2. Relationship between our model selection statistic R, or the logarithm
of the likelihood ratio, and a model selection confidence. We randomly draw
5000 sets of 32 A values from each model and measure R for each of these data
sets. The top panel shows the distribution of R values attained from these data
simulations. The confidence in the model selection at any particular R (bottom
panel) is determined by the relative heights of the two distributions at that R.
The current data strongly favor the KCTF model.

(A color version of this figure is available in the online journal.)

(Pr.x0z(R) and pg scat(R)) we can then ask what the probability
is of either model being true, given a measurement of R.
Applying Bayes’ theorem with a uniform prior on which model
should be correct, we may write

Pr(RIM) PrM(R)

Pr(M|R) = = ; )
2 PIRIM) 3 prM(R)
where again M = ({Koz, scat}. For our specific case, this
becomes
1.34
Pr(Koz|R = 1.34) = PR Ko(1.34) —0.94,
pR,Koz(1-34) + pR,scat(1~34) (6)

giving 94% confidence in the KCTF model. Figure 2 illustrates
this confidence-assessment procedure.

This result appears to support the conclusion of Triaud et al.
(2010), who claim that the current RM data points to the
FT07-KCTF model as explaining the formation of hot Jupiters
better than the NO8 model. However, as there are reasons
to be skeptical that the Kozai mechanism could plausibly be
responsible for the formation of all hot Jupiters, both theoretical
(Wu et al. 2007) and empirical (Schlaufman 2010), we take our
analysis one step further and consider what we may conclude if
we allow for two distinct populations of systems: aligned and
misaligned.

4. MULTIPLE MIGRATION CHANNELS?

Of the 32 A measurements to date, 14 have |A| < 10 and 19
are within 2 o of A = 0. Given that KCTF predicts many more
systems with small A than does the PSTF model, it is thus not
surprising that it is preferred over PSTF in the above analysis.
But what if only a fraction of planets migrate via a misaligning
mechanism while the rest migrate through a process such as disk
migration (Lin et al. 1996) that preserves spin—orbit alignment?
Analyzing the first 10 A measurements (that included only a
single significantly misaligned system), FW09 found such a
two-population model to be their best selection. Especially
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given the difficulties of explaining all hot Jupiter migration
using the Kozai mechanism alone (Wu et al. 2007), and given
that Schlaufman (2010) found that fewer systems seem to be
misaligned than the KCTF model predicts, it seems prudent
to investigate how allowing for an aligned population affects
conclusions about the intrinsic v distribution.

Accordingly, we add a parameter to each of our models: f,
the fraction of systems that migrate according to either KCTF
or PSTF, leaving the remaining 1 — f fraction with ¢ = 0 (and
thus A = 0). This requires us to modify our model selection
procedure (Section 4.2), but it also enables us to ask an additional
question: what do the models imply about f (Section 4.1)?

4.1. What Fraction of Systems are Misaligned?

We may use Bayes’ theorem to calculate the probability
distribution for the misaligned fraction f for each of our two
models, conditioned on the 32 observed A values. For this
particular case, we may write Bayes’ theorem as follows:

L))
Jy L DS

where as before {A} is the set of observed A values and
M represents a particular model (either “Koz” or “scat”),
pr.m(fI{A}) is the posterior probability distribution for f under
model M, Ly ({r}|f) is the likelihood of the data given
a particular f under M, and p(f) is the prior probability
distribution for f, which we take to be flat between O and 1.
The denominator is the normalization factor, also known as the
marginal likelihood. The posterior probability distribution for
f allows us to infer conclusions about f for a particular model
given the current data. The likelihood function is calculated
the same way as Equation (2), except that now the probability
distribution for A is dependent on f:

prm(fI{AD = )

Pam@L) = fx pu@) + (1 = [)S), ®)

where p(A) are the X distributions we calculated in Section 2
(bottom panel of Figure 1), and §(%) is the Dirac delta function.

Figure 3 illustrates L({\}|f) as a function of f for each
model. We measure the most likely values and their symmetric
95% confidence ranges for f' by normalizing the likelihoods and
computing the cumulative distribution functions. If the KCTF +
aligned model is correct, flies between 0.40 and 0.87 with 95%
confidence, with the most likely value being 0.64. Similarly, if
the PSTF + aligned model is correct, f lies between 0.34 and
0.76 with 95% confidence, with the most likely value being 0.55.
Both models indicate a significant fraction of aligned systems,
with the PSTF model indicating that nearly half of systems
might be intrinsically aligned. So, the next question to ask is: in
this two-channel picture of planet migration, which model do
the data favor?

4.2. Two-mode Model Selection and Confidence Assessment

Since the models we are now comparing each have an un-
known parameter f, we redefine our model comparison statistic
to be the ratio of the marginal likelihoods (the denominator of
Equation (7), or the area under the curves in Figure 3) of the
two models:

- (fo‘ ﬁKoz({mf)p(f)df)
= 1089 I ,
Jo Lscal2IHPCS

)
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Figure 3. Posterior distribution of f for each of our two-migration-channel
models, conditioned on 32 observed X values. We show that if the true misaligned
population were misaligned according to the KCTF distribution, then we expect
that about 64% of close-in planets are misaligned. Similarly, if the misaligning
mechanism were PSTF, then the most likely value of fis close to 55%. Strictly
speaking, this figure shows the likelihood of the current data as a function of f for
each model—if these curves were normalized they would be proper probability
distributions, given our flat prior for f. However, plotting them in un-normalized
form is illustrative, since we use the ratio of the areas under these curves (the
marginal likelihood) as our two-mode model selection criterion.

(A color version of this figure is available in the online journal.)

where again R > 0 favors KCTF + aligned and R < 0 favors
PSTF + aligned. This time, we calculate R = —1.16, which
favors PSTF over KCTFE.

Confidence assessment requires data simulations as before,
except now we simulate data sets for each model on a grid of
f values, to determine the behavior of R as a function both of
misalignment model and f. So, for each of 20 equally spaced
values of f between 0 and 1, we randomly draw 1000 sets of
30 systems, as described in Section 3.2, simulating the aligned
fraction of planets by giving each simulated A a probability
(1 — f) to be re-assigned to A = 0 before being perturbed by
the measurement error.

These simulated R values give us an R PDF for each f for
each model—essentially empirical two-dimensional likelihood
functions: Lz koz(R, f) and Lz scat(R, f), where R is contin-
uous but fis only sampled at 20 points between 0 and 1. Since
we already calculated the posterior probability distribution of f
given the current data for each of our models above, we may
marginalize these likelihood functions over f'to calculate a prop-
erly weighted one-dimensional PDF for R:

20
PrMR) =) Lr m(R, fOPI(filiA}, M) (10)

i=1

The term Pr( f;|{A}, M) is the probability obtained by integrat-
ing pr m(fH{A}) (Equation (7); Figure 3) between f; — Af/2
and f; + Af/2, where Af is the spacing between successive f
values in our simulations. Using these likelihood functions, we
may calculate the probability of either of our models being true,
analogously to Equations (5) and (6). We find that our measure-
ment of R = —1.16 gives a confidence of 94% for the PSTF
model, illustrated in Figure 4.

Thus, while the current sample of A measurements appears at
first to be evidence for Kozai migration as predicted by FT07, the
model preference changes in favor of the NO8 scattering model
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Figure 4. Relationship between our model selection statistic and model selection
confidence, for comparing our two-mode migration models, where only a
fraction f of planets are misaligned and the rest are in perfectly aligned systems.
‘R in this case is the logarithm of the ratio of the marginal likelihoods of the two
models, and the R distributions are generated by measuring the R values for
data simulations at different f. The PSTF + aligned model is preferred over the
KCTF + aligned model. See Section 4.2 for details.

(A color version of this figure is available in the online journal.)

if allowance is made for the existence of some systems forming
hot Jupiters via some mechanism that preserves alignment.
And since what current RM measurements can tell us about
planet migration mechanisms changes significantly depending
on whether we assume one or two migration channels, we next
explore whether current data allow us to distinguish between
those scenarios.

4.3. One Channel or Two Channels?

We approach this question the same way we have hitherto
approached the other model selection questions: define a model
selection statistic R, calculate R for the current data, and
determine confidence based on data simulations. Our model
selection statistic in this case becomes

Lon
R:log10<£°e), (11)

two

where L. is one-mode likelihood as used in Equation (1) and
Liwo 1s a marginalized likelihood as used in Equation (9). Since
KCTF is preferred for one-mode migration and PSTF is the
preferred two-mode model, we take Lo, to be the likelihood
of the data under the KCTF model and Ly, to be the marginal
likelihood of the data under the PSTF + aligned model. The
advantage of the Bayesian approach here is that it allows us to
properly compare models with different numbers of parameters
(in this case, zero and one). We calculate R = —3.00, which
strongly favors the PSTF + aligned model over the one-mode
KCTF model, with a confidence of 99% (Figure 5).

5. HOT STARS

We have shown that the KCTF prediction for the distribu-
tion of i for migrated planets does not adequately explain the
observed distribution of A, and that current data favor a com-
bination of well-aligned systems and systems misaligned via
planet—planet scattering. However, it may be that the current
population we observe is not representative of the initial mis-
alignment distribution. For example, Matsumura et al. (2010)
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Figure 5. Relationship between our model selection statistic and model selection
confidence, comparing the preferred single-mode migration scenario (KCTF)
to the preferred two-mode model (PSTF + aligned). PSTF + aligned is strongly
preferred over single-mode KCTF.

(A color version of this figure is available in the online journal.)

conclude that tidal effects may be important in damping out
initial misalignment in some systems. Winn et al. (2010) note
that most of the misaligned planets that have been observed to
date are around stars hotter than 6250 K. Based on this empir-
ical finding, they suggest that perhaps all hot Jupiters migrate
through some misaligning mechanism, and that cooler stars with
deep convective zones have their envelopes tidally torqued into
alignment by the planet on a relatively quick timescale, thereby
erasing the evidence of the initial misalignment. If this were
indeed the case, then an important key to understanding hot
Jupiter migration would be spin—orbit measurements of planets
transiting hot stars, since these systems would presumably have
maintained their primordial misalignment.

Following this line of inquiry, we repeat the analyses of
Sections 3 and 4 restricted to only the current sample of 12
hot stars (Teir > 6250 K). Of our two one-mode migration
models, PSTF is favored over KCTF, with 81% confidence
(R = —0.73; Figure 6). We also explore the two-mode
migration hypothesis, allowing for hot stars to also have an
intrinsically aligned population. The posterior distributions for
f under the two models conditioned on the hot star data are
illustrated in Figure 7, showing that both models favor almost
complete misalignment. In fact, one-mode versus two-mode
model selection for this subset of the data gives R = —0.33,
favoring the single-mode hypothesis. For this reason we do not
pursue any further the idea that there exists an intrinsically
aligned population among hot stars, as the current data do not
merit the additional model complication.

Thus, if the distribution of hot star A values represents the
primordial alignment distribution for all stars, the current 12 A
observations hint that the PSTF prediction of NO8 describes
planet migration better than the KCTF model of FT07. However,
there are not yet enough data for this model selection to be
conclusive. In the next section, we discuss how many more RM
measurements will likely be needed in order to make hot star
model selections confident.

6. HOW MANY HOT STAR RM OBSERVATIONS
ARE NEEDED?

With the full sample of 32 RM observations to date, we are
able to confidently state that a combination of well-aligned
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(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

systems and systems misaligned via planet—planet scattering
(the PSTF model) explains the current data better than migration
via the Kozai mechanism and tidal friction alone (KCTF).
Only considering the sample of 12 hot stars, our present
conclusions are weaker. Inspired by the work of Swift &
Beaumont (2010), who calculated the sample size of protostellar
cores necessary to reliably distinguish a power law from
a lognormal distribution, we wish to quantify how many
additional hot star A measurements will likely be needed in
order to measure R values indicative of confident (> 95%)
model selection between the KCTF and PSTF models.

This requires determining two things: first, what values of R
correspond to 95% confident model selections for a given sample
size N; and second, how likely we are to actually measure such
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measurements (40 total), we have a 75% chance of selecting the PSTF model at
> 95% confidence.

(A color version of this figure is available in the online journal.)

a confident value once we have N observations in hand, given
the current set of 12 as our starting point.

Both questions can be addressed by data simulations. The R
thresholds that represent 95% confidence for a given N can be
determined by simulating many data sets of sample size N and
using Equation (5) to calculate model selection confidence as a
function of R. This has already been illustrated for N = 32 in
Figures 2, 4, and 5 and for N = 12 in Figure 6. We repeat this
procedure for different sample sizes, defining R thresholds for
our model selection for a series of N values up to N = 100.

We also use data simulations to determine the probability of
a future experiment resulting in a confident R measurement. To
do this we again simulate many data sets of the same sizes as
above and measure the R distributions of the experiments, but
this time the first 12 measurements in each data set are fixed
to be the current hot star measurements. Then, we use the R
distributions to predict how often threshold values are reached
for each model. This probability is plotted against sample size
in Figure 8.

We learn from this that in order to have > 90% chance of
obtaining a hot star data set that confidently selects either of
our single-mode migration models, we will likely need a total
data set of about 80—100 hot star RM observations (Figure 8).
More optimistically, there is > 50% chance of confident model
selection with only a factor of ~3 more observations (~35 total)
if the PSTF model is correct. Given the pace at which this field is
growing, this may be reasonably expected to happen within the
next few years. On the other hand, if the KCTF model (or some
other model) is a better description of reality, then it will likely
take more observations to determine this, given the preference
of the current data for the PSTF model.

7. DISCUSSION AND CONCLUSIONS

The study of exoplanet spin—orbit angles is advancing rapidly,
with 32 measured projected spin—orbit angles and more to come
as ground- and space-based surveys continue to detect transiting
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planets. We have analyzed the current sample and quantify what
may be inferred about the distribution of true spin—orbit angles
Y. In particular, we ask whether the current data are sufficient
to test the predicted distribution of ¢ from specific migration
mechanisms, using the Kozai cycles + tidal friction (KCTF)
model of Fabrycky & Tremaine (2007) and the planet—planet
scattering model of Nagasawa et al. (2008) (which also includes
the Kozai effect and tidal friction; PSTF) as test models.

We find that conclusions about which migration mechanism
is responsible for misalignment depend crucially on the assump-
tion of whether there exists a population of intrinsically aligned
systems (yy = 0). Without allowing for an intrinsically aligned
population we find that the KCTF model is favored over the
PSTF mechanism (Section 3), but allowing for this population
we find that PSTF is favored (Section 4), with the most likely
fraction of misaligned systems being 0.55, and between 0.34
and 0.76 with 95% confidence. We also find that this two-mode
migration model (PSTF + aligned) is significantly favored over
single-mode KCTF migration. This agrees with Schlaufman
(2010), who also concluded that there is likely to be an aligned
population, based on detecting fewer likely misaligned systems
than expected based on predictions of the KCTF model.

These results may be an indication of two migration channels
for close-in planets, one that acts gently, preserving the align-
ment of planet orbits with the stellar spin, and one that acts im-
pulsively, causing misalignment. The gentle mechanism might
well be disk migration (Lin et al. 1996), and our analysis sug-
gests that the misaligning mechanism is not solely the Kozai ef-
fect but rather some mechanism that distributes 1 more broadly,
such as planet—planet scattering in combination with the Kozai
effect. This accords with the conclusion of Matsumura et al.
(2010) that some of the close-in planets with non-zero orbital
eccentricities are likely to have been formed by planet—planet
scattering and subsequent tidal circularization.

Focusing on the subsample of 12 hot star (Ter > 6250 K)
A measurements, which Winn et al. (2010) predict might be
the only systems to maintain their primordial misalignments,
we find that the data prefer the single-mode PSTF model over
KCTF, with a confidence of 85%. We also find that a single
migration mechanism is sufficient to describe the current hot star
A distribution, without including an intrinsically well-aligned
fraction.

Looking to the future, we also calculate the number of
additional hot star A measurements necessary to achieve > 95%
confidence in the hot star model selection (Section 6). We
find that if either of our single-mode mechanisms describes
the i distribution around hot stars, then a total data set of
about 80-100 A measurements should definitely be sufficient to
solidify which is the preferred model, with a > 50% probability
of confident model selection with a total data set of only
about 40, if scattering is indeed the best explanation for the
Y distribution of close-in planets.

Thus, we suggest that if RM studies wish to be able to identify
migration mechanisms through measuring A distributions, they
should concentrate on measuring A for planets around hot
stars. Of course it is conceivable that migration mechanisms
themselves might be different around different types of stars, in
which case hot star A measurements might not tell us anything
about cool star migration, but that is the kind of question that will
only be able to be explored when much more data are available.

Finally, we emphasize that the results in this paper are
illustratory more than definitive, as we have only tested two very
specific misalignment models. Consequently, we encourage
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continued theoretical work predicting ¢ distributions, as the
analysis we present may be applied to any prediction. We can
use the results of this paper as a guide for what to expect from
such future analyses. For example, models that favor larger
values of A more strongly than the present KCTF prediction (as
does the PSTF model) are likely to be preferred. We also suggest
that an interesting question to pursue would be self-consistent
planet formation and dynamical evolution calculations, in order
to explore planet—planet scattering in the context of realistic
formation scenarios (in contrast to the fixed initial conditions of
the Nagasawa et al. 2008 simulations). A particularly intriguing
angle to explore in such work would be whether a plausible
explanation for the observed trend in A with stellar temperature/
mass might be explainable by more massive stars tending to
form more massive planets in closer proximity, so as to make
planet—planet scattering (and thus spin—orbit misalignment)
more common among earlier type stars. Migration models
might also be combined with models that predict that large
values of ¢y might originate from the host star itself being tilted
relative to the disk (Lai et al. 2010), rather than solely from the
effects of planet migration, though current observations suggest
that protoplanetary disks tend to be aligned with stellar spins
(Watson et al. 2010).

Planet migration has been a mystery ever since the first
hot Jupiters were discovered, with very little observational
evidence to substantiate theories. As fossil remnants of planet
migration, spin—orbit angles are key to understanding the origins
of these close-in planets, and the first few years’ worth of A
measurements are beginning to give substantial clues. Many
more transiting planets will be discovered in the near future
thanks to the productivity of transit surveys, and as long as RM
measurements of these systems continue our understanding of
planet migration will continue to improve.
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content of this paper from Josh Winn and Dan Fabrycky, and
useful comments from an anonymous referee. T.D.M. thanks
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thanks Jon Swift, Michael Cushing, Brendan Bowler, Justin
Crepp, and Ed Turner for illuminating discussions over the years
on topics related to data analysis and statistical methods.

REFERENCES

Chatterjee, S., Ford, E. B., Matsumura, S., & Rasio, F. A. 2008, ApJ, 686, 580

Fabrycky, D., & Tremaine, S. 2007, ApJ, 669, 1298

Fabrycky, D. C., & Winn, J. N. 2009, ApJ, 696, 1230

Ford, E. B., & Rasio, F. A. 2008, ApJ, 686, 621

Gaudi, B. S., & Winn, J. N. 2007, ApJ, 655, 550

Hébrard, G., et al. 2008, A&A, 488, 763

Ho, S., & Turner, E. L. 2010, arXiv:1007.0245

Johnson, J. A., Winn, J. N., Albrecht, S., Howard, A. W., Marcy, G. W., &
Gazak, J. Z. 2009, PASP, 121, 1104

Juri¢, M., & Tremaine, S. 2008, ApJ, 686, 603

Kozai, Y. 1962, AJ, 67, 591

Lai, D., Foucart, F., & Lin, D. N. C. 2010, arXiv:1008.3148

Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature, 380, 606

Matsumura, S., Peale, S. J., & Rasio, F. A. 2010, ApJ, 725, 1995

Nagasawa, M., Ida, S., & Bessho, T. 2008, ApJ, 678, 498

Narita, N., Hirano, T., Sanchis-Ojeda, R., Winn, J. N., Holman, M. J., Sato, B.,
Aoki, W., & Tamura, M. 2010, PAS]J, 62, 61

Narita, N., Sato, B., Hirano, T., & Tamura, M. 2009, PAS]J, 61, L35

Narita, N., et al. 2007, PASJ, 59, 763

Schlaufman, K. C. 2010, ApJ, 719, 602

Swift, J. J., & Beaumont, C. N. 2010, PASP, 122, 224

Triaud, A. H. M. J., et al. 2010, A&A, 524, 25

Watson, C. A., Littlefair, S. P.,, Diamond, C., Collier Cameron, A., Fitzsimmons,
A., Simpson, E., Moulds, V., & Pollacco, D. 2010, arXiv:1009.4132

Winn, J. N., Fabrycky, D., Albrecht, S., & Johnson, J. A. 2010, ApJ, 718, L145

Winn, J. N., Johnson, J. A., Albrecht, S., Howard, A. W., Marcy, G. W.,
Crossfield, I. J., & Holman, M. J. 2009a, ApJ, 703, L99

Winn, J. N., et al. 2005, ApJ, 631, 1215

Winn, J. N., et al. 2006, ApJ, 653, L69

Winn, J. N., et al. 2007, AJ, 133, 1828

Winn, J. N., et al. 2009b, ApJ, 700, 302

Wolf, A. S., Laughlin, G., Henry, G. W., Fischer, D. A., Marcy, G., Butler, P.,
& Vogt, S. 2007, Apl, 667, 549

Wu, Y., Murray, N. W., & Ramsahai, J. M. 2007, ApJ, 670, 820


http://dx.doi.org/10.1086/590227
http://adsabs.harvard.edu/abs/2008ApJ...686..580C
http://adsabs.harvard.edu/abs/2008ApJ...686..580C
http://dx.doi.org/10.1086/521702
http://adsabs.harvard.edu/abs/2007ApJ...669.1298F
http://adsabs.harvard.edu/abs/2007ApJ...669.1298F
http://dx.doi.org/10.1088/0004-637X/696/2/1230
http://adsabs.harvard.edu/abs/2009ApJ...696.1230F
http://adsabs.harvard.edu/abs/2009ApJ...696.1230F
http://dx.doi.org/10.1086/590926
http://adsabs.harvard.edu/abs/2008ApJ...686..621F
http://adsabs.harvard.edu/abs/2008ApJ...686..621F
http://dx.doi.org/10.1086/509910
http://adsabs.harvard.edu/abs/2007ApJ...655..550G
http://adsabs.harvard.edu/abs/2007ApJ...655..550G
http://dx.doi.org/10.1051/0004-6361:200810056
http://adsabs.harvard.edu/abs/2008A&A...488..763H
http://adsabs.harvard.edu/abs/2008A&A...488..763H
http://www.arxiv.org/abs/1007.0245
http://dx.doi.org/10.1086/644604
http://adsabs.harvard.edu/abs/2009PASP..121.1104J
http://adsabs.harvard.edu/abs/2009PASP..121.1104J
http://dx.doi.org/10.1086/590047
http://adsabs.harvard.edu/abs/2008ApJ...686..603J
http://adsabs.harvard.edu/abs/2008ApJ...686..603J
http://dx.doi.org/10.1086/108790
http://adsabs.harvard.edu/abs/1962AJ.....67..591K
http://adsabs.harvard.edu/abs/1962AJ.....67..591K
http://www.arxiv.org/abs/1008.3148
http://dx.doi.org/10.1038/380606a0
http://adsabs.harvard.edu/abs/1996Natur.380..606L
http://adsabs.harvard.edu/abs/1996Natur.380..606L
http://dx.doi.org/10.1088/0004-637X/725/2/1995
http://adsabs.harvard.edu/abs/2010ApJ...725.1995M
http://adsabs.harvard.edu/abs/2010ApJ...725.1995M
http://dx.doi.org/10.1086/529369
http://adsabs.harvard.edu/abs/2008ApJ...678..498N
http://adsabs.harvard.edu/abs/2008ApJ...678..498N
http://adsabs.harvard.edu/abs/2010PASJ...62L..61N
http://adsabs.harvard.edu/abs/2010PASJ...62L..61N
http://adsabs.harvard.edu/abs/2009PASJ...61L..35N
http://adsabs.harvard.edu/abs/2009PASJ...61L..35N
http://adsabs.harvard.edu/abs/2007PASJ...59..763N
http://adsabs.harvard.edu/abs/2007PASJ...59..763N
http://dx.doi.org/10.1088/0004-637X/719/1/602
http://adsabs.harvard.edu/abs/2010ApJ...719..602S
http://adsabs.harvard.edu/abs/2010ApJ...719..602S
http://dx.doi.org/10.1086/650398
http://adsabs.harvard.edu/abs/2010PASP..122..224S
http://adsabs.harvard.edu/abs/2010PASP..122..224S
http://dx.doi.org/10.1051/0004-6361/201014525
http://adsabs.harvard.edu/abs/2010A&A...524A..25T
http://adsabs.harvard.edu/abs/2010A&A...524A..25T
http://www.arxiv.org/abs/1009.4132
http://dx.doi.org/10.1088/2041-8205/718/2/L145
http://adsabs.harvard.edu/abs/2010ApJ...718L.145W
http://adsabs.harvard.edu/abs/2010ApJ...718L.145W
http://dx.doi.org/10.1088/0004-637X/703/2/L99
http://adsabs.harvard.edu/abs/2009ApJ...703L..99W
http://adsabs.harvard.edu/abs/2009ApJ...703L..99W
http://dx.doi.org/10.1086/432571
http://adsabs.harvard.edu/abs/2005ApJ...631.1215W
http://adsabs.harvard.edu/abs/2005ApJ...631.1215W
http://dx.doi.org/10.1086/510528
http://adsabs.harvard.edu/abs/2006ApJ...653L..69W
http://adsabs.harvard.edu/abs/2006ApJ...653L..69W
http://dx.doi.org/10.1086/512159
http://adsabs.harvard.edu/abs/2007AJ....133.1828W
http://adsabs.harvard.edu/abs/2007AJ....133.1828W
http://dx.doi.org/10.1088/0004-637X/700/1/302
http://adsabs.harvard.edu/abs/2009ApJ...700..302W
http://adsabs.harvard.edu/abs/2009ApJ...700..302W
http://dx.doi.org/10.1086/503354
http://adsabs.harvard.edu/abs/2007ApJ...667..549W
http://adsabs.harvard.edu/abs/2007ApJ...667..549W
http://dx.doi.org/10.1086/521996
http://adsabs.harvard.edu/abs/2007ApJ...670..820W
http://adsabs.harvard.edu/abs/2007ApJ...670..820W

	1. INTRODUCTION
	2. THE MODELS
	3. DATA ANALYSIS
	3.1. Which Misalignment Mechanism is Preferred?
	3.2. Confidence Assessment

	4. MULTIPLE MIGRATION CHANNELS?
	4.1. What Fraction of Systems are Misaligned?
	4.2. Two-mode Model Selection and Confidence Assessment
	4.3. One Channel or Two Channels?

	5. HOT STARS
	6. HOW MANY HOT STAR RM OBSERVATIONS ARE NEEDED?
	7. DISCUSSION AND CONCLUSIONS
	REFERENCES

