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TWO UPPER LIMITS ON THE ROSSITER–MCLAUGHLIN EFFECT, WITH DIFFERING IMPLICATIONS:
WASP-1 HAS A HIGH OBLIQUITY AND WASP-2 IS INDETERMINATE∗
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ABSTRACT

We present precise radial-velocity (RV) measurements of WASP-1 and WASP-2 throughout transits of their giant
planets. Our goal was to detect the Rossiter–McLaughlin (RM) effect, the anomalous RV observed during eclipses
of rotating stars, which can be used to study the obliquities of planet-hosting stars. For WASP-1, a weak signal of
a prograde orbit was detected with≈2σ con�dence, and for WASP-2 no signal was detected. The resulting upper
bounds on the RM amplitude have different implications for these two systems because of the contrasting transit
further away from their host star and migrate inward. How and
why this migration occurs is subject to debate (e.g., Lin et al.
1996; Nagasawa et al.2008). Recently, an important clue to
this riddle was revealed: a subset of the close-in planets have
orbits that are seeming randomly oriented with respect to the
equatorial plane of the host star (see, e.g., Hébrard et al.2008;
Winn et al.2009; Narita et al.2009; Johnson et al.2009; Triaud
et al.2010).

Winn et al. (2010) and Schlaufman (2010) found that planets
orbiting stars with effective temperatures�6250 K (i.e., mass
�1.2M

�) tend to have an orbital axis misaligned with respect
to the stellar spin axis, i.e., a high stellar obliquity. In contrast,
the two axes are generally well aligned for systems in which the
host star is cooler (i.e., less massive). These authors noted that

∗ The data presented herein were collected with the Magellan (Clay)
Telescope located at Las Campanas Observatory, Chile; the Subaru telescope,
which is operated by the National Astronomical Observatory of Japan; and the
Keck I telescope at the W. M. Keck Observatory, which is operated as a
scienti�c partnership among the California Institute of Technology, the
University of California and the National Aeronautics and Space
Administration.

this could re�ect a difference in the dominant planet migration
mechanism between low-mass stars and high-mass stars. Winn
et al. (2010) further speculated thatall close-in giant planets
are transported inward by processes that disrupt spin–orbit
alignment. Subsequently, the angular momenta are realigned
via tidal interaction, and this process is more rapid in cooler
stars perhaps due to their thicker convective envelopes. In this
picture, any viable migration process would have to introduce
misalignment between orbital and stellar spin.

However, the small sample of accurate and precise measure-
ments of stellar obliquities (≈25 systems) and the possibility
of selection effects present us with many pitfalls if we want
to validate or reject theories of giant planet migration. Here,
we report on our attempts to measure the spin–orbit angles
in the WASP-1 and WASP-2 systems, taking advantage of the
Rossiter–McLaughlin (RM) effect.

WASP-1b was discovered by Cameron et al. (2007). It orbits
on a 2.d52 circular orbit around an F7V star and has a mass
of 0.92MJup. One reason why this system is interesting is that
Stempels et al. (2007) reported a projected stellar rotation speed
of v sini� < 5.79 ± 0.35 km s−1, which is relatively slow for
a star of this spectral type. For this reason, Schlaufman (2010)
identi�ed WASP-1 as a likely case of spin–orbit misalignment
along the line of sight, i.e., sini� < 1 even though sinio ≈ 1
for the planetary orbit. The star’s effective temperature places
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Figure 1. Geometry of the Rossiter–McLaughlin effect. The left panel illustrates a transit, with the planet crossing from left to right. Due to stellar rotation, the left
side of the star is moving toward the observer and the right side is receding. The unit vectorsn̂� andn̂o point along the sky-projected stellar rotation axis and planetary
orbital axis. They are separated by an angleλ. In this diagram,̂n� points in they-direction, and the anomalous RV caused by the planet is proportional tox (see
Section2). The extrema in the RM signal occur at ingress (x = x1) and egress (x = x2). The relations betweenx1, x2, λ, and the impact parameterb are indicated on
the diagram. The right panel shows the corresponding RM signal as a function of time for an idealized case with no stellar limb darkening.
(A color version of this �gure is available in the online journal.)

it right in the range where the transition from well aligned
to misaligned orbits was observed by Winn et al. (2010) and
Schlaufman (2010). Recently, Simpson et al. (2011) reported
a detection of the RM effect for this system and concluded
the orbital and stellar spins were misaligned in the plane of
the sky. As we will discuss in Section3, our analysis leads
to a more complex conclusion: while we agree that the spin
and orbital vectors are misaligned, the evidence for a sky-plane
misalignment is much weaker than the evidence for a line-of-
sight misalignment.

WASP-2b was also discovered by Cameron et al. (2007). This
0.87MJup planet has a host star of later spectral type (K1V) and
orbits on a circular 2.d15 orbit. Recently, Triaud et al. (2010)
reported an angle of 153+11

−15 deg between the projected orbital
and stellar spins, i.e., a retrograde orbit. This is interesting as
the host star is �rmly on the “cool” side of the proposed divide
between cool well aligned stars and hot misaligned stars. WASP-
2 would therefore constitute an important exception to the trend.
However, as we will discuss in Section4, we �nd no evidence
for a retrograde orbit and argue that the obliquity of the host star
cannot be determined from either the new data or the previously
published data.

2. ROSSITER–MCLAUGHLIN EFFECT

From the perspective of this study, there are two main
differences between the WASP-1 and WASP-2 systems. First,
the stars are of differing spectral type, leading to different a priori
expectations for the stellar rotation speed. The implications
of this difference are discussed in Sections3 and 4. Second,
the planets’ trajectories across the stellar disk have different
impact parameters: WASP-1b nearly crosses the center of the
disk, while the transit of WASP-2b is off-center. This section is
concerned with the implications of this geometrical difference,
as well as the more general relation between the characteristics
of the RM signal and the parameters that are often used to
model the signal. Some of these aspects of RM modeling were
described by Gaudi & Winn (2007), to which we refer the reader
for a more comprehensive account.

Models of the RM effect with varying degrees of accuracy
have been worked out by Hosokawa (1953), Queloz et al. (2000),
Ohta et al. (2005), Winn et al. (2005), Giménez (2006), Albrecht
et al. (2007), Gaudi & Winn (2007), Collier Cameron et al.
(2010), Hirano et al. (2010), and Shporer & Brown (2011).
Because our aim in this section is pedagogical, we ignore

the in�uence of stellar limb-darkening, differential rotation,
gravity darkening, surface velocity �elds, and any departures
from sphericity of the planet or star. We also assume that
the planet-to-star radius ratioRp/R� is small, and that this
parameter is known precisely along with all the other parameters
that are derived from photometric observations of transits.
In particular, we assume precise knowledge of the impact
parameterb ≡ rt cosio/R�, where rt is the orbital distance
at the time of transit,R� is the stellar radius, andio is the orbital
inclination.

With these approximations, the anomalous radial velocity
(RV) due to the RM effect is

ΔVRM(t) ≈ −
�

Rp

R�

�2

vp(t), (1)

wherevp(t) is the “subplanet” RV, i.e., the radial component of
the rotational velocity of the portion of the photosphere hidden
by the planet. Neglecting differential rotation, we may write

vp(t) = (v sini�)x/R�, (2)

wherex is the distance on the sky plane from the center of the
planet to the stellar rotation axis (see, e.g., p. 461–462 of Gray
2005).

The situation is illustrated in Figure1. In this diagram,n̂�

and n̂o are unit vectors parallel to the sky projections of the
stellar and orbital angular momenta, respectively. The angleλ is
measured from̂n� to n̂o.11 The maximum redshift and blueshift
occur at ingress and egress, which we take to havex-coordinates
of x1 andx2, respectively. Using the geometrical relations shown
in the diagram, we may writex1 andx2 in terms ofb andλ:

x1 = (
�

1 − b2 − b tanλ) cosλ =
�

1 − b2 cosλ − b sinλ,

x2 = (
�

1 − b2 + b tanλ) cosλ =
�

1 − b2 cosλ + b sinλ. (3)

It is instructive to examine the (scaled) sum and difference ofx1
andx2:

1
2
v sini�(x2 + x1) =

�
1 − b2v sini� cosλ,

1
2
v sini�(x2 − x1) = bv sini� sinλ. (4)

11 This de�nition of λ is taken from Ohta et al. (2005). Some other
investigators measure the angle fromn̂o to n̂� and denote the angleβ. Clearly,
β = −λ.
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Figure 4. Spectrum of the F7V star WASP-1. A small portion of the spectrum
of WASP-1, as obtained with HIRES, is shown. The dots represent the observed
spectrum, the solid line represents our best �t with a macroturbulence parameter
of 3.98 km s−1 and av sini� of 2.9 km s−1. The (red) dashed line shows the
spectrum broadened to the values given by Stempels et al. (2007), who obtained
av sini� of 5.79 km s−1 with a macroturbulence parameter of 4.5 km s−1. The
two lower rows of points show the differences between model and data for our
best �t (black dots) and the values given by Stempels et al. (2007) (red dots).
(A color version of this �gure is available in the online journal.)

attribute the excess broadening of the observed lines to rotation.
When using SME, it is assumedvmic = 0.85 km s−1 and

vmac =
�

3.98 +
Teff − 5770 K

650 K

�
km s−1, (5)

an empirical relation determined by Valenti & Fischer (2005).12

For WASP-1, this formula givesvmac = 4.66 km s−1. This is
not too different from the valuevmac = 4.5 km s−1 that was
assumed by Stempels et al. (2007) and hence the discrepancy in
v sini� cannot be attributed to different assumptions regarding
macroturbulence.

To investigate further, we performed a differential assay for
rotation, based on a comparison between the solar spectrum and
a Keck/HIRES spectrum of WASP-1. First, we deconvolved
the WASP-1 spectrum to remove the instrumental broadening
of width 2.2 km s−1. Then, using the MORPH code of Johnson
et al. (2006), we applied a rotational broadening kernel to the
NSO solar spectrum of Kurucz et al. (1984) to achieve the best
�t to the deconvolved WASP-1 spectrum. We found that the
best-�tting broadening kernel was 2.36 km s−1, indicating the
WASP-1 lines are slightly broader than the solar lines. Figure4
shows a small portion of the WASP-1 spectrum and our best-
�tting model based on the broadened solar spectrum.

The larger breadth of the WASP-1 lines could be interpreted as
more rapid rotation than the Sun, but in fact part of the increased
breadth is expected to be due to the higher macroturbulence of
WASP-1. However since the accuracy of Equation (5) is not
known, we may here simply assume that the macroturbulence
of WASP-1 is greater than or equal to the macroturbulence of
the Sun. The MORPH �nding implies

[v sini�(W1)]2 + [vmac(�)]2

≈ [v sini�(�)]2 + [vmac(�)]2 + (2.36 km s−1)2, (6)

12 The equation given here corrects a sign error in Equation (1) of Valenti &
Fischer (2005).

where the “W1” quantity is for WASP-1 and the “�” quantities
are for the Sun.13 Taking the disk-integrated rotation and
macroturbulence of the Sun to be 1.63 km s−1 and 3.98 km s−1,
and the macroturbulence for WASP-1 the same as the Sun,
Equation (6) givesv sini� < 2.9 km s−1 for WASP-1.

These results show that the projected rotation speed of
WASP-1 is quite slow (<2.9 km s−1) and is in fact nearly
undetectable against the dominant line-broadening effect of
macroturbulence. Figure4 also shows that our spectrum is
incompatible with the more rapid rotation of 5.79± 0.35 km s−1

found by Stempels et al. (2007). We do not know why Stempels
et al. (2007) found a higherv sini� even when making equivalent
assumptions regarding macroturbulence. Genuine changes in
v sini� could be produced by spin precession, but are not
expected to be appreciable on such short timescales, and hence
we proceed under the assumption that the Stempels et al. (2007)
determination was in error.

To reduce the uncertainties in the photometric parameters, we
gathered new photometric data with Keplercam, a CCD camera
on the 1.2 m telescope of the Fred L. Whipple Observatory on
Mount Hopkins, Arizona (Szentgyorgyi et al.2005). Observa-
tions were conducted in the Sloan Digital Sky Survey (SDSS)
z′-band on 2009 September 16/17 and 2010 September 29/30,
although bad weather interrupted the transit in both cases. The
new photometric data were combined with the previous data
of Charbonneau et al. (2007), which were gathered with the
same instrument and reduced with similar procedures. All of
the Keplercam data are shown in Figure5.

3.2. Analysis

To derive constraints onλ, we �tted a model simultaneously
to the RV data and the photometric data. The photometric transit
was modeled with the code of Mandel & Agol (2002), and the
RM effect was modeled with a simpli�ed version of the code of
Albrecht et al. (2007). This model for the RM effect is similar to
that given in Equation (7) but takes limb darkening into account.
It does not take into account the nonlinear relation between
ΔVRM andvp(t) because those nonlinearities are important only
for stars with largerv sini� (see, e.g., Winn et al.2005; Hirano
et al.2010).

The transit impact parameter for WASP-1b is small, with
Torres et al. (2008) having reportedb = 0.00+0.27

−0.00. Therefore,
based on the reasoning of Section2, we expect the data to
constrainv sini� cosλ but not v sini� sinλ. For this reason,
we chose to parameterize the RM effect with the quantities√

v sini� cosλ and
√

v sini� sinλ, rather thanv sini� and λ.
The reason for the square roots is to give a constant Jacobian
between the �tting parameters and the “physical” parameters
v sini� andλ. As a result, uniform priors in our �tting parameters
correspond to the desired uniform priors inv sini� andλ. With
no square roots, and no other adjustment to the �tting procedure,
the implicit prior would be linear inv sini� and would thereby
bias the results toward faster rotation rates.

The other model parameters were a constant RV offset speci�c
to each spectrograph; the semiamplitude of the star’s orbital
velocity (K�), which controls the RV slope that is observed
on each transit night; the orbital period (P); a particular time
of midtransit (Tc); the stellar radius in units of the orbital
distance (R�/a); the cosine of the orbital inclination (cosio);

13 We veri�ed with numerical experiments that in this regime of velocity
widths and for the S/N and resolution of our spectrum, the widths of the
various convolution kernels can be approximately added in quadrature as
implied here.
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Figure 5. Photometry of WASP-1 transits. The upper panel is a composite
z′-band light curve based on our data and those of Charbonneau et al. (2007).
The lower three panels show the residuals between each of the three data sets
and the best-�tting model.

the planet-to-star radius ratio (Rp/R�); two quadratic limb-
darkening coef�cientsu1 and u2 for describing thez′-band
photometric data; and a linear limb-darkening coef�cientu to
describe the spectroscopic transit (for which most of the signal is
derived from the region 5000–6200 Å). According to the tables
of Claret (2004), appropriate choices for the limb-darkening
coef�cients areu1 = 0.1666,u2 = 0.3583, andu = 0.6. We
allowedu1 + u2 to be a free parameter and heldu1 − u2 �xed
at the tabulated value of−0.1917, since the difference is only
weakly constrained by the data (and in turn has little effect on
the other parameters). Likewise we heldu = 0.6 �xed. We
assumed the orbit to be circular, as no sign of any eccentricity
was detected by Cameron et al. (2007), Madhusudhan & Winn
(2009), Wheatley et al. (2010), or Pont et al. (2011).14 All of
the time stamps of the spectroscopic and photometric data were
placed on the BJDTDB system using the algorithm of Eastman
et al. (2010).

The �tting statistic was

χ2 =
57�
i=1

�
RVi(o) − RVi(c)

σRV,i

�2

+
1134�
j=1

�
Fj (o) − Fj (c)

σF,j

�2

+
�

K� − 115 m s−1

11 m s−1

�2

, (7)

14 In particular, Madhusudhan & Winn (2009) reported an upper limit of
e < 0.088 with 95.4% con�dence. If the orbit were actually eccentric, in
contradiction to our modeling assumption, then the main change would be that
our result for the velocity semiamplitudeK� would be biased. The results for
the spin–orbit parameters would not be signi�cantly affected.

Table 1
Parameters of the WASP-1 System

Parameter Values

Parameters mainly derived from photometry

Midtransit timeTc [BJDTDB−2,400,000] 54461.8630± 0.0002
Period,P (days) 2.5199464± 0.0000008
cosio 0.000± 0.034

Fractional stellar radius,R�/a 0.173±0.003
0.001

Fractional planetary radius,Rp/R� 0.1059± 0.0006
u1+u2 0.20± 0.05

Parameters mainly derived from RVs

Velocity offset, HDS (m s−1) 0 ± 1.5
Velocity offset, HIRES (m s−1) −17± 2
Velocity semiamplitude,K� (m s−1) 125± 5√

v sini� sinλ (km s−1) −0.6± 0.9√
v sini� cosλ (km s−1) 0.31± 0.25

Indirectly derived parameters

Orbital inclination,io (◦) 88–92
Full duration,T14 (hr) 3.684± 0.017

Ingress or egress duration,T12 (minutes) 21.5±0.8
0.2

Projected stellar rotation speed,v sini� (km s−1) 0.7±1.4
0.5

Projected spin–orbit angle,λ (◦) −59±99
26

where the �rst two terms are sums of squares over the residuals
between the observed (o) and calculated (c) values of the RV and
relative �ux (F), and the last term represents a prior constraint
onK� based on the results of Cameron et al. (2007). Below we
will repeat the analysis including the constrain onv sini� found
in Section3.1.

We solved for the model parameters and their uncertainties
using the Markov Chain Monte Carlo (MCMC) algorithm
(Tegmark et al.2004). We used a chain length of 2× 106 steps
and set the size of the steps in each parameter yielding an
acceptance rate of about 30%. Before running the chain we
increased the uncertainties of the HIRES RVs by adding a
“stellar jitter” term of 5 m s−1 in quadrature to the internally
estimated uncertainties. This choice of jitter term produced a
reducedχ2 of unity when that data set was �tted alone. In
making this step, we have assumed that the extra RV noise is well
described as Gaussian and uncorrelated. This is consistent with
the appearance of the residuals shown in Figure3, although we
acknowledge there is no guarantee. Table3 reports the original,
internally estimated uncertainties without any jitter term.

The results for the RM parameters are displayed in Figure6,
and the results for all the parameters are given in Table1. As
anticipated, the weak detection (or nondetection) of the RM
effect led to tighter bounds onv sini� cosλ than onv sini� sinλ.
This is why the contours in Figure6 reach to large values of
v sini� for small values of cosλ (λ ≈ ±90◦).

In an attempt to break the degeneracy betweenv sini� andλ,
we re�tted the data with a prior constraint onv sini�. Based on
the results of Section3.1, we used a one-sided Gaussian prior,
taking the value of unity forv sini� < 2.9 km s−1 and falling
off as a Gaussian function withσ = 0.5 km s−1 for higher
values. The results from this more constrained MCMC analysis
are shown in Figure6. The modi�ed bounds onλ are−53±98

29
◦.

This analysis disfavorsλ ≈ ±90◦ as this would require larger
v sini�. However, it is not possible to tell de�nitively whether
the positive or negative solution is correct. Within the 95%
con�dence contour, all prograde orbits are allowed.
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Figure 6. Results forv sini� and λ, based on our MCMC analysis in the
WASP-1 system. The gray scale indicates the posterior probability density,
marginalized over all other parameters. The contours represent the two-
dimensional 68.3%, 95%, and 99.73% con�dence limits. The one-dimensional
marginalized distributions are shown on the sides of the contour plot. A strong
correlation between the projected rotation speed and the projected angle between
the stellar and orbital spins exits. Either the two axes are nearly perpendicular
on the sky plane, or elsev sini� is small andλ can have any value.

A different approach is to use a prior constraint onv, the
actual rotation speed of the star, based on its spectral type
and age. Schlaufman (2010) recently presented a formula for
a main-sequence star’s expected rotation period, given its mass
and age. He based the formula on the observed rotation periods
of stars in young clusters along with the Skumanich (1972) law
v ∝ t−1/2. He further showed that this formula gives a good
description of thev sini� distribution of stars in the SPOCS
catalog (Valenti & Fischer2005). For WASP-1, he found an
expected valuev = 8.6 ± 0.5 km s−1 where the uncertainty is
based only on the uncertainties in the age and mass of WASP-1,
and does not account for any uncertainty due to intrinsic scatter
in the mass–age–period relation, which seems to be about three
times larger than the formal uncertainty (see, e.g., Figure 3 of
Schlaufman2010). Takingv = 8.6 ± 1.5 km s−1 together with
our resultv sini� < 2.9 km s−1, the implication is sini� < 0.34,
i.e., the star is viewed close to pole-on.

One might wonder if the Skumanich law is really applicable
to stars with close-in planets, which may have undergone
signi�cant rotational evolution due to tidal interactions. For
the case of WASP-1, at least, there is supporting evidence
for relatively rapid rotation, based on its observed color and
chromospheric emission. Aigrain et al. (2004) explain how to
use a star’s observedB − V and log10 R′

HK indices to predict its
rotation period. Applied to WASP-1, for whichB − V = 0.53
and log10 R′

HK = −5.114 (Knutson et al.2010), we �nd a
rotation period of 12.9 days. Using a stellar radius of 1.45 R�
(Charbonneau et al.2007), the predicted rotation speed is
v = 5.7 km s−1, in good agreement with the value expected
from the statistical analysis by Schlaufman (2010).

We therefore have two independent lines of evidence for a
high obliquity or, equivalently, we have strong evidence against
the well aligned scenario in which sini� ≈ 1 andλ ≈ 0◦.
(1) The absence of a strong RM effect requires either that|λ| ≈
90◦, or elsev sini� is very low (<1 km s−1). The latter possibility

Figure 7. Results forv sini� andλ, this time including a prior constraint on
v sini�. The prior constraint was based on the spectroscopic resultv sini� <

2.9 km s−1 (see Section3.1) and is illustrated by the dashed line in the right-
hand side panel. Forv sini� < 2.9 km s−1, the prior was set equal to unity; and
for greater values the prior was a Gaussian function with mean 2.9 km s−1 and
standard deviation 0.5 km s−1. Compared to Figure6, the solutions are similar
but are constrained to have somewhat lowerv sini�.

is incompatible with a well aligned star (sini� ≈ 1), because the
rotation rate for a star of the given mass and age is expected to
be 8.6 ± 1.5 km s−1. The observed color and chromospheric
activity level also suggest a rotation speed of this order.
(2) Independently of the RM effect, our determination ofv sini�
based on the observed width of the spectral lines is much lower
than the value of the expected rotation speed, which implies a
low sini�. In short, it is likely that the stellar and orbital spins
are misaligned along the line of sight, and it is possible that they
are also misaligned within the sky plane.

3.3. Comparison with Previous Results

Simpson et al. (2011) reportedλ = −79+4.5
−4.3

◦ for WASP-1b,
based on observations taken during and after a planetary transit
with the SOPHIE spectrograph on the 1.93 m telescope of the
Observatoire de Haute-Provence. Their value forλ is compatible
with our result. However, their uncertainty is much smaller
than we have found. What causes this difference in obtained
con�dence intervals?

Their RV data, reproduced in the bottom panel of Figure3,
appear to have a higher amplitude than was seen in our data.
This could lead to a somewhat higher result forv sini� but would
not by itself affect the very strong correlation betweenv sini�
andλ. Rather, the important differences are in the methods of
analysis. There are two main differences.

First, rather than jointly �tting the photometric and spec-
troscopic data as we have done, Simpson et al. (2011) �tted
their spectroscopic data using independent Gaussian priors on
the photometric parametersa/R�, Rp/R�, andio. The problem
is that those parameters are themselves very strongly corre-
lated and their posterior distributions are far from Gaussian. In
particular, their photometric priors excluded very low impact
parameters, while we �nd thatb ≈ 0 is allowed. To avoid this
problem, it is better to analyze photometric and spectroscopic
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Figure 8. Spectroscopy of WASP-2 transits. Similar to Figure3. Black symbols
are PFS data, and open symbols are HDS data. Gray symbols are the HARPS
data of Triaud et al. (2010), which are shown for comparison but were not used
during the �tting process. The upper panel shows the data and the best-�tting
orbital model. In the lower two panels, our best-�tting orbital model has been
subtracted from the data.

data together, or to place priors on the relatively uncorrelated
parametersT14, T12, andRp/R� (Carter et al.2008).

Second, Simpson et al. (2011) used a prior onv sini�
based on the spectroscopic analysis of Stempels et al. (2007),
which gavev sini� = 5.79 ± 0.35 km s−1. As explained in
Section3.1 and shown in Figure4, our spectroscopic analysis
implies a slower projected rotation rate. Their prior onv sini�
pushed their solution toward higherv sini� and excluded aligned
con�gurations of the projected axes.

4. WASP-2

4.1. Observations and Basic Stellar Parameters

We conducted spectroscopic observations of WASP-2 transits
with the Magellan (Clay) 6.5 m telescope and the Subaru
8.2 m telescope. With Magellan we used the Planet Finding
Spectrograph (PFS; Crane et al.2010) to gather 35 spectra
spanning the transit of 2010 August 26/27. With Subaru we
used the HDS to obtain 21 spectra spanning the transit of 2007
September 4/5, and 10 spectra spanning the transit of 2007
September 19/20. Again we employed the iodine-cell technique
to derive precise RVs. All the RVs are given in Table4, and
plotted in Figure8. As was the case for WASP-1, we found no
clear evidence for the RM effect.

To check on the basic stellar parameters, we also obtained
a high-quality template spectrum with Keck/HIRES, so that
we could use the same SME-based analysis that was used for
WASP-1. We obtainedTeff = 5206± 50 K, logg = 4.51 ±
0.10, [M/H] = 0.04 ± 0.05, andv sini� = 1.3 ± 0.5 km s−1.
The assumed macroturbulent velocity was 3.11 km s−1. Using
the MORPH code described in Section3.1, we found that the
WASP-2 lines are no broader than the solar lines, and estimate
v sini� � 1.5 km s−1.

4.2. Analysis

The transit impact parameter for WASP-2b is large, with
Torres et al. (2008) having reportedb = 0.724+0.017

−0.028. Therefore,
based on the reasoning of Section2, the nondetection of the
RM effect implies that bothv sini� cosλ andv sini� sinλ are
small, which is only possible for lowv sini�. Unlike the case
for WASP-1b, the RM effect for WASP-2 cannot be suppressed
by having the planet’s trajectory coincide with the sky-projected
rotation axis. We therefore expect the nondetection to lead to an
upper limit onv sini� and no information aboutλ.

For the quantitative analysis, our procedure was similar to
that used for WASP-1. The RVs were modeled as the sum of
contributions from a circular orbit, the RM effect, and a constant
offset speci�c to each spectrograph. We used a prior onK� from
Triaud et al. (2010), but with a doubled uncertainty (see below),
and also tested the sensitivity of the results to this prior as
described below. Since the photometric parameters are already
precisely determined and we do not have any new photometric
data, we implemented priors on the full transit duration (T14), the
ingress or egress duration (T12), the radius ratio (Rp/R�) from
Charbonneau et al. (2007), and the transit ephemeris based on
the analysis of Southworth et al. (2010). The �tting statistic was

χ2 =
66�
i=1

�
RVi(o) − RVi(c)

σRV,i

�2

+
�

Tc,BJD − 2453991.51530
0.00017

�2

+
�

P − 2.d15222144

0.d00000039

�2

+
�

T14 − 1.799 hr
0.0035 hr

�2

+
�

T12 − 24.6 minutes
2.4 minutes

�2

+
�

Rp/R
�

− 0.1309

0.0015

�2

+
�

K� − 153.6 m s−1

6 m s−1

�2

, (8)

where the symbols have the same meaning as in Section3. For
the PFS data, a “stellar jitter” term of 10 m s−1 was added in
quadrature to the internally estimated uncertainties to give a
reducedχ2 of unity. This probably re�ects the limitations of the
current algorithm that is used to estimate uncertainties, which
is geared toward much brighter stars.

Our results are presented in Table2 and are illustrated by the
contours in the middle panel of Figure9. (The single solid point
in Figure9 represents the result of Triaud et al. (2010), which
will be discussed below.) As expected,v sini� is constrained to
low values butλ can assume any value from−180◦ to +180◦.

The three different panels of Figure9 show the results of
different choices for the prior onK�. We wondered about the
sensitivity of the results to this prior because the star is a late-
type star and might be expected to have starspots, which can
cause the observed RV slope surrounding the transit phase to
be steeper than one would expect from the spectroscopic orbital
parameters. Starspots always move across the stellar disk from
the approaching limb to the receding limb, and thereby produce
an RM-like effect with a negative slope, which is added to
the actual orbital velocity gradient. This effect can be seen
in a number of RM data sets presented in the literature, most
notably for the highly spotted star CoRoT-2 (Bouchy et al.2008).
Depending on the distribution of measurements before, during,
and after transit this might introduce different biases in the
results forλ andv sini�.

In Figure9, the left panel shows the results with no prior on
K�, the middle panel shows the result for a prior onK� as in
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Table 4
Relative Radial Velocity Measurements of WASP-2

Time [BJDTDB] RV (m sŠ1) Unc. (m sŠ1) Spectrograph

2454348.72936 47.57 6.15 HDS
2454348.73875 46.93 5.29 HDS
2454348.74635 41.88 5.75 HDS
2454348.75397 37.82 5.51 HDS
2454348.76158 23.31 5.67 HDS
2454348.76920 28.01 5.53 HDS
2454348.77680 30.28 5.66 HDS
2454348.78442 17.81 5.26 HDS
2454348.79204 29.38 5.52 HDS
2454348.79965 10.77 5.73 HDS
2454348.80728 6.57 6.10 HDS
2454348.81489 11.95 5.42 HDS
2454348.82250 2.32 5.23 HDS
2454348.83352 Š6.93 5.20 HDS
2454348.84809 Š4.37 4.45 HDS
2454348.86264 Š11.82 4.52 HDS
2454348.87720 Š16.39 4.75 HDS
2454348.89175 Š29.35 4.59 HDS
2454348.90632 Š33.89 4.52 HDS
2454348.92089 Š44.93 4.18 HDS
2454348.95000 Š54.24 4.86 HDS
2454363.74812 79.94 6.36 HDS
2454363.76268 73.84 6.94 HDS
2454363.79521 53.93 7.07 HDS
2454363.80283 50.60 7.88 HDS
2454363.81044 45.11 7.11 HDS
2454363.81804 40.19 6.31 HDS
2454363.82566 41.40 7.46 HDS
2454363.83326 22.31 8.60 HDS
2454363.84088 34.76 7.03 HDS
2454363.84850 28.17 6.82 HDS
2455435.53391 56.65 4.38 PFS
2455435.54192 54.05 4.56 PFS
2455435.54978 45.81 4.58 PFS
2455435.59753 26.70 4.62 PFS
2455435.60576 28.47 6.46 PFS
2455435.61657 28.78 7.18 PFS
2455435.62090 14.48 6.44 PFS
2455435.62533 33.21 6.00 PFS
2455435.62971 13.14 6.00 PFS
2455435.63414 24.86 6.09 PFS
2455435.63854 Š3.11 5.62 PFS
2455435.64295 22.52 5.21 PFS
2455435.64731 12.40 5.33 PFS
2455435.65172 18.86 5.71 PFS
2455435.65618 7.36 5.93 PFS
2455435.66062 Š15.67 5.78 PFS
2455435.66496 0.39 5.01 PFS
2455435.66941 Š12.93 5.32 PFS
2455435.67376 0.00 5.24 PFS
2455435.67817 0.19 5.95 PFS
2455435.68261 1.08 4.92 PFS
2455435.68702 Š27.79 4.90 PFS
2455435.69140 Š4.66 4.44 PFS
2455435.69580 Š6.84 4.64 PFS
2455435.70025 Š13.39 5.39 PFS
2455435.70460 Š13.75 5.15 PFS
2455435.70901 Š27.76 4.88 PFS
2455435.71338 Š63.64 5.72 PFS
2455435.71787 Š17.76 6.67 PFS
2455435.72222 Š16.32 6.81 PFS
2455435.72666 Š41.92 5.87 PFS
2455435.73313 Š31.84 4.42 PFS
2455435.74091 Š48.37 4.57 PFS
2455435.74864 Š49.44 4.97 PFS
2455435.75692 Š58.54 5.51 PFS

mock data set together with the photometric priors using a
Levenberg–Marquardt least-squares minimization routine. This
was repeated 2× 105 times with different realizations of the
measurement errors.15 The density distribution of the 2× 105

best-�tting solutions is shown in Figure10. As discussed in
Section4.2, we found that even though the mock data had no
RM effect at all, there is a clear tendency to “�nd” solutions
near � = 0� or 180� . This should raise a concern about the
claimed detection of the RM effect with� � 0� or � 180� with
a low S/ N. The result of our �tting code applied to the actual
HARPS data (open circle and dashed contours in Figure10)
gives values forv sini � and� that are within the area containing
95% of the mock data solutions. In this sense, the “false alarm”
probability (the odds of �nding such an apparently signi�cant
retrograde orbit when �tting only random noise) is at least 5%.
It is probably higher, when one considers that the true noise
may not be uncorrelated and Gaussian. We therefore conclude
that the current data do not provide secure information on the
orientation of the stellar spin relative to the orbital spin.

5. DISCUSSION AND SUMMARY

We have presented two nondetections of the RM effect for
the transiting planets WASP-1b and WASP-2b. In both cases, we
gathered high-resolution, high S/ N spectra on nights spanning
transits, using multiple large telescopes. For WASP-1, there is
a weak indication of a prograde RM effect, and for WASP-2
we did not detect the RM effect. Due to the differences in the
transit geometry, and in the stellar type, we arrived at different
conclusions about the relative orientation of the stellar spin and
orbit in each case.

Because the transit of WASP-1b has a very low impact
parameter, the only way to produce a low-amplitude RM effect
is to have nearly perpendicular sky projections of the spin and
orbital axes (implying a large misalignment in the sky plane),
or to have a very lowv sini � . The latter option also implies
a likely misalignment, because the resulting upper limit on
v sini � is lower than the expectedv for a star of the given
age and mass. A similar comparison can be made between the
expectedv and the lowerv sini � that is estimated from the
breadth of spectral absorption lines. Thus, the data give strong
evidence for misalignment, although it is not certain whether
the misalignment is mainly along the line of sight, or in the sky
plane, or both.

For WASP-2b, no information on� was gained from our
nondetection, mainly because this star is expected to be a slow
rotator. The upper limit onv sini � from the RM nondetection
is within the expected range ofv for a star of the given
mass and age. An analysis of previous HARPS data favored
a retrograde orbit for the planet, but we have argued that this
may have been a statistical false alarm. Numerical experiments
con�rm that �tting random noise with an RM model can
produce false detections with nearly the same amplitude as the
claimed detection. For a �rmer conclusion, one would need
to gather more spectroscopic data during transits. These same
numerical experiments should lead to a re-evaluation of other
cases in which the RM effect was detected with low statistical
signi�cance, such as TrES-2b (Winn et al.2008).

We now put these results into the context of the pattern noted
by Winn et al. (2010) and Schlaufman (2010) that hot stars tend

15 We did not use the MCMC algorithm as it would take too long to make
chains for 105 data sets, and because we are only interested in the best-�tting
values ofv sini � and� for each mock data set and not the individual
con�dence intervals.
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to have high obliquity. The proposed boundary line between
“hot” and “cool” stars was aroundTeff = 6250 K.

For WASP-2, Cameron et al. (2007) measured an effective
temperature of 5200± 200 K, and from our HIRES spectrum
we found 5206± 50 K. Thus, there is consensus that WASP-2
is a cool star. The �nding of a retrograde orbit by Triaud et al.
(2010) was a strong exception to the proposed pattern. Our data
and our analysis led us to conclude that the spin–orbit angle for
this system is undetermined, and therefore that WASP-2 is not
an exception.

For WASP-1, Cameron et al. (2007) measured an effective
temperature of 6200±200 K. Further observations and spectro-
scopic analysis were presented by Stempels et al. (2007), who
foundTeff = 6110± 45 K. Our analysis of a HIRES spectrum
gaveTeff = 6213± 51 K, or 100 K hotter than the determi-
nation by Stempels et al. (2007). Probably the reason for the
difference is that Stempels et al. (2007) used the Hα line pro�le
as the main constraint onTeff , while our analysis used the stan-
dard SME wavelength intervals which exclude Hα (Valenti &
Fischer2005; see their Table 3). It is beyond the scope of this
article to evaluate the relative merits of these different methods
for establishing an accurate effective temperature scale. Instead
we note that the SME-based scale that we have used is sim-
ilar or identical to the scale that has been used for the other
transit-hosting stars, and therefore the scale on which the pro-
posed boundary of 6250 K is relevant. In this light it seems
that WASP-1, withTeff (SME)= 6213± 51 K, is very near the
boundary. Therefore, the �nding of a high obliquity neither cor-
roborates nor weakens the proposed pattern, although WASP-1
may serve as a useful point in establishing the sharpness of the
transition from mainly misaligned to mainly aligned.

We thank G. Marcy and M. Holman for help gathering some
of the data presented here. We are grateful to the anonymous ref-
eree for a prompt and insightful report, and to Amaury Triaud for
comments on the manuscript. S.A. acknowledges support by a
Rubicon fellowship from the Netherlands Organization for Sci-
enti�c Research (NWO). J.N.W. acknowledges support from a
NASA Origins grant (NNX09AD36G). This research has made
use of the Simbad database located athttp://simbad.u-strasbg.fr/.
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