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ABSTRACT

We present observations of the Rossiter–McLaughlin effect for the transiting exoplanets
WASP-1b, WASP-24b, WASP-38b and HAT-P-8b, and deduce the orientations of the planetary orbits with respect to the host stars’ rotation axes. The planets WASP-24b, WASP-38b
and HAT-P-8b appear to move in prograde orbits and be well aligned, having sky-projected
◦ +9.0
spin-orbit angles consistent with zero: λ = −4.◦ 7 ± 4.◦ 0, 15◦ +33
−43 and −9. 7−7.7 , respectively.
The host stars have T eff < 6250 K and conform with the trend of cooler stars having low
obliquities. WASP-38b is a massive planet on a moderately long period, eccentric orbit so may
be expected to have a misaligned orbit given the high obliquities measured in similar systems.
However, we find no evidence for a large spin-orbit angle. By contrast, WASP-1b joins the
growing number of misaligned systems and has an almost polar orbit, λ = −79.◦ 0+4.5
−4.3 . It is
neither very massive, eccentric nor orbiting a hot host star, and therefore does not share the
properties of many other misaligned systems.
Key words: techniques: radial velocities – stars: individual: WASP-1 – stars: individual:
WASP-24 – stars: individual: WASP-38 – stars: individual: HAT-P-8 – planetary systems.
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The process of exoplanet migration has been a hotly debated topic
since the first close-in planets were discovered (Mayor & Queloz
1995; Butler & Marcy 1996; Marcy & Butler 1996). We are able to
explore the mechanisms which move planets inwards from large orbits through a statistical analysis of their dynamical properties such
as orbital period, eccentricity and spin-orbit alignment. In particular,
transiting planets allow us to measure the sky-projected angle (λ)
between the stellar rotation axis and planetary orbit through measurement of the Rossiter–McLaughlin (RM) effect (McLaughlin
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centricity (mp = 2.7 M J , P = 6.9 d, e = 0.032+0.0050
−0.0044 , Barros et al.
2011).
In Section 2, we describe the general data analysis procedures and
methods performed to measure the spin-orbit angles. The derived
parameters for the four systems are presented in Section 3, and the
implications of these are discussed in Section 4.
2 DATA A N A LY S I S
2.1 Radial velocity extraction
The data presented in this paper were obtained using three spectrographs: HARPS, SOPHIE and FIES; the instrumental setup and
data reduction for each is described in this section. Details of the
individual observations and results of each system are discussed in
Section 3.
2.1.1 HARPS
The HARPS instrument is a high-resolution (R = 110 000) stabilized echelle spectrograph mounted at the La Silla 3.6-m European
Southern Observatory (ESO) telescope. Observations were conducted in the OBJO mode without simultaneous Thorium–Argon
(ThAr) calibration. The wavelength solution was calculated using
a ThAr calibration at the start of the night, and HARPS is stable
within 1 m s−1 across a night (Rupprecht et al. 2004), which is much
lower than the photon noise on the data points. Spectra were extracted and cross-correlated against a template of a G2V-type star
using the HARPS data reduction software (DRS) (see Baranne et al.
1996; Pepe et al. 2002; Mayor et al. 2003; Lovis & Pepe 2007 for
more details).
2.1.2 SOPHIE
SOPHIE is a cross-dispersed, environmentally stabilized echelle
spectrograph (wavelength range 3872.4–6943.5 Å) designed for
high-precision RV measurements. The spectrograph was used in
high-efficiency mode (resolution R = 40 000) with the CCD in slow
readout mode to reduce the readout noise. Two 3-arcsec diameter optical fibres were used: the first centred on the target and the
second on the sky to simultaneously measure its background in
case of contamination from scattered moonlight. The spectra were
reduced using the SOPHIE pipeline (Perruchot et al. 2008). Radial velocities were computed from a weighted cross-correlation
of each spectrum with a numerical mask of G2V spectral type.
A Gaussian was fitted to the cross-correlation functions to obtain
the RV shift, and the uncertainty was computed using the empirical relation given by Bouchy et al. (2009) and Cameron et al.
(2007).
2.1.3 FIES
The FIES spectrograph is mounted on the 2.5-m Nordic Optical
Telescope on La Palma. FIES was used in medium-resolution mode
(R = 46 000) with simultaneous ThAr calibration. Care was taken
to select nights in which the moon was greater than 60◦ from the
target to avoid contamination from scattered light. Spectra were
extracted using the bespoke data reduction package FIEStool.1 An
1

http://www.not.iac.es/instruments/fies/fiestool/FIEStool.html

C 2011 The Authors, MNRAS 414, 3023–3035
C 2011 RAS
Monthly Notices of the Royal Astronomical Society 

Downloaded from http://mnras.oxfordjournals.org/ at European Southern Observatory on December 21, 2014

1924; Rossiter 1924). The effect is caused by the planet sequentially
passing over and blocking portions of the rotating stellar surface resulting in a radial velocity (RV) shift which traces the trajectory of
the planet across the stellar disc and allows the orbital obliquity to
be estimated.
The first measurements of λ found the systems to be well aligned
and suggested that the planets had lost orbital angular momentum
through interactions with the protoplanetary disc (Lin, Bodenheimer
& Richardson 1996; Murray et al. 1998). However, there are now
a growing number of planets with highly misaligned and even retrograde orbits which now make up approximately one-third of the
systems so far studied. Several theories have been postulated to explain this. For example, it has been suggested that protoplanetary
discs may not always be aligned with the stellar rotation axis as
previously assumed (Bate, Lodato & Pringle 2010; Lai, Foucart &
Lin 2011), although Watson et al. (2010b) found no evidence for
misaligned debris discs in eight systems. Fabrycky & Winn (2009)
and Triaud et al. (2010) suggest that another, more dynamically
violent process involving interactions with a third body (another
planet or star) causes the misaligned orbits (see Rasio & Ford 1996;
Wu & Murray 2003; Nagasawa, Ida & Bessho 2008). Whether a
single mechanism or a combination of several is at work remains to
be tested by increasing the number of measured systems. Interestingly, the fraction of aligned systems in binary stars appears to be
higher than that for planets, which demonstrates the differences
between the two configurations (see Albrecht et al. 2011 for a summary of results).
Misaligned planetary systems appear to be synonymous with
eccentricity; six of the eight eccentric planets with measured spinorbit angles are reported to have obliquities significantly different
from zero: XO-3b (Hébrard et al. 2008), HD 80606b (Gillon 2009;
Moutou et al. 2009; Pont et al. 2009; Winn et al. 2009), WASP-8b
(Queloz et al. 2010), WASP-14b (Johnson et al. 2009), HAT-P-11b
(Winn et al. 2010b), HAT-P-14b (Winn et al. 2011), with HAT-P-2b
(Loeillet et al. 2008) and HD 17156b (Narita et al. 2009) being
the exceptions. Although HD 17156b does not show a large skyprojected misalignment, Schlaufman (2010) notes that the stellar
rotation axis may be tilted along the line of sight. Another trend,
noted by Johnson et al. (2009), is the correlation between planet
mass and misalignment. Hébrard et al. (2010) suggests that there
could be several populations of planets, with those more massive
than Jupiter undergoing a different migration scenario leading to
the high spin-orbit angles. Winn et al. (2010a) and Schlaufman
(2010) find that misaligned orbits are more common in host stars
with larger masses/higher effective temperatures. It is suggested
that the tidal torques experienced by cooler stars, with deeper convective zones, could cause their envelopes to quickly align with a
planet’s orbit, thereby erasing any initial misalignment. Exceptions
to this effect may be longer period and low-mass planets which
experience weaker tidal forces and therefore longer tidal timescales.
We present spectroscopic observations of the transiting planets
WASP-1b (Cameron et al. 2007), WASP-24b (Street et al. 2010),
WASP-38b (Barros et al. 2011) and HAT-P-8b (Latham et al. 2009)
obtained using the HARPS, SOPHIE and FIES spectrographs to
determine their spin-orbit alignments. All the host stars are of
similar temperature, ∼6100 K, but have diverse physical and dynamical properties which allows us to investigate possible trends
independent of T eff . WASP-1b, WASP-24b and HAT-P-8b are noneccentric, short-period planets (2.3–3.1 d) with masses similar to
Jupiter (0.9–1.5 M J ), whereas WASP-38b is a massive planet on
a moderately longer period orbit with a small but significant ec-
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2.2 Model fitting
The RM effect and orbit were fitted simultaneously using all the
available spectroscopic data. A Keplerian model was used for
the orbit, and the analytical approach described in Ohta, Taruya
& Suto (2005) was used to calculate the RM effect. We refer
the reader to this paper for a detailed description of the model.
The equations were modified to make them dependent on Rp /R∗
and a/R∗ , rather than on Rp , R∗ and a, to reflect the parameters derived from photometry and to reduce the number of free
parameters.
We modelled the RM velocity anomaly as v RM = −δv p /(1 −
δ), where δ is the flux blocked by planet ∼(Rp /R∗ )2 and v p is the
subplanet velocity, i.e. the velocity component of the rotating stellar
surface blocked by the planet ∼xp v sin i/R∗ , where xp is the x
coordinate of the position of the planet on the stellar surface (see
fig. 5 of Ohta et al. 2005).
In brief, the model comprises the following parameters: the orbital period, P; mid-transit time (in the UTC system), T 0 ; planetaryto-stellar radius ratio, Rp /R∗ ; scaled semimajor axis, a/R∗ ; orbital
inclination, i; orbital eccentricity, e; longitude of periastron, ω; RV
semi-amplitude, K; sky-projected angle between the stellar rotation
axis and orbital angular momentum vector, λ; projected stellar rotational velocity, v sin i; the stellar linear limb-darkening coefficient,
u; and the systemic velocity of orbital data set, γ . To allow for
instrumental offsets, a different systematic velocity was assigned
to each orbital data set. The transit data sets were also fitted with
separate systematic velocities to allow for any shift in velocity
zero-point due to long-term stellar activity or instrumental variations. A linear limb-darkening law was assumed, as the quadratic
law alters the model by only a few m s−1 and so does not seem
justified given the precision of the RM data. As a test, u was left
as a free parameter and no significant effect on λ or v sin i was
found.
Some parameters have been tightly constrained by previous observations (e.g. P, Rp /R∗ ). We use this information in the form of a
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penalty function on the χ 2 statistic:
χ2 =

  vi,obs − vi,calc 2
i

+

σi


A − Aobs + σAobs × G(0, 1)
σAobs

2
,

(1)

where v i,obs and v i,calc are the ith observed and calculated radial
velocities and σ i is the corresponding observational error. A is a
fitted parameter, Aobs is the parameter value determined from other
observations and σAobs is the uncertainty in Aobs . The value G(0, 1) is
a Gaussian randomly generated number of mean = 0 and standard
deviation = 1. This allows the uncertainty in Aobs to be accounted
for in the error budget. Depending on the situation, several penalty
functions were used to constrain parameters in the fit, and these are
described in the individual analyses. If a parameter has asymmetric
uncertainties, we have adopted the larger error.
Best-fitting parameters were obtained by minimizing the χ 2
statistic using the IDL-based MPFIT function (Markwardt 2009),
a least-squares minimization technique using the Levenberg–
Marquardt algorithm. The 1σ best-fitting parameter uncertainties
were calculated using a Monte Carlo method. We created 105 synthetic data sets by adding a 1σ Gaussian random variable to the data
points. The free parameters were re-optimized for each simulated
data set to obtain the distribution of the parameter values. These
distributions were not assumed to be Gaussian and the 1σ limits
were found from the 15.85 and 84.15 per cent bounds.

3 A N A LY S I S
3.1 WASP-1
A transit of WASP-1b was observed with the SOPHIE spectrograph at the 1.93-m telescope at Haute-Provence Observatory
on the night of 2009 September 24. We acquired 21 spectra of
WASP-1 covering the full transit (224 min, 12 observations) and
a period of duration 156 min (nine observations) post-transit. No
observations were possible prior to transit due the low altitude
of the target at this time. The exposure time was adjusted between 13 and 22 min in order to reach a constant S/N of 30 at
550 nm. Moon illumination was 39 per cent and at a distance
of >115◦ , so this did not significantly affect the RV determination.
To fit the orbit, we used seven SOPHIE observations obtained
during the discovery of the planet (Cameron et al. 2007) and 16
FIES spectra taken at various orbital phases between 2009 January
1 and September 27. The new SOPHIE and FIES observations are
shown in Table 1. Wheatley et al. (2010) observed a secondary
eclipse of WASP-1b and found that the eccentricity was consistent
with zero, and in the models, e has been set to 0 accordingly. The
linear limb-darkening coefficient was chosen from the tables of
Claret (2004) (ATLAS models) for the g filter and fixed at u =
0.73.
A significant period of time has passed since the discovery of
WASP-1b in 2006 and the orbital ephemeris may have drifted,
leading to an inaccurate determination of the mid-transit time. To
update the ephemeris, we fitted the z-band light curve presented in
Charbonneau et al. (2007), the full I-band transit from Shporer et al.
(2007) and a high-quality light curve taken on 2010 August 26 by
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IDL cross-correlation routine was used to obtain the radial velocities
by finding the maximum of the cross-correlation functions of 30
spectral orders and taking the mean.
A template spectrum was constructed by shifting and co-adding
the out-of-transit spectra, against which the individual spectra were
cross-correlated to obtain the final velocities. This template was
cross-correlated with a high signal-to-noise ratio (S/N) spectrum of
the Sun to obtain the absolute velocity to which the relative √
RVs
were shifted. We estimated the RV uncertainty by σ = rms(v)/ N ,
where v is the RV of the individual orders and N is the number of
orders.
When fitting the data, we found that the FIES observations have
2
= χ 2 /d.o.f. > 1 (d.o.f. = number of points − number
a reduced χred
of fitted parameters). This suggests that there is an extra source
of noise present, which has not been accounted for in the internal errors. The cause may be that the ThAr calibration does not
travel through the same light path as the stellar light (Buchhave
et al. 2010), or that because the fibre lacks a scrambler there is a
non-uniform illumination of the spectrograph (Queloz et al. 1999).
To account for these instrumental effects, 15 m s−1 of uncorrelated
noise was added in quadrature to the internal error estimation to
obtain a reduced χ 2 value of unity. The photon errors are given in
the data tables, whereas the rescaled uncertainties are shown in the
figures.
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Table 1. Radial velocities of WASP-1 measured with SOPHIE during transit and FIES
at other orbital phases.
BJD − 240 0000

HJD − 240 0000
Other orbital phases
54834.3378
54835.4419
54836.4229
55025.7036
55041.6483
55085.5576
55086.5259
55087.4126
55096.5906
55097.6051
55098.5769
55099.6120
55100.5339
55119.4279
55119.6984

Error
(km s−1 )

−13.2101
−13.2153
−13.2128
−13.2040
−13.2146
−13.2218
−13.2341
−13.2228
−13.2454
−13.2457
−13.2614
−13.2671
−13.2527
−13.2662
−13.2596
−13.2711
−13.2774
−13.2635
−13.2843
−13.2739
−13.2883

0.0083
0.0086
0.0087
0.0086
0.0086
0.0085
0.0085
0.0085
0.0086
0.0087
0.0087
0.0088
0.0092
0.0088
0.0083
0.0072
0.0081
0.0086
0.0087
0.0088
0.0087

RV
(km s−1 )

Error
(km s−1 )

−13.3780
−13.6246
−13.4224
−13.4250
−13.5199
−13.5266
−13.4365
−13.6088
−13.4449
−13.6009
−13.4039
−13.5478
−13.5002
−13.4457
−13.5493

0.0105
0.0107
0.0096
0.0191
0.0249
0.0154
0.0393
0.0223
0.0215
0.0181
0.0223
0.0125
0.0102
0.0131
0.0187

F. Harmuth as part of the TRESCA/ETD project2 (Poddaný, Brát &
Pejcha 2010), as shown in Fig. 1. The TRESCA transit was observed
using the 1.2-m telescope at Calar Alto observatory, Spain, using
an R-band filter. A Markov Chain Monte Carlo (MCMC) routine
was used to fit the data (see Cameron et al. 2007 and Pollacco et al.
2008 for more details). The non-linear limb-darkening coefficients
were chosen for the appropriate stellar temperature and photometric
passband for each light curve. The parameters found for P, T 0 ,
Rp /R∗ , a/R∗ and ip were used to constrain the fit in the form of
penalty functions and are shown in equation (2).
WASP-1b has a low impact parameter, b < 0.2, and in this regime
v sin i and λ are highly correlated. The shape of the RM signal is
not strongly dependent on λ, whereas the amplitude is dependent
2
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Figure 1. Top panel: photometry of three transits of WASP-1b and the
residuals from the best-fitting model.

on both v sin i and λ. To break this degeneracy, we introduced a
penalty function on v sin i using the value of 5.79 ± 0.35 km s−1
found from spectroscopic line-broadening measurements by
Stempels et al. (2007). The following χ 2 statistic was adopted:
  vi,obs − vi,calc 2
χ2 =
σi
i

2
v sin i − 5.79 km s−1 + 0.35 km s−1 × G(0, 1)
+
0.35 km s−1


P − 2.519 9449 d + 0.000 0013 d × G(0, 1) 2
+
0.000 0013 d


T0 − 54 461.860 99 + 0.000 24 × G(0, 1) 2
+
0.000 24


Rp /R∗ − 0.102 71 + 0.000 59 × G(0, 1) 2
+
0.000 59


a/R∗ − 5.64 + 0.12 × G(0, 1) 2
+
0.12


◦
ip − 88. 7 + 1.◦ 15 × G(0, 1) 2
(2)
+
.
1.◦ 15
The fitted parameters and uncertainties are given in Table 5.
Fig. 2 shows the data overplotted with the best-fitting model, λ =
◦
−79.◦ 0+4.5
−4.3 , and the model corresponding to an aligned orbit, λ = 0 .
It is obvious that the amplitude and symmetry of the observations
do not match with the aligned model. We conclude that WASP-1b
has a severely misaligned orbit with respect to the rotation axis of
the host star.
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Planetary transit
55099.33177
55099.34602
55099.35950
55099.37319
55099.38674
55099.40012
55099.41520
55099.42765
55099.43928
55099.45150
55099.46349
55099.47532
55099.48773
55099.50089
55099.51269
55099.52912
55099.54277
55099.55493
55099.56709
55099.58288
55099.59579

RV
(km s−1 )
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The value of v sin i is constrained by the penalty function, and
thus the uncertainty in λ is small despite the low impact parameter.
It must be noted, however, that deriving v sin i from spectroscopic
line broadening is susceptible to systematic errors due to the uncertainties in broadening mechanisms, such as microturbulence and
macroturbulence, which are difficult to quantify. By altering v sin i
by ±1 km s−1 , we find that the best-fitting value of λ changes by no
more than 5◦ , so the interpretation of a high obliquity is retained.
The major factor leading the high precision in the determination of
λ is the system geometry. In a system with a low impact parameter
and large misalignment, the form of the RM effect changes rapidly
with λ, so it easy to differentiate between different angles. Gaudi
& Winn (2007) provide a relationship to estimate the expected uncertainty in λ. Substituting σ RV = 8.5 m s−1 , N obs = 12 and the
derived values of Rp /R∗ , b, v sin i and λ into their equation (16), we
obtain σ λ = 5.◦ 8. This is in good agreement with the value we obtain and the small difference may due to the assumption that v sin i
is a free parameter, whereas here we constrain it with the penalty
function.

3.2 WASP-24
A transit of WASP-24b was observed with the HARPS spectrograph on the night of 2010 April 10. We acquired 51 spectra covering the full transit (161 min, 22 observations) and a period of
duration 212 min (28 observations) distributed evenly before and
after transit. The atmospheric conditions were stable and the seeing
was 0.7 arcsec. We also obtained two observations on the
nights prior to and post-transit to constrain the γ velocity of the
transit data set.
To fit the orbital parameters, we obtained eight HARPS observations between 2010 March 26 and 28 and used 10 FIES and 18
CORALIE out-of-transit observations taken during the discovery of
the planet (Street et al. 2010). The HARPS observations are given
in Table 2.
Street et al. (2010) reported that the orbit is not eccentric, so
e was fixed to 0. The linear limb-darkening coefficient was chosen from the tables of Claret (2004) (ATLAS models) for the V
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Table 2. Radial velocities of WASP-24
measured with HARPS during and outside
transit.
BJD − 240 0000

Planetary transit
55296.6514
55296.6651
55296.6701
55296.6750
55296.6801
55296.6850
55296.6900
55296.6950
55296.7000
55296.7051
55296.7100
55296.7150
55296.7201
55296.7250
55296.7300
55296.7350
55296.7400
55296.7450
55296.7501
55296.7550
55296.7600
55296.7650
55296.7700
55296.7751
55296.7800
55296.7851
55296.7901
55296.7950
55296.8000
55296.8049
55296.8100
55296.8150
55296.8199
55296.8251
55296.8300
55296.8350

RV
(km s−1 )

Error
(km s−1 )

−17.7358
−17.7463
−17.7492
−17.7407
−17.7504
−17.7733
−17.7487
−17.7436
−17.7492
−17.7629
−17.7551
−17.7619
−17.7668
−17.7521
−17.7364
−17.7379
−17.7434
−17.7512
−17.7645
−17.7403
−17.7633
−17.7531
−17.8006
−17.7885
−17.7813
−17.7965
−17.8128
−17.8160
−17.8399
−17.8265
−17.8495
−17.8366
−17.8141
−17.7952
−17.8240
−17.7943

0.0059
0.0126
0.0118
0.0113
0.0112
0.0119
0.0119
0.0119
0.0124
0.0119
0.0123
0.0123
0.0121
0.0140
0.0131
0.0126
0.0123
0.0124
0.0118
0.0116
0.0119
0.0120
0.0122
0.0122
0.0115
0.0111
0.0109
0.0107
0.0098
0.0116
0.0121
0.0121
0.0139
0.0130
0.0129
0.0122
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Figure 2. Left-hand panel: phase-folded radial velocities of WASP-1 minus the systematic velocity (given in Table 5), overplotted with the best-fitting model,
with the residuals shown below. The orbital observations were taken using FIES (open triangles) and SOPHIE (open circles), and the transit sequence using
SOPHIE (filled circles). Right-hand panel: spectroscopic transit minus the orbital velocity, overplotted with the best-fitting model (λ = −79.◦ 0+4.5
−4.3 , v sin i =
5.77 ± 0.35 km s−1 ) and residuals shown below. The dotted line represents the RM effect of an aligned orbit.
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Table 2 – continued
RV
(km s−1 )

Error
(km s−1 )

55296.8401
55296.8451
55296.8500
55296.8550
55296.8600
55296.8650
55296.8701
55296.8750
55296.8801
55296.8851
55296.8901
55296.8951
55296.9000
55296.9051
55296.9101

−17.8418
−17.8177
−17.8012
−17.8154
−17.8018
−17.8293
−17.8289
−17.8200
−17.8355
−17.8203
−17.8294
−17.8398
−17.8602
−17.8438
−17.8287

0.0118
0.0112
0.0109
0.0108
0.0110
0.0110
0.0109
0.0110
0.0105
0.0108
0.0107
0.0100
0.0111
0.0116
0.0116

Other orbital phases
55281.6933
55281.9080
55283.6945
55283.9139
55297.7382
55297.9076
55282.6762
55282.6835
55282.6911
55282.6988
55295.6485
55295.9092

−17.7475
−17.6632
−17.8572
−17.7825
−17.8696
−17.8057
−17.7674
−17.7461
−17.7431
−17.7443
−17.7747
−17.6802

0.0052
0.0045
0.0056
0.0045
0.0042
0.0043
0.0125
0.0118
0.0118
0.0141
0.0056
0.0039

filter and fixed at u = 0.66. Values of the photometric parameters
P, T 0 , Rp /R∗ , a/R∗ and ip are taken from Street et al. (2010) and are
constrained through the χ 2 fitting statistic below:
χ2 =

  vi,obs − vi,calc 2
i

HJD − 240 0000

RV
(km s−1 )

Error
(km s−1 )

55356.4021
55356.4135
55356.4248
55356.4362
55356.4476
55356.4590
55356.4704
55356.4817
55356.4931
55356.5045
55356.5159
55356.5273
55356.5386
55356.5500*
55356.5614
55356.5728
55356.5842
55356.5956
55356.6070
55356.6183
55356.6297
55356.6411
55356.6525
55356.6639
55356.6752
55356.6866
55356.6980

−9.8108
−9.8175
−9.8113
−9.8320
−9.7805
−9.7907
−9.8042
−9.7962
−9.8042
−9.8028
−9.8149
−9.8188
−9.8072
−9.7912
−9.8347
−9.8802
−9.8762
−9.8841
−9.9084
−9.8734
−9.8284
−9.8365
−9.8599
−9.8602
−9.8593
−9.8661
−9.8855

0.0120
0.0084
0.0091
0.0057
0.0114
0.0069
0.0081
0.0074
0.0103
0.0089
0.0121
0.0010
0.0099
0.0098
0.0074
0.0075
0.0106
0.0087
0.0089
0.0098
0.0081
0.0076
0.0102
0.0096
0.0083
0.0093
0.0122

parameter (b = 0.65), so a penalty function on v sin i was not needed.
We found that adding such a penalty function constraining v sin i to
the value from Street et al. (2010) had no significant effect on the
derived parameters.

σi



P − 2.341 2124 d + 0.000 0020 d × G(0, 1) 2
0.000 0020 d


T0 − 55 081.379 41 + 0.000 17 × G(0, 1) 2
+
0.000 17


Rp /R∗ − 0.100 40 + 0.000 60 × G(0, 1) 2
+
0.000 60


a/R∗ − 5.90 + 0.33 × G(0, 1) 2
+
0.33


◦
ip − 83. 64 + 0.◦ 31 × G(0, 1) 2
+
.
0.◦ 31

3.3 WASP-38

+

(3)

Fig. 3 shows that WASP-24b has a very symmetrical RM effect,
moving from redshift to blueshift. This implies that that the planet
moves in a prograde, well-aligned orbit. A fit to the observations indicates the obliquity to be λ = −4.◦ 7 ± 4.◦ 0. All the fitted parameters
are shown in Table 6. The fitted value of v sin i = 7.32±0.88 km s−1
matches very well with that found from spectral line fitting, v sin i =
7.0 ± 1.0 km s−1 (Street et al. 2010). WASP-24b has a high impact

The FIES spectrograph was employed to observe a transit of WASP38b on 2010 June 8. We obtained 27 spectra during the night using
an exposure time of 900 s, giving 16 in-transit and 12 out-of-transit
observations (Table 3). The atmospheric conditions were stable and
the seeing was 0.6 arcsec. To fit the orbit, we used the SOPHIE
and CORALIE out-of-transit data from Barros et al. (2011). The
CORALIE RV point at BJD = 245 5404.6205 was removed, as it
2
= 1, we required 15 and
occurred during transit. To obtain χred
8 m s−1 to be added in quadrature to the SOPHIE and CORALIE
internal uncertainties, respectively.
Barros et al. (2011) found that WASP-38b has a small but significantly eccentric orbit, so we fixed e = 0.0321 and ω = −19◦ , since
those parameters have little effect on the fitted parameters once the
transit ephemeris is specified (Winn et al. 2011). The photometric
parameters found from light-curve fitting (Barros et al. 2011) are
constrained through the penalty function shown in equation (4).
We determined the linear limb-darkening coefficient from the tables of Claret (2004) (ATLAS models) for the V filter and fixed
u = 0.64.
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BJD − 240 0000

Table 3. Radial velocities of WASP-38 measured with FIES during transit. The starred
point (*) was omitted from the analysis.

The spin-orbit alignment of 4 exoplanets
Table 4. Radial velocities of HAT-P-8 measured with FIES during transit.

χ 2 statistic:

HJD − 240 0000

χ2 =

Error
(km s−1 )

−22.2836
−22.3043
−22.3038
−22.3326
−22.3329
−22.3481
−22.3335
−22.3029
−22.3050
−22.2710
−22.2619
−22.2827
−22.3360
−22.3694
−22.3538
−22.4051
−22.4891
−22.4947
−22.4824
−22.4606
−22.4025
−22.4083
−22.3970
−22.4072
−22.4123
−22.3928
−22.3896
−22.3998

0.0067
0.0087
0.0078
0.0088
0.0141
0.0096
0.0114
0.0121
0.0156
0.0127
0.0134
0.0109
0.0139
0.0106
0.0105
0.0147
0.0126
0.0153
0.0132
0.0104
0.0132
0.0114
0.0128
0.0140
0.0137
0.0137
0.0122
0.0135

The impact parameter of WASP-38b is low and has a relatively
large uncertainty, b = 0.27+0.10
−0.14 . As with WASP-1b, we require an
independent constraint on v sin i to break the degeneracy between
v sin i and λ. The values of the photometric parameters and v sin i =
8.6 ± 0.4 km s−1 are taken from Barros et al. (2011) and used in the

  vi,obs − vi,calc 2
i

σi


v sin i − 8.69 km s−1 + 0.40 km s−1 × G(0, 1)
0.40 km s−1


P − 6.871 815 d + 0.000 045 d × G(0, 1) 2
+
0.000 045 d


T0 − 55 335.920 50 + 0.000 74 × G(0, 1) 2
+
0.000 74


Rp /R∗ − 0.0844 + 0.0011 × G(0, 1) 2
+
0.0011


a/R∗ − 12.15 + 0.19 × G(0, 1) 2
+
0.19


ip − 88.◦ 69 + 0.◦ 67 × G(0, 1) 2
+
.
0.◦ 67

2

+

(4)

Although the precision of the RV measurements is lower than
from the other spectrographs, we can see from the symmetry and
characteristic redshift then blueshift of the RM effect that the planet
is generally aligned and not retrograde. A fit to the data yields λ =
15◦ +33
−43 , which is consistent with zero; the other fitted parameters
are listed in Table 7. The large uncertainty in λ is due in part to
the small differences in the shape of the RM effect when λ and b
are small. Angles greater than ∼60◦ produce a much more notable
change in shape per degree than that at low angles, as shown in
Fig. 4. Thus the data allow us to rule out very high misalignment
angles; however, further observations are needed to reveal whether
a small misalignment exists.
One observation lies more than 3σ from the best-fitting model
(see the open triangle in Fig. 4). We investigated whether this could
be due to an incorrect wavelength calibration, but this does not
appear to be the cause. However, seeing changes or guiding issues
may be factors. The fit is improved by removing the point, so it was
excluded in the analysis. The best-fitting value of λ obtained when

Figure 3. Left-hand panel: phase-folded radial velocities of WASP-24 overplotted with the best-fitting model. The systematic velocity has been removed (see
Table 6) and the residuals are shown below. The orbital points were taken with FIES (open triangles), CORALE (open circles) and HARPS (open squares),
and the HARPS transit sequence is shown in filled circles. Right-hand panel: the RM effect minus the orbital velocity is shown overplotted with the best-fitting
model and that of an aligned orbit (dotted line). The residuals are plotted below.
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55440.4089
55440.4203
55440.4317
55440.4431
55440.4545
55440.4658
55440.4772
55440.4886
55440.5000
55440.5114
55440.5227
55440.5341
55440.5455
55440.5632
55440.5746
55440.5860
55440.5973
55440.6087
55440.6201
55440.6315
55440.6429
55440.6542
55440.6656
55440.6770
55440.6884
55440.6998
55440.7111
55440.7225

RV
(km s−1 )

3029

3030
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the discrepant point is retained is −42◦ +32
−13 , which is not inconsistent
with zero at the 1.3σ level.

3.4 HAT-P-8
We observed a transit of HAT-P-8b with the FIES spectrograph
on 2010 August 31. An exposure time of 900 s was used to obtain 14 in-transit and 14 out-of-transit spectra (Table 4). The seeing was 0.55 arcsec and weather conditions were good. Between
the sixth and seventh in-transit observations, the telescope was repointed when the rotator reached the maximum limit, which required ∼9 min but did not affect the quality of the data set. We used
the HIRES out-of-transit RV points from Latham et al. (2009) to
constrain the orbit and fixed the eccentricity of the orbit to zero. The
linear limb-darkening coefficient was set to the value found from
the tables of Claret (2004) (ATLAS models) for the V filter, u =
0.69.
Discovery light curves of HAT-P-8b were taken in 2007, so in order to improve the accuracy of the ephemeris, we fitted the two full zband light curve presented in Latham et al. (2009) and a high-quality
transit taken on 2010 August 28 by F. Harmuth (TRESCA/ETD),
as shown in Fig. 5. The TRESCA observations were taken using
the 1.2-m telescope at the Calar Alto Observatory in the R band.
As with WASP-1b, an MCMC routine was used to fit the data, and
the parameters found for P, T 0 , Rp /R∗ , a/R∗ and ip are shown in
equation (6).
An initial fit to the RM data found v sin i ∼ 16 km s−1 (and λ ∼ 8◦ )
to be significantly larger than the value of v sin i = 11.5 ± 0.5 km s−1
reported by Latham et al. (2009). Other similarly fast rotating stars
have also been found to show a discrepancy between the value of
v sin i derived from spectroscopic line broadening and from RM
measurements (e.g. Winn et al. 2007; Triaud et al. 2009). It is likely
to be the result of the assumption that the line profile asymmetry
caused by the planet blocking the rotating stellar surface can be
modelled as a shift in the mean line position. For faster rotating
stars, the asymmetry in the line profile is better resolved because
of the broader linewidth, which causes a larger apparent shift than
expected, as seen here. Hirano et al. (2010) have addressed this
issue by modifying the equations presented in Ohta et al. (2005)

Figure 5. Photometry of three transits of HAT-P-8b and the residuals from
the best-fitting model.

to compensate for this effect. We implemented this solution as in
Simpson et al. (2010a) and Bayliss et al. (2010) by calculating the
RM RV shift as


3/2 
vp2
σ2
1− 2
,
(5)
vRM = −δvp 1 + 2
2β + σ 2
2β + σ 2
where β is the intrinsic linewidth and σ = v sin i/α, where α
is a scaling factor depending on limb-darkening parameters (see
equation F6 of H09). We determined β as the quadrature sum of
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Figure 4. Left-hand panel: phase-folded radial velocities of WASP-38 overplotted with the best-fitting model. The systematic velocity has been removed (see
Table 7) and the residuals are shown below. The orbital points were taken with SOPHIE (open circles) and CORALE (open triangles), and the FIES transit
sequence is shown in filled circles. Right-hand panel: the spectroscopic transit is shown minus the orbital velocity and overplotted with the best-fitting model.
The point represented by an open triangle was omitted from the analysis (see text). The dotted lines represent the models for λ = 0◦ , 20◦ , 40◦ , 60◦ and 80◦
(from top to bottom) showing the change in the shape of the RM effect with λ. The residuals from the best-fitting model are shown below.

The spin-orbit alignment of 4 exoplanets

From the form of the RM effect, HAT-P-8b appears to have a
prograde aligned orbit, as shown in Fig. 6. A fit to the data yields
λ = −9.◦ 7+9.0
−7.7 , and the other fitted parameters are shown in Table 8.
As with WASP-38b, the precision of FIES and the combination of
low b and λ limit the accuracy of the result, but allow us to rule out
highly misaligned orbits. A transit of HAT-P-8b was independently
observed with SOPHIE (Moutou et al., in preparation); it provides
results similar to the ones presented here.
Two observations show a large deviation from the best-fitting
model and again we could not determine an instrumental cause.
We found that the fit was not significantly altered nor improved by

removing the points so chose to retain them. The best-fitting value
of λ having removed the two points (−18◦ ± 11◦ ) is consistent with
that found if the points are retained.

4 CONCLUSIONS
The spectroscopic transits of WASP-1b, WASP-24b, WASP-38b
and HAT-P-8b have been observed using the HARPS, SOPHIE
and FIES spectrographs. We modelled the RM effects and found
the sky projected spin-orbit alignment angle of the systems to be
◦
◦
◦ +33
◦ +9.0
λ = −79.◦ 0+4.5
−4.3 , −4. 7 ± 4. 0, 15 −43 and −9. 7−7.7 , respectively.
WASP-24b, WASP-38b and HAT-P-8b do not appear to be strongly
misaligned and are consistent with zero within 2σ . This suggests
they could have undergone a relatively non-violent migration process which did not perturb them from the primordial alignment of
the protoplanetary disc. Alternatively, tidal interactions may have
forced the stellar spin to align with the planetary orbit (Winn et al.
2010a). By contrast, WASP-1b joins the approximately one-third
of planets with misaligned orbits and points towards a dynamically
violent evolution such as gravitational scattering by other planets
or the three-body Kozai mechanism.
The uncertainties in λ for HAT-P-8b and particularly WASP-38b
are relatively large and allow for the possibility that the systems
have a small misalignment. These larger uncertainties are due, in
part, to the geometry of the systems. Both planets have low impact
parameters, and in this regime the shape of the RM effect, which
largely determines λ, changes very subtly with λ until angles of
60◦ are reached. Thus, many values of λ can be fitted by the
data and the uncertainty is large. This explains how we are able
to obtain a much more precise value for WASP-1b which has a
value of |λ| which is much greater than zero. In addition, we are
also limited by the instrumental noise on the FIES spectrograph,
and we recommend that further observations of these systems be
undertaken to refine the parameters.
We modelled the RM effect using the equations of Ohta et al.
(2005). However, it has been shown that this formulation does not
estimate v sin i well for more rapidly rotating stars. We found this
to be the case for HAT-P-8, which was measured to have v sin i =
11.5 ± 0.5 km s−1 from spectroscopic line broadening but a bestfitting value of 16 km s−1 from the RM effect. For this case, we

Figure 6. Left-hand panel: phase-folded radial velocities of HAT-P-8 minus the systematic velocity (given in Table 8) and overplotted with the best-fitting
model with residuals shown below. The orbital observations were taken using HIRES (open circles), and the transit sequence using FIES (filled circles). Bottom
panel: the spectroscopic transit, minus the orbital velocity, is shown overplotted with the best-fitting model with the residuals shown below. A dotted line
represents the RM effect of an aligned orbit.
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the macroturbulence (v mac ), microturbulence (v mic ) and instrumental profile. Following Valenti & Fischer (2005), we used v mac =
4.60 km s−1 and v mic = 0.85 km s−1 . The instrumental profile is
given by c/R = 6.38 km s−1 , where R is the instrumental resolution
46 000. Thus we determined β = 7.9 km s−1 . We calculated α =
1.31 for the limb-darkening coefficients u1 = 0.69 and u2 = 0.
As with WASP-1b and WASP-38b, HAT-P-8b has a low impact
parameter, and therefore we placed a penalty function on the value
of v sin i found by Latham et al. (2009) to constrain the fit. The χ 2
statistic used was
  vi,obs − vi,calc 2
χ2 =
σi
i

2
v sin i − 11.5 km s−1 + 0.5 km s−1 × G(0, 1)
+
0.5 km s−1


P − 3.076 3350d + 0.000 0040d × G(0, 1) 2
+
0.000 0040 d


T0 − 54 437.675 82 + 0.000 34 × G(0, 1) 2
+
0.000 34


Rp /R∗ − 0.091 10 + 0.000 90 × G(0, 1) 2
+
0.000 90


a/R∗ − 6.35 + 0.34 × G(0, 1) 2
+
0.34


◦
ip − 87. 26 + 1.◦ 00 × G(0, 1) 2
(6)
+
.
1.◦ 00
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used the modified formulation of Hirano et al. (2010) to model
the data and placed a constraint on v sin i using the value from
spectroscopic line broadening to break the degeneracy between λ
and v sin i at low impact parameters. These modifications did not
affect the conclusion that HAT-P-8b appears to be well aligned.
The RM effect allows us to measure the spin-orbit angle in the
plane of the sky. However, the line-of-sight alignment can be estimated by comparing the inclinations of the planetary orbit and
stellar rotation axes ip and i∗ . Transiting planets naturally provide a
tight constraint on ip given that the orbit must be close to edge-on
in order for an eclipse to be observed. The stellar spin axis is more

difficult to obtain and may be inferred by comparing the line-ofsight rotational velocity, v sin i, to the true stellar rotation velocity
v. Theoretical predictions of v are provided by Schlaufman (2010)
for many of the host stars of transiting planets; however, the error budget is large due to observational and model uncertainties. It
can also be determined through the relation v = 2πR∗ /Prot , where
Prot , the stellar rotation period, can be measured directly from spot
modulation (e.g. Baliunas et al. 1997; Simpson et al. 2010b) or indirectly from Ca II H&K measurements (Noyes et al. 1984; Watson
et al. 2010a) if this information is available. This method also has
large uncertainties associated with it because the stellar rotation

Parameter (units)
Free parameters
Projected alignment angle (◦ )
RV semi-amplitude (km s−1 )
Systemic velocity of SOPHIE transit data set (km s−1 )
Systemic velocity of SOPHIE orbital data set (km s−1 )
Systemic velocity of FIES orbital data set (km s−1 )
Parameters controlled by priors
Projected stellar rotation velocity (km s−1 )
Period (d)
Transit epoch (HJD − 240 0000)
Planet/star radius ratio
Scaled semimajor axis
Orbital inclination (◦ )
Fixed parameters
Eccentricity
Limb darkening
Effective temperature (K)

Symbol

Value

λ
K
γ1
γ2
γ3

−79.0+4.5
−4.3
0.1094 ± 0.005 64
−13.5016 ± 0.0065
−13.5016 ± 0.0065
−13.4990 ± 0.0057

v sin i
P
T0
Rp /R∗
a/R∗
i

5.77 ± 0.35
2.519 9449 ± 0.000 0013
54 461.860 99 ± 0.000 24
0.102 71 ± 0.000 58
5.64 ± 0.13
88.65+0.51
−0.55

e
u
T eff

0
0.73
6110 ± 45

Table 6. Derived system parameters and uncertainties for WASP-24b. The effective temperature is
taken from Street et al. (2010). Please see the caption in Table 5.
Parameter (units)

Symbol

Value

Free parameters
Projected alignment angle (◦ )
Projected stellar rotation velocity (km s−1 )
RV semi-amplitude (km s−1 )
Systemic velocity of HARPS transit data set (km s−1 )
Systemic velocity of HARPS orbital data set (km s−1 )
Systemic velocity of FIES orbital data set (km s−1 )
Systemic velocity of CORALIE orbital data set (km s−1 )

λ
v sin i
K
γ1
γ2
γ3
γ4

−4.7 ± 4.0
7.0 ± 0.9
0.1482 ± 0.0025
−17.7871 ± 0.0017
−17.7905 ± 0.0019
−17.9050 ± 0.0073
−17.8031 ± 0.0040

Parameters controlled by priors
Period (d)
Transit epoch (HJD − 240 0000)
Planet/star radius ratio
Scaled semimajor axis
Orbital inclination (◦ )

P
T0
Rp /R∗
a/R∗
i

2.341 2127 ± 0.000 0020
55 081.379 41 ± 0.000 17
0.100 40 ± 0.000 60
5.98 ± 0.15
83.64 ± 0.29

Fixed parameters
Eccentricity
Limb darkening
Effective temperature (K)

e
u
T eff

0
0.66
6075 ± 100
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Table 5. Derived system parameters and uncertainties for WASP-1b. The values used in the χ 2
fitting statistic in equation (2) are taken from previous observations and are used to constrain the
explored parameter space during the fit. These parameters are allowed to float during the procedure
in order to propagate the associated uncertainty. Thus the derived parameter values and uncertainties
given in this table differ slightly from the input values because of the influence of the RM data. The
effective temperature is taken from Stempels et al. (2007).
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Table 7. Derived system parameters and uncertainties for WASP-38b. The effective temperature is
taken from Barros et al. (2011). Please see the caption in Table 5.
Parameter (units)

Symbol

Projected alignment angle (◦ )
RV semi-amplitude (km s−1 )
Systemic velocity of FIES transit data set (km s−1 )
Systemic velocity of SOPHIE orbital data set (km s−1 )
Systemic velocity of CORALIE orbital data set (km s−1 )

v sin i
P
T0
Rp /R∗
a/R∗
i

Fixed parameters
Eccentricity
Longitude of periastron
Limb darkening

15+33
−43
0.2538 ± 0.0035
−9.8404+0.0053
−0.0057
−9.7181 ± 0.0063
−9.7951 ± 0.0027
8.58 ± 0.39
6.871 814 ± 0.000 045
55 335.920 44 ± 0.000 74
0.0844 ± 0.0011
12.15 ± 0.18
88.83+0.51
−0.55

e
ω
u

Effective temperature (K)

0.032
−19.0
0.64
6150 ± 80

T eff

Table 8. Derived system parameters and uncertainties for HAT-P-8. The effective temperature is
taken from Latham et al. (2009). Please see the caption in Table 5.
Parameter (units)
Free parameters
Projected alignment angle (◦ )
RV semi-amplitude (km s−1 )
Systemic velocity of FIES transit data set (km s−1 )
Systemic velocity of HIRES orbital data set (km s−1 )
Parameters controlled by priors
Projected stellar rotation velocity (km s−1 )
Period (d)
Transit epoch (HJD − 240 0000)
Planet/Star radius ratio
Scaled semimajor axis
Orbital inclination (◦ )
Fixed parameters
Eccentricity
Limb darkening
Effective temperature (K)

period varies across the surface, for example due to differential rotation. The rotational velocity of the plasma is also different inside
a spot and outside of it (Lustig & Woehl 1993); thus, the derived
rotation period depends on the type and position of spot used for
the analysis.
The four stars in this study have similar values of T eff (see
Tables 5–8) and age (see Schlaufman 2010), so we would expect
them to have comparable values of v. Schlaufman (2010) predicts
this to be of the order of 7–9 km s−1 . In practice, we find a wide
range of values of v sin i: 5.77 ± 0.35; 7.32 ± 0.88, 8.58 ± 0.39
and 11.8 ± 0.5 km s−1 . This can be explained by supposing that
the slower rotating stars are tilted so that we only measure a fraction of the true rotational velocity. WASP-1 is slower rotating than
predicted (v sin i = 5.8 km s−1 , v sim = 8.6 km s−1 ), and from this,
Schlaufman (2010) deduced that the star and planet are significantly
misaligned in the line of sight. This method yields four solutions
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Symbol

Value

λ
K
γ1
γ2

−9.7+9.0
−7.7
0.1580 ± 0.0041
−22.3650 ± 0.0040
−0.0937 ± 0.0031

v sin i
P
T0
Rp /R∗
a/R∗
i

11.8 ± 0.5
3.076 3370 ± 0.000 0036
54 437.675 87 ± 0.000 34
0.091 35 ± 0.000 89
6.12+0.20
−0.21
87.80+0.75
−0.77

e
u
T eff

0
0.69
6200 ± 80

for the inclination of the rotation axis of the star, i∗ ∼ 40◦ , 140◦ ,
220◦ and 320◦ .
The total alignment angle can be calculated through the following
relation:
cos ψ = cos i∗ cos ip + sin i∗ sin ip cos λ.
◦

◦

(7)
◦

◦

Substituting ip = 88. 6 and λ = −79 , we obtain ψ = 82 , 84 , 96◦
and 98◦ . We therefore conclude that WASP-1b has an almost polar
orbit. Schlaufman (2010) did not find WASP-24b and HAT-P-8b to
have highly misaligned orbits in the line of sight, and WASP-38b
has a similar v sin i, so we do not expect it to be misaligned either.
This agrees with the lack of evidence for strong misalignments in
the plane of the sky from the RM effect in these systems.
Previous authors have noted correlations between spin-orbit misalignment, eccentric orbits and massive planets (see Fig. 7, and
fig. 9 of Hébrard et al. 2010). With e = 0.032 and mp = 2.7M J ,
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Parameters controlled by priors
Projected stellar rotation velocity (km s−1 )
Period (d)
Transit epoch (HJD − 240 0000)
Planet/star radius ratio
Scaled semimajor axis
Orbital inclination (◦ )

λ
K
γ1
γ2
γ3

Value
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Figure 7. Top panel: the absolute value of the spin-orbit angle, λ, versus
orbital eccentricity. Whilst the majority of eccentric planets are misaligned,
there are also many circular misaligned systems. The four planets in this
analysis are shown as filled points. Bottom panel: the absolute value of
the spin-orbit angle versus stellar effective temperature, showing a correlation between misalignment and T eff > 6250 K as proposed by Winn
et al. (2010a). In their analysis, WASP-2b and CoRoT-1b were removed
due to large uncertainties, and WASP-8b, HD 80606b and HAT-P-11b were
deemed exceptions due to their long tidal evolution time-scales caused by
long orbital period or low planet mass.

WASP-38b may be expected to be misaligned; however, we find no
evidence for high spin-orbit angles.
Winn et al. (2010a) noted that planets orbiting hot stars, defined
as T eff > 6250 K, tend to have misaligned orbits, whereas stars
cooler than this host aligned planets, as shown in Fig. 7. Low-mass
and long-period planets are exceptions, as the time-scale for tidal
alignment is longer and may not have taken effect. All the planets in
this study have temperatures placing them in the cool star category
and so WASP-24b, WASP-38b and HAT-P-8b appear to conform
with this trend. However, with its ∼7 d orbit, WASP-38b has the
potential to be an exception and to have retained its primordial
spin-orbit angle.
By contrast, the WASP-1 system, with T eff = 6110 ± 45 K,
is unexpectedly misaligned. In this way, WASP-1b is similar to
CoRoT-1b, which also orbits a cool star, T eff = 5950 ± 150 K
(Barge et al. 2008), and has a highly misaligned, almost polar orbit,
λ = 77◦ ± 11◦ (Pont et al. 2010), yet is not eccentric. Neither
planets are low mass nor long period, so do not meet the criteria
to be exceptions from aligned orbits around cool stars. To bring
the stars into the hot-star regime, the temperatures of CoRoT-1 and
WASP-1 would have to be several σ hotter than their best-fitting
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