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ABSTRACT

We present observations of the Rossiter-McLaughlin efi@cthe transiting exoplanet
systems WASP-1, WASP-24, WASP-38 and HAT-P-8, and dedue®tientations of
the planetary orbits with respect to the host stars’ rotedixes. The planets WASP-24b,
WASP-38b and HAT-P-8b appear to move in prograde orbits amvadil aligned, having
sky-projected spin orbit angles consistent with zere:—4.7 4 4.0°, A = 15733 and\

=—9.77297, respectively. The host stars halig: < 6250 K and conform with the trend
of cooler stars having low obliquities. WASP-38b is a masgilanet on a moderately
long period, eccentric orbit so may be expected to have digm&al orbit given the high

obliquities measured in similar systems. However, we findvidence for a large spin-
orbit angle. By contrast, WASP-1b joins the growing numbemisaligned systems

and has an almost polar orbX,= —79.074-5. It is neither very massive, eccentric
nor orbiting a hot host star, and therefore does not sharprtiygerties of many other

misaligned systems.

Key words: stars: planetary systems — stars: individual: WASP-1, WR8PWASP-
38, HAT-P-8 — techniques: radial velocities

1 INTRODUCTION

* Email: esimpson05@qub.ac.uk. , The process of exoplanet migration has been a hotly de-

;frog?'asp‘r’]"ogrf 'tshgals‘;‘;or: ct’(:zzrc‘f‘;:’r; ‘é’t')'ggsgt(‘;‘;'rt: g:: 3;:35(; bated topic since the first close-in planets were discovered
: : . Mayor & Queloz 1995; Butler & Marcy 1996; Marcy & Butler

CNRS), France, by the SOPHIE Consortium; the Nordic Opfiete- ( 3 = : MU L

( ), Fran y sortium rdic Op 1996). We are able to explore the mechanisms which move plan-

scope, operated on the island of La Palma jointly by Dennférkand, . . . .
Iceland, Norway, and Sweden, in the Spanish ObservatotiRdeue ets inwards from large orbits through a statistical analysi

de los Muchachos of the Instituto de Astrofisica de Canasas; the their dynamipal properties such.as orbital pgriod, ecaatytr
HARPS spectrograph mounted on the ESO 3.6m at the La Sillarobs ~ and spin-orbit alignment. In particular, transiting plenallow
vatory in Chile under proposal 084.C-0185. us to measure the sky-projected angl¢ lpetween the stellar
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rotation axis and planetary orbit through measurement ef th
Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLadughl
1924). The effect is caused by the planet sequentially pgssi
over and blocking portions of the rotating stellar surfaesuit-
ing in a radial velocity (RV) shift which traces the trajectof
the planet across the stellar disc and allows the orbitédjoity

to be estimated.

The first measurements of found the systems to be
well aligned and suggested that the planets had lost or-
bital angular momentum through interactions with the proto
planetary discl(Lin et al. 1996; Murray et al. 1998). However
there are now a growing number of planets with highly mis-
aligned and even retrograde orbits which now make up approx-
imately one-third of the systems so far studied. Severai-the
ries have been postulated to explain this. For example,st ha

whereas WASP-38 is a massive planet on a moderately longer
period orbit with a small but significant eccentricity.f = 2.7
My, P =6.9d,e=0.03210-059, Barros et al. 2010).

In Sectiol 2 we describe the general data analysis proce-
dures and methods performed to measure the spin-orbitsangle
The derived parameters for the four systems are presented in
Sectior B, and the implications of these are discussed itidBec

@

2 DATA ANALYSIS
2.1 Radial velocity extraction

The data presented in this paper were obtained using theee sp

been suggested that proto-planetary discs may not always beyggraphs; HARPS, SOPHIE and FIES, the instrumental setup

aligned with the stellar rotation axis as previously asslime
(Bate, Lodato, & Pringle 2010; Lai, Foucart, & Iin 2010), al-
though Watson et al. (2010b) found no evidence for misatigne
debris-discs in eight systems. Fabrycky & Winn (2009) and
Triaud et al.|(2010) suggest that another, more dynamiwélly
olent process involving interactions with a third body (tew
planet or star), causes the misaligned orbits (see Rasiaé Fo
1996;| Wu & Murray 2003; Nagasawa el al. 2008). Whether a
single mechanism or a combination of several is at work re-

and data reduction for each is described in this sectiorail3et
of the individual observations and results of each systeen ar
discussed in Sectidd 3.

2.1.1 HARPS

The HARPS instrument is a high resolution (R = 110,000)
stabailed echelle spectrograph mounted at the La Silla 3.6 m

mains to be tested by increasing the number of measured sys-ESQ telescope. Observations were conducted in the OBJO

tems.

Misaligned orbits appear to be synonymous with ec-
centricity; six of the eight eccentric systems with meadure
spin-orbit angles are reported to have obliquities sigaifity
different from zero, XO-3|(Hebrard etlal. 2008), HD 80606
(Moutou et all 2009; Pont etlal. 2009; Gillon 2009; Winn et al.
2009), WASP-8/(Queloz et al. 2010), WASP-14 (Johnsonlet al.
2009), HAT-P-11 [(Winn et al. 2010c), HAT-P-14 (Winn et al.
2010b) with HAT-P-2 |(Loeillet et al. 2008) and HD 17156
(Narita et al! 2009) being the exceptions. Although HD 17156
does not show a large sky-projected misalignment, Schiaufm
(2010) notes that the stellar rotation axis may be tiltechglo
the line-of-sight. Another trend, noted by Johnson et &0€D,
is the correlation between planet mass and misalignment.
Hébrard et &l.(2010) suggests that there could be sevepalp
lations of planets, with those more massive than Jupiteerind
going a different migration scenario leading to the higmspi
orbit angles| Winn et al! (2010a) ahd Schlaufman (2010) find
that misaligned orbits are more common in host stars witfelar
masses/higher effective temperatures. It is suggestaditba
tidal torques experienced by cooler stars, with deepereamnv
tive zones, could cause their envelopes to quickly alig ait
planet’s orbit, thereby erasing any initial misalignmefxcep-
tions to this effect may be longer period and low mass planets
which experience weaker tidal forces and therefore loridaf t
timescales.

We present spectroscopic observations of the tran-
siting planets WASP-1b| (Cameron et al. _2007), WASP-24b
(Street et al. 2010), WASP-38b _(Barros etial. 2010) and HAT-
P-8b (Latham et al. 2009) obtained using the HARPS, SOPHIE
and FIES spectrographs to determine their spin-orbit align
ments. All the host stars are of similar temperatuve§100 K,
but have diverse physical and dynamical properties whieh al
lows us investigate possible trends independefit.gf WASP-

1, WASP-24 and HAT-P-8 are non-eccentric, short period-plan
ets (2.3-3.1 d) with masses similar to Jupiter (0.9-1.5,M

mode without simultaneous Thorium-Argon (ThAr) calibeati

The wavelength solution was calculated using a ThAr calibra
tion at the start of the night, and HARPS is stable within 1
m s~! across a night_(Rupprecht ef al. 2004), which is much
lower than the photon noise on the data points. Spectra were e
tracted and cross-correlated against a template of a G2/-ty
star using the HARPS Data Reduction Software (DRS), see
Baranne et al.| (1996), Pepe et al. (2002), Mayor et al. (2003)
and Lovis & Pepe (2007) for more details.

2.1.2 SOPHIE

SOPHIE is a cross-dispersed, environmentally-stabilised
echelle spectrograph (wavelength range 3872.4—69°43.5
designed for high-precision radial velocity measuremenhie
spectrograph was used in high efficiency mode (resoluiton

= 40,000) with the CCD in slow read-out mode to reduce the
read-out noise. Two 3 arc-second diameter optical fibreg wer
used, the first centred on the target and the second on the sky
to simultaneously measure its background in case of contam-
ination from scattered moonlight. The spectra were reduced
using the SOPHIE pipeline_(Perruchot et al. 2008). Radial
velocities were computed from a weighted cross correlation
each spectrum with a numerical mask of G2V spectral type. A
Gaussian was fitted to the cross-correlation functions taiob
the radial velocity shift, and the uncertainty was computed
using the empirical relation given by Bouchy et al. (2009 an
Cameron et all (2007).

2.1.3 FIES

The FIES spectrograph is mounted on the 2.5-m Nordic Opti-
cal Telescope on La Palma. FIES was used in medium resolu-
tion mode R = 46,000) with simultaneous ThAr calibration.
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Spectra were extracted using the bespoke data reductidx pac
age FIEStofl. An IDL cross-correlation routine was used to
obtain the radial velocities by finding the maximum of thessro
correlation functions of 30 spectral orders and taking tieam

A template spectrum was constructed by shifting and co-
adding the out-of-transit spectra, against which the iddizl
spectra were cross-correlated to obtain the final velacifi@is
template was cross-correlated with a high signal-to-nsjse-
trum of the Sun to obtain the absolute velocity to which the
relative RVs were shifted. We estimated the RV uncertaipty b
o = RMS(v) / v/N, wherew is the RV of the individual orders
andN is the number of orders.

When fitting the data, we found that the FIES observations
has a reduceg?., = x*/dof > 1 (dof = number of points —
number of fitted parameters). This suggests that there ig-an e
tra source of noise present which has not been accounted for
in the internal errors. The cause may be that the ThAr calibra
tion does not travel through the same light path as the stella
light (Buchhave et al. 2010), or that because the fibre lacks a
scrambler there is non-uniform illumination of the spegtaph
(Queloz et all. 1999). To account for these instrumentatesfe
15 m s ! of uncorrelated noise needed to be added in quadra-
ture to the internal error estimation to obtain a redugédalue
of unity. The photon errors are given in the data tables. edeer
the rescaled uncertainties are shown in the figures.

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, & Sutc (2005) was used to calculate the RM ef-
fect. We refer the reader to this paper for a detailed detsonip

of the model. The equations were modified to make them depen-
dent onR,/R. anda/R. rather thanR,, R. anda, to reflect

the parameters derived from photometry and reduce the numbe
of free parameters.

We modelled the RM velocity anomaly aszwm
—dv,/(1 — &) whered is flux blocked by planet (R,/R.)?
anduv), is sub-planet velocity, i.e. the velocity component of the
rotating stellar surface blocked by the planet:, vsini /R,
wherez, is the x co-ordinate of the position of the planet on the
stellar surface, see Figure 5/ of Ohta, Taruya, & Suto (2005).

In brief, the model comprises the following parameters:
the orbital period P; mid-transit time (in the UTC systen)p;
planetary to stellar radius rati®, / R.; scaled semi-major axis
a/R.; orbital inclination,i; orbital eccentricitye; longitude of
periastrongw; radial velocity semi-amplitudek’; systemic ve-
locity of orbital datasety; sky projected angle between the stel-
lar rotation axis and orbital angular momentum veciqrpro-
jected stellar rotational velocity; sin 7; and the stellar linear
limb-darkening coefficient,.

Each dataset was allowed to have a different systemic ve-
locity () to account for instrumental offsets. A linear limb dark-
ening law was assumed, as the quadratic law alters the mpdel b
only a few m s* and so does not seem justified given the pre-
cision of the RM data. As a test,was left as a free parameter
and no significant effect oh or v sin ¢ was found.

L http://www.not.iac.es/instruments/fies/fiestool/Fl&sthtml
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Figure 1. Top: Photometry of three transits of WASP-1b and the resid-
uals from the best-fit model.

Some parameters have been tightly constrained by previ-
ous observations (e.d?, Rp/R.). We use this information in
the form of a penalty function on the? statistic:

2
|+
A— Aobs + 0 A0bs X G(O7 1)

T Aobs

X2

_ Vi,obs — Ui,calc

( )

wherew; obs andv; caic are theith observed and calculated ra-
dial velocities and; is the corresponding observational error.
A is a fitted parameterd s is the parameter value determined
from other observations anh s is the uncertainty indqps.
The valueG(0, 1) is a Gaussian randomly generated number of
mean = 0 and standard deviation = 1. This allows the uncéytain
in Aobs to be accounted for in the error budget. Depending on
the situation, several penalty functions were used to cainst
parameters in the fit and these are described in the individua
analyses. If a parameter has asymmetric uncertaintiesawe h
adopted the larger error.

Best-fit parameters were obtained by minimising §e
statistic using the IDL-based MPFIT function_ (Markwardt
2009); a least-squares minimisation technique using the
Levenberg-Marquardt algorithm. THer best-fit parameter un-
certainties were calculated using a Monte-Carlo method. We
created10® synthetic data sets by adding a Gaussian ran-
dom variable to the data points. The free parameters were re-
optimised for each simulated data-set to obtain the digioh
of the parameter values. These distributions were not asgum
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Figure 2. Left: Phase folded radial velocities of WASP-1 minus thetasystic velocity (given in Tablgl5), over-plotted with thes-fit model, with
the residuals shown below. The orbital observations wéwentasing FIES (open triangles) and SOPHIE (open circled tfaa transit sequence using

SOPHIE (filled circles). Right: Spectroscopic transit ndrthe orbital velocity, over-plotted with the best-fit mod&l =

—79.0+4:3

4307vsini =

5.77 £ 0.35km s~1, and residuals shown below. The dotted line represents ¥heffect of an aligned orbit.

to be Gaussian and ther limits were found from the 15.85%
and 84.15% bounds.

3 ANALYSIS

3.1 WASP-1

A transit of WASP-1b was observed with the SOPHIE spec-
trograph at the 1.93m telescope at Haute-Provence Obsgrvat
on the night of 2009 September 24. We acquired 21 spectra of
WASP-1 covering the full transit (224 minutes, 12 obseprat)

and a period of duration 156 minutes (9 observations) past tr
sit. No observations were possible prior to transit due ke t
low altitude of the target at this time. The exposure time was
adjusted between 13 and 22 minutes in order to reach a constan
signal-to-noise ratio (S/N) of 30 at 550 nm. Atmosphericdion
tions were stable and the exposure time did not requireiradter

to obtain the required S/N. Moon illumination was 39% and at a
distance of> 115° so this did not significantly affect the radial
velocity determination.

To fit the orbit, we used 7 SOPHIE observations obtained
during the discovery of the planét (Cameron et al. 2007) &d 1
FIES spectra taken at various orbital phases between 2009 Ja
uary 1 and 2009 September 27. The new SOPHIE and FIES
observations are shown in Taljlel 1. Wheatley et al. (2010) ob-
served a secondary eclipse of WASP-1 and found that the ec-
centricity was consistent with zero, and in the model$ias
been set to 0 accordingly. The linear limb-darkening coieffic
was chosen from the tables|of Claret (2004) (ATLAS models)
for the ¢’ filter and fixed atu = 0.73.

A significant period of time has passed since the discov-
ery of WASP-1 in 2006 and the orbital ephemeris may have
drifted, leading to an inaccurate determination of the tréghsit
time. To update the ephemeris, we fitted the z-band lightecurv
presented in_Charbonneau et al. (2007), the full I-bandsiran
from|Shporer et all (2007) and a high quality light curve take
on 2010 August 26 by F. Harmuth as part of the TRESCA/ETD

project] (Poddany, Brat, & PejcHa 2d10), as shown in Fidure 1.
The TRESCA transit was observed using the 1.2-m telescope at
Calar Alto observatory, Spain using an R-band filter. A Marko
Chain Monte Carlo (MCMC) routine was used to fit the data,
see Cameron etial. (2007) and Pollacco et al. (2008) for more
details. The non-linear limb darkening coefficients weresgm

for the appropriate stellar temperature and photometrgspa
band for each light curve. The parameters found RrTy,
R,/R., a/R. andi, were used to constrain the fit in the form

of penalty functions, and are shown in Equafion 2.

WASP-1b has a low impact parametik: 0.2, and in this
regimew sin ¢ and\ are highly correlated. The shape of the RM
signal is not strongly dependent anwhereas the amplitude is
dependent on bothsin¢ and \. To break this degeneracy we
introduced a penalty function ansin i using the value of 5.79
+ 0.35 km s! found from spectroscopic line broadening mea-
surements by Stempels et al. (2007). The followirfgstatistic
was adopted:

2
} ¥

2

Vi, obs — Ui,calc
X I

gi

>

vsini —5.79kms ' +0.35kms ! x G +
0.35 kms!
P —2.5199449 d + 0.0000013 d x G(0,1)
0.0000013 d
To — 54461.86099 + 0.00024 x G(0, 1) +
0.00024
Rp/R. — 0.10271 + 0.00059 x G(0,1) +
0.00059
a/R. — 5.64 +0.12 x G(0,1) +
0.12
—88.07° 4+ 1.15° x G(0,1)\” @
1.15°

2 http:/ivar2.astro.cz/EN/tresca/
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Figure 3. Left: Phase-folded radial velocities of WASP-24 over-fdtwith the best-fit model. The systematic velocity has breemoved (see Table
[B) and the residuals are shown below. The orbital points tedwen with FIES (open triangles), CORALE (open squares)HARPS (open squares)
and the HARPS transit sequence is shown in filled circleshiRithe RM effect minus the orbital velocity is shown oveoftd with the best fit model

and that of an aligned orbit (dotted line). The residualspéotied below.

The measured parameters and uncertainties are given inFIES and 18 CORALIE out-of-transit observations takenmyiri

Table[%. Figuré2 shows the data over-plotted with the best-fi
model, A\ = —79.0™} %, and the model corresponding to an
aligned orbit,\ = 0°. It is obvious that the amplitude and sym-
metry of the observations do not match with the aligned model

the discovery of the planet (Street et al. 2010). The HARRS ob
servations are given in Tall¢ 2.

Street et al/(2010) reported that the orbit is not eccestric
e was fixed to 0. The linear limb-darkening coefficient was cho-

We conclude that WASP-1 has a severely misaligned orbit with sen from the tables of Claret (2004) (ATLAS models) for the

respect to the rotation axis of the host star.

The value ofvsin 4 is constrained by the penalty function
and thus the uncertainty i is small despite the low impact
parameter. It must be noted, however, that derivisgn ¢ from
spectroscopic line broadening is susceptible to systeneati
rors due to the uncertainties in broadening mechanismh,asic
micro- and macroturbulence, which are difficult to quantBy
alteringv sin i by + 1 km s! we find that the best-fit value of
) changes by no more thari 50 the interpretation of a highly
obliquity is retained. The major factor leading the highgis®n
in the determination of\ is the system geometry. In a system
with a low impact parameter and large misalignment, the form
of the RM effect changes rapidly with so it easy to differenti-
ate between different angles. Gaudi & Winn (2007) provide an
relationship to estimate the expected uncertainty.irSubsti-
tuting ory = 8.5 m 7!, Nos = 12 and the derived values of
R,/ R., b, vsini and into their Equation 16, we obtain, =
5.8°. This is in good agreement with the value we obtain and
the small difference may due to the assumption théh i is
a free parameter whereas here we constrain it with the genalt
function.

3.2 WASP-24

A transit of WASP-24b was observed with the HARPS spec-
trograph on the night of 2010 April 10. We acquired 51 spec-
tra covering the full transit (161 minutes, 22 observafjcrsd
a period of duration 212 minutes (28 observations) disteithu
evenly before and after transit. The atmospheric conditioere
stable and the seeing was 0. ¥Ve also obtained 2 observations
on the nights prior to and post transit to constraintheslocity
of the transit dataset.

To fit the orbital parameters we obtained 8 HARPS obser-

filter and fixed atu = 0.66. Values of the photometric param-
etersP, To, Rp/ R+, a/R. andi, are taken from_Street etlal.
(2010) and are constrained through th fitting statistic be-
low:

2
X2 _ j : Vi, obs — Ui,calc +
[ex

— 2.3412124 d + 0.0000020 d x G(0, 1)
0.0000020 d

To — 55081.37941 + 0.00017 x G(0,1)
)2

)+

0.00017

0.10040 + 0.00060 x G(0, 1)
0.00060
) +

a/R. —5.90 + 0.33 x G(0,1)
2
S )

0.33
—83.64° 4+ 0.31° x G(0,1)
0.31°

Figure3 shows that WASP-24 has a very symmetrical RM
effect, moving from red shift to blue shift. This implies thhat
the planet moves in a prograde, well-aligned orbit. A fit te th
observations indicates an obliquity to he= —4.7 4+ 4.0°. All
the fitted parameters are shown in Tdble 6. The fitted value of
vsini=7.32 &+ 0.88 km s~! matches very well with that found
from spectral line fittingy sin i = 7.0+ 1.0 km s ! (Street et &l.
2010). WASP-24b has a high impact parameber 0.65) so a
penalty function or sin swas not needed. We found that adding
such a penalty function constrainingsin ¢ to the value from
Street et al..(2010) had no significant effect on the derived p

Ry/R. —

S
(
(
(

®3)

vations between 2010 March 26 and 2010 March 28 and used 10rameters.
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Figure 4. Left: Phase folded radial velocities of WASP-38 over-@dtivith the best-fit model. The systematic velocity has beemowed (see Table
[7) and the residuals are shown below. The orbital points teden with SOPHIE (open circles) and CORALE (open triangéesl the FIES transit
sequence is shown in filled circles. Right: The spectrosctpnsit is shown minus the orbital velocity and over-gdttvith the best fit model. The
point represented by an open triangle was omitted from tladysis (see text). The dotted lines represent the models f00°, 20°, 40°, 60°and
80° (from top to bottom) showing the change in the shape of the Rétewith \. The residuals from the best-fit model are shown below.

3.3 WASP-38

The FIES spectrograph was employed to observe a transit
of WASP-38 on 2010 June 8. We obtained 27 spectra dur-
ing the night using an exposure time of 900s, giving 16 in-
transit and 12 out-of-transit observations. The atmospleen-
ditions were stable and the seeing was”0.%o fit the orbit

we used the SOPHIE and CORALIE out-of-transit data from
Barros et al..(2010). The CORALIE radial velocity point atBJ

= 2455404.6205 was removed, as it occurred during transit. T
obtainy?.;, = 1, we required 15 and 8 m™$ to be added in
quadrature to the SOPHIE and CORALIE internal uncertasntie
respectively.

Barros et al.|(2010) found that WASP-38 has a small but
significantly eccentric orbit, so we fixed= 0.0321 andv =
—19°, since those parameters have little effect on the fitted
parameters once the transit ephemeris is speclfied (Winn et a
2010b). The photometric parameters found from light curve
fitting (Barros et all 2010) are constrained through the lgna
function shown in Equationl 4. We determined the linear limb-
darkening coefficient from the tables|of Claret (2004) (AT3.A
models) for theV filter and fixedu = 0.64.

The impact parameter of WASP-38 is low and has a rela-
tively large uncertaintyh = 0.277319. As with WASP-1, we re-
quire an independent constraint osin 4 to break the degener-
acy betweemw sin i and\. The values of the photometric param-
eters andssin ¢ = 8.6+ 0.4 km s™' are taken from Barros et al.
(2010) and used in thg? statistic:

X2

2
Vi, obs — Ui,calc
R bt i +

>

i

(mm —8.69kms ! +040kms ! x G(0,1)\° N
0.40 kms™!
P — 6.871815 d + 0.000045 d x G(0,1) > N
0.000045 d
To — 55335.92050 4 0.00074 x G(0,1) > N
0.00074

Ry/R. —0.0844 + 0.0011 x G
0.0011
a/R. —12.1540.19 x G
0.19
ip — 88.69° + 0.67° X G
0.67°

(0@))2+
< .
| ey

Although the precision of the radial velocity measurements
is lower than from the other spectrographs, we can see frem th
symmetry and characteristic red- then blue-shift of the RM e
fect that the planet is generally aligned and not retrograde
fit to the data yields\ = 15722 which is consistent with zero;
the other fitted parameters are listed in Tdhle 7. The large un
certainty in) is due in part to the small differences in the shape
of the RM effect whem\ andb are small. Angles greater than
approximately 60 produce a much more noticeable change in
shape per degree than at low angles, as shown in Higure 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 three sigma from the best-
fit model, see the open triangle in Figlitk 4. We investigated
whether this could be due to an incorrect wavelength calibra
tion, but this does not appear to be the cause. However,geein
changes or guiding issues may be factors. The fitis improyed b
removing the point, so it was excluded in the analysis. Ttst-be
fit value of A obtained when the discrepant point is retained is
—42+322 which is not inconsistent with zero at the &.Bvel.

(

(4)

3.4 HAT-P-8

We observed a transit of HAT-P-8 with the FIES spectrograph
on 2010 August 31. An exposure time of 900s was used to
obtain 14 in-transit and 14 out-of-transit spectra. Thargee
was 0.55 and weather conditions were good. Between the
sixth and seventh in-transit observations, the telescasere-
pointed when the rotator reached the maximum limit, which re
quired~9 minutes but did not affect the quality of the dataset.

(© 0000 RAS, MNRASDOQ, 000—-000



The spin-orbit alignment of WASP-1b, WASP-24b, WASP-38IH&T-P-8b 7

We used the HIRES out-of-transit radial velocity pointsnfro
Latham et al.|(2009) to constrain the orbit and fixed the eccen
tricity of the orbit to zero. The linear limb-darkening chefent
was set to the value found from the tables of Claret (2004) (AT
LAS models) for theV filter, u = 0.69.

Discovery light curves of HAT-P-8 were taken in 2007, so
in order to improve the accuracy of the ephemeris, we fitted th
two full z-band light curve presentedlin Latham etlal. (200%)

a high quality transit taken on 2010 August 28 by F. Harmuth
(TRESCAJ/ETD), as shown in Figufd 5. The TRESCA obser-
vations were taken using the 1.2-m telescope at the Calar Alt
Observatory in the R-band. As with WASP-1, an MCMC rou-
tine was used to fit the data and the parameters foung f@p,
Ry,/R., a/R. andi, are shown in Equatidn 6.

An initial fit to the RM data foundvsini ~ 16 km s™*
(andX ~ 8°) to be significantly larger than the valuew§in i =
11.54+ 0.5 km s reported by Latham et al. (2009). Other sim-
ilarly fast rotating stars have also been found to show aelisc
ancy between the value efsin i derived from spectroscopic
line broadening and from RM measurements (e.g. Winnlet al.
2007; Triaud et al. 2009). It is likely to be the result of the a
sumption that the line profile asymmetry caused by the planet
blocking the rotating stellar surface can be modelled asfa sh
in the mean line position. For faster rotating stars, therasg-
try in the line profile is better resolved because of the beoad
line width, which causes a larger apparent shift than exkct

Latham et. al (2009) z—-band
. 2007 Oct 29 ,

0.00F

. Ve
Latham et. al (2009) z—bond “ln
2007 Dec 02 -

AR
3
K 0.05 T
S, ~o. F. Hormuth (TRESCA) R-band
o 2010 Aug 28
€
3
=
c
o
o L ]
2L
IS

0.15 FATI ER TR SN EN S SRS E S N

0.00
Phase

0.04

as seen here. Hirano et al. (2009) have addressed this issue

by modifying the equations presented_in Ohta, Taruya, & Suto
(2005) to compensate for this effect. We implemented this so
lution as in_Simpson et al. (2010b) and Bayliss etlal. (2030) b
calculating the RM radial velocity shift as:

0_2 :|3/2 I:l B 'Ug :|
232 4 o2 232 4 o2
whereg is the intrinsic line width an@ = vsini/«, wherea
is a scaling factor depending on limb darkening paramesers (
Equation F6 of H09). We determine®las the quadrature sum
of the macrotubulencevf,ac), microturbulence #mic) and in-
strumental profile. Following Valenti & Fischer (2005) weeds
Umac = 4.60 km §'* andwvni. = 0.85 km s'!. The instrumental
profile is given byc/R = 6.38 km s, whereR is the instru-
mental resolution 46,000. Thus we determiried 7.9 km s7L.
We calculatedn = 1.31 for the limb darkening coefficients
u1 = 0.69 andug =0.

As with WASP-1b and WASP-38b, HAT-P-8b has a low
impact parameter and therefore we placed a penalty funotion
the value ofvsin4 found byl Latham et al! (2009) to constrain
the fit. Thex? statistic used was:

VRM = —0 Vp {1 + (%)

2
X2 _ 2 : Vi,obs — Ui,calc +
- [ex

7

(vsini —115kms ' +05kms ! x G(0,1)\° N

0.5kms!

P —3.0763350 d + 0.0000040 d x G(0,1)\° N
0.0000040 d

To — 54437.67582 + 0.00034 x G(0,1)\° N
0.00034

Ry/R. —0.09110 + 0.00090 x G(0,1)\” N
0.00090

(© 0000 RAS, MNRASD0OO, 000000

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

(a/R* —6.35 4 0.34 x G(0, 1))2 N

0.34
ip — 87.26° + 1.00° x G(0,1)?
( 1.00° )

From the form of the RM effect, HAT-P-8 appears to have
a prograde aligned orbit, as shown in Figule 6. A fit to the data
yields A = —9.7+2-9 and the other fitted parameters are shown
in Table[8. As with WASP-38b, the precision of FIES and the
combination of lowb and\ limits the accuracy of the result, but
allows us to rule out highly misaligned orbits. A transit oiH
P-8b was independently observed with SOPHIE (Moutou et al.,
in prep.); it provides results similar to the ones presehtzeé.

Two observations show a large deviation from the best-fit
model and again we could not determine an instrumental cause
We found that the fit was not significantly altered nor impibve
by removing the points so chose to retain them. The best-fit
value of \ having removed the two points (-1B 11°) is con-
sistent with that found if the points are retained.

(6)

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 systeams
be X = —79.07450, A = —4.7+£4.0°, A = 15733 and A =
—9.779:9% respectively. WASP-24b, WASP-38b and HAT-P-8b

7
do not appear to be strongly misaligned and are consistent wi
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Figure 6. Left: Phase-folded radial velocities of HAT-P-8 minus tlystematic velocity (given in Tablgl 8) and over-plotted witie best-fit model
with residuals shown below. The orbital observations waken using HIRES (open circles) and the transit sequenecg WEES (filled circles).
Bottom: The spectroscopic transit, minus the orbital vigfpés shown over-plotted with the best-fit model with theideals shown below. A dotted

line represents the RM effect of an aligned orbit.

zero within2o. This suggests they could have undergone arela- axis is more difficult to obtain and may be inferred by compar-

tively non-violent migration process which did not perttinem
from the primordial alignment of the proto-planetary dié¢-
ternatively, tidal interactions may have forced the stedigin

to align with the planetary orbit (Winn etial. 2010a). By con-
trast, WASP-1b joins the approximately one-third of planet
with misaligned orbits and points towards a dynamically-vio
lent evolution such as gravitational scattering by othanpts
or the three-body Kozai mechanism.

The uncertainties in\ for HAT-P-8b and particularly
WASP-38b are relatively large and allow for the possibithst
the systems have a small misalignment. These larger uireerta
ties are due, in part, to the geometry of the systems. Botit pla

ing the line-of-sight rotational velocity; sin 4, to the true stel-
lar rotation velocityv. Theoretical predictions af are provided
by |Schlaufman| (2010) for many of the host stars of transiting
planets. However, it can also be determined through théarla
v = 27 R./Pwot, Where P, the stellar rotation period, can
be measured directly from spot modulation (.g. Baliunasd et
1997;/ Simpson et al. 2010a) or indirectly from Ca Il H & K
measurements_(Noyes et al. 1934; Watsonlet al. 2010a) if this
information is available.

The four stars in this study have similar values of
T.x (see Tabled]5 £18) and age (see_Schlaufman |2010),
so we would expect them to have comparable values.of

ets have low impact parameters and in this regime the shape ofSchlaufman [(2010) predicts this to be of the order of 7-9

the RM effect, which largely determines changes very subtly
with A\ until angles of>60° are reached. Thus, many values of

kms ! In practice, we find a wide range of valuesofin i;
5.77+0.35kms™!,7.32+0.88kms !, 858 +0.39kms!

X can be fit by the data and the uncertainty is large. This ex- and 11.8 + 0.5km s™*. This can be explained by supposing
plains how we are able to obtain a much more precise value for that the slower rotating stars are tilted so that we only nesa

WASP-1b which has a value ¢k| which is much greater than
zero. In addition, we are also limited by the instrumentaseo

fraction of the true rotational velocity. WASP-1 is slowetat-
ing than predictedy(sini = 5.8 km s}, vgim = 8.6 km s*) and

on the FIES spectrograph and we recommend that further-obser from this,| Schlaufman (2010) deduced that the star and plane

vations of these systems be undertaken to refine the panamete
We modelled the RM effect using the equations of

are significantly misaligned in the line-of-sight. This med
yields four solutions for the inclination of the rotationisof

Ohta, Taruya, & Sutd (2005). However, it has been shown that the stari. ~ 40°, 140°, 220° and 320.

this formulation does not estimatesin i well for more rapidly
rotating stars. We found this to be the case for HAT-P-8, Whic
was measured to hawesini = 11.5+ 0.5 km s°* from spec-
troscopic line broadening but a best-fit value of 16 km som

the RM effect. For this case, we used the modified formulation
oflHirano et al.|(2009) to model the data, and placed a canstra
onw sin ¢ using the value from spectroscopic line broadening to
break the degeneracy betwegrandv sin at low impact pa-
rameters. These modifications did not affect the conclutsiah
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 alignmeart be
estimated by comparing the inclinations of the planetabjtor
and stellar rotation axes andi.. Transiting planets naturally
provide a tight constraint ofy, given that the orbit must be close
to edge-on in order for a eclipse to be observed. The stelar s

The total alignment angle can be calculated through the
following relation:

COS 1) = COS ix COS ip + Sin i4 sin iy cos A. @)
Substitutingi, = 88.6° and\ = -79°, we obtaim) = 82°,
84°, 96° and 98. We therefore conclude that WASP-1b has an
almost polar orbit. Schlaufmah (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 similasin ¢, SO we do not expect
it to be misaligned either. This agrees with the lack of enade
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 and eccentric orbits and massive ptanet
With e = 0.032 andn,, = 2.7 M;, WASP-38b may be expected

(© 0000 RAS, MNRASDOQ, 000-000



The spin-orbit alignment of WASP-1b, WASP-24b, WASP-38IaT-P-8b 9

to be misaligned, however we find no evidence for high spin- tapje 1. Radial velocities of WASP-1 measured with SOPHIE during

orbit angles. transit and FIES at other orbital phases.
Winn et al. (2010a) noted that planets orbiting hot stars,
defined asT.g> 6250 K, tend to have misaligned orbhits, BID RV Error
whereas stars cooler than this host aligned planets. Lovg mas -2 400 000 (kms!) (kms1)
and long period planets are exceptions, as the timescatielfbr
alignment is longer and may not have taken effect. All th@pla Planetary transit:
ets in this study have temperatures placing them in the cool 55099.33177 -13.2101 0.0083
star category and so WASP-24b, WASP-38b and HAT-P-8b ap- gggggggggé g;igg 8'8823
pear to conform with this trend. However, with its7 d orbit, 55099 37319 13.2040 00086
WASP-38b has the potential to be an exception and to have re- 5509938674 13.2146  0.0086
tained its primordial spin-orbit angle. 55099.40012 -13.2218 0.0085
By contrast, the WASP-1 system, wiffig = 6110+ 45 55099.41520 -13.2341 0.0085
K, is unexpectedly misaligned. In this way, WASP-1b is sémil 55099.42765 -13.2228 0.0085
to CoRoT-1b, which also orbits a cool stdts= 5950+ 150 55099.43928 -13.2454 0.0086
K (Barge et all 2008), and has a highly misaligned, almost po- 55099.45150 -13.2457  0.0087
lar orbit, A = 77 + 11° (Pont et all 2010) yet is not eccentric. 55099.46349 -13.2614  0.0087
Neither planets are low mass nor long period so do not meet the 55099.47532 -13.2671 0.0088
criteria to be exceptions from aligned orbits around coatsst 55099.48773 132527 0.0092
. - . 55099.50089 -13.2662 0.0088
To bring the stars into the hot-star regime, the temperatafe 55099.51269 13.2596 0.0083
CoRoT-1 and WASP-1 would have to be severaiotter than 55099.52912 132711 0.0072
their best fit value, respectively. Whilst this could be tlase; 55099.54277 -13.2774 0.0081
another possibility is that the distinction between coal aot 55099.55493 -13.2635 0.0086
stars is not discrete and there may be a transition regioveleet 55099.56709 -13.2843 0.0087
the two. 55099.58288 -13.2739 0.0088
Interestingly, Cameron et al. (2007) reported a nearby stel 55099.59579 -13.2883  0.0087
lar companion to WASP-1, and if associated, would have a pro- HID RV Error
jected orbital separation 8$1800 AU. In this regime the Kozai -2 400 000 (kms!) (kms1)
mechanism can take effect and it is thought to significarely p
turb planetary orbits. Although beyond the scope of thisepap Other orbital phases:
it would be very informative to investigate whether the raigr 54834.3378 -13.3780 0.0105
tion of WASP-1b could have been caused by interactions with a 54835.4419 -13.6246 0.0107
) . e . 54836.4229 -13.4224 0.0096
binary companion, if it is indeed associated. 55025.7036 -13.4250 0.0191
The rapid increase in the number of measured spin-orbit 55041.6483 -13.5199 0.0249
angles, and the discovery of a large population of misatigne 55085.5576 -13.5266 0.0154
systems, has revolutionised our understanding of planetar 55086.5259 -13.4365 0.0393
gration. It is no longer believed that planet-disc inteiats can 55087.4126 -13.6088 0.0223
fully explain the observed distribution of angles and othech- 55096.5906 -13.4449 0.0215
anisms must play a significant role. In this paper we have pre- 55097.6051 -13.6009  0.0181
sented four new measurements of spin-orbit angles, and de fin ggggg'zzgg 12‘5‘233 ggi;g
that WASP-1b has a near polar orhit, despite predictiorsitha 55100.5339 13,5002 0.0102

yvould be _aligned as it orbits a cool star. By co_ntrast, WAEB_B-:% 55119 4279 13.4457 00131
is a massive planet on a moderately long period, eccentoit or 55119.6984 -13.5493 0.0187
so has a high likelihood of misalignment but it does not show
evidence for a large obliquity. In order to fully understahe
processes which are at work, further measurements aredeede REFERENCES
to allow theories to be compared with a strong observational
basis| Morton & Johnson (2010) estimate that a total of 40-10  Baliunas, S. L., Henry, G. W., Donahue, R. A., Fekel, F. C., &
measurements will be required to be confident in the mecha- Soon, W. H. 1997, ApJL, 474, L119+
nisms at work, and with the steady flow of new transiting plane ~ Baranne, A., Queloz, D., Mayor, M., etal. 1996, A&ASS, 119,
discoveries, uncovering the mystery of migration may soen b 373
within our reach. Barge, P., Baglin, A., Auvergne, M., et al. 2008, A&A, 482,
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Table 5. Derived system parameters and uncertainties for WASP-d effective temperature is taken from Stempels et al. (2007)

Parameter (units) Symbol Value

Free parameters:

Projected alignment anglé) A ~79.07%5

RV semi-amplitude (kms?) 0.1094 % 0.00564
Systemic velocity of SOPHIE transit dataset (km'$ v —13.2365 £ 0.0027
Systemic velocity of SOPHIE orbital dataset (km'9 ¥2 —13.5016 £ 0.0065
Systemic velocity of FIES orbital dataset (kmy v3 —13.4990 + 0.0057
Parameters controlled by priors:

Projected stellar rotation velocity (knT$) vsini 5.77+ 0.35
Period (days) P 2.5199449 + 0.0000013
Transit epoch (HJD - 2 400 000) To 54461.86099 £ 0.00024
Planet/Star radius ratio Ry /R« 0.10271 % 0.00058
Scaled semi-major axis a/Rx« 5.64+0.13
Orbital inclination €) i 88.65 7021
Fixed parameters:

Eccentricity e 0

Limb darkening U 0.73

Effective temperature (K) Tofr 6110+ 45

Table 6. Derived system parameters and uncertainties for WASP{24 effective temperature is taken from Street et al. (2010).

Parameter (units) Symbol Value

Free parameters:

Projected alignment anglé) A —4.74+4.0
Projected stellar rotation velocity (knT$) vsini 7.0£0.9

RV semi-amplitude (kms') K 0.1482 4 0.0025
Systemic velocity of HARPS transit dataset (km'$ Y1 —17.7871+ 0.0017
Systemic velocity of HARPS orbital dataset (km' Y2 —17.7905 £ 0.0019
Systemic velocity of FIES orbital dataset (km'9 ¥3 —17.9050 £ 0.0073
Systemic velocity of CORALIE orbital dataset (krm'5) Y4 —17.8031 + 0.0040
Parameters controlled by priors:

Period (days) P 2.3412127 £ 0.0000020
Transit epoch (HJD - 2 400 000) To 55081.37941 4+ 0.00017
Planet/Star radius ratio Rp/R« 0.10040 =+ 0.00060
Scaled semi-major axis a/Rx« 5.98+0.15
Orbital inclination €) i 83.64£0.29
Fixed parameters:

Eccentricity e 0

Limb darkening u 0.66

Effective temperature (K) Test 6075+ 100
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Table 7. Derived system parameters and uncertainties for WASP {38 effective temperature is taken from Barros el al. (2010).

Parameter (units) Symbol Value
Projected alignment anglé) A 15733

RV semi-amplitude (kmst) K 0.2538 4 0.0035
Systemic velocity of FIES transit dataset (km'g ol —9.8404 T5-0053
Systemic velocity of SOPHIE orbital dataset (km'g ¥2 —9.7181 4+ 0.0063
Systemic velocity of CORALIE orbital dataset (ki %) v3 —9.7951 4+ 0.0027
Parameters controlled by priors:

Projected stellar rotation velocity (knt$) vsini 8.58 £ 0.39
Period (days) P 6.871814 4 0.000045
Transit epoch (HJD - 2 400 000) To 55335.92044 4+ 0.00074
Planet/Star radius ratio Ry /R« 0.0844 £+ 0.0011
Scaled semi-major axis a/R« 12.15+0.18
Orbital inclination €) i 88.83 7052
Fixed parameters:

Eccentricity e 0.032
Longitude of periastron w —19.0

Limb darkening U 0.64

Effective temperature (K) Test 6150+ 80

Table 8. Derived system parameters and uncertainties for HAT-Ph8.difective temperature is taken from Latham et al. (2009)

Parameter (units) Symbol Value

Free parameters:

Projected alignment anglé) A —9.7 t;”;

RV semi-amplitude (kmst) 0.1580 = 0.0041
Systemic velocity of FIES transit dataset (km'g Y1 —22.3650 £ 0.0040
Systemic velocity of HIRES orbital dataset (km's Y2 —0.0937 4+ 0.0031
Parameters controlled by priors:

Projected stellar rotation velocity (knT'$) vsinig 11.8+ 0.5

Period (days) P 3.0763370 £ 0.0000036
Transit epoch (HJD - 2 400 000) To 54437.67587 £ 0.00034

Planet/Star radius ratio Ry /R« 0.09135 +£ 0.00089
S ) 0.20

Scaled semi-major axis a/Rx« 6.12 fom
T . +0.75

Orbital inclination ) i 87.80 ) 77

Fixed parameters:

Eccentricity e 0

Limb darkening u 0.69

Effective temperature (K) Tesr 6200+ 80
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Table 2. Radial velocities of WASP-24 measured with HARPS during  Table 3.Radial velocities of WASP-38 measured with FIES during-tran

and outside transit.

BJD RV Error
-2 400 000 (kmsl) (kms 1)
Planetary transit:
55296.6514 -17.7358 0.0059
55296.6651 -17.7463 0.0126
55296.6701 -17.7492 0.0118
55296.6750 -17.7407 0.0113
55296.6801 -17.7504 0.0112
55296.6850 -17.7733 0.0119
55296.6900 -17.7487 0.0119
55296.6950 -17.7436 0.0119
55296.7000 -17.7492 0.0124
55296.7051 -17.7629 0.0119
55296.7100 -17.7551 0.0123
55296.7150 -17.7619 0.0123
55296.7201 -17.7668 0.0121
55296.7250 -17.7521 0.0140
55296.7300 -17.7364 0.0131
55296.7350 -17.7379 0.0126
55296.7400 -17.7434 0.0123
55296.7450 -17.7512 0.0124
55296.7501 -17.7645 0.0118
55296.7550 -17.7403 0.0116
55296.7600 -17.7633 0.0119
55296.7650 -17.7531 0.0120
55296.7700 -17.8006 0.0122
55296.7751 -17.7885 0.0122
55296.7800 -17.7813 0.0115
55296.7851 -17.7965 0.0111
55296.7901 -17.8128 0.0109
55296.7950 -17.8160 0.0107
55296.8000 -17.8399 0.0098
55296.8049 -17.8265 0.0116
55296.8100 -17.8495 0.0121
55296.8150 -17.8366 0.0121
55296.8199 -17.8141 0.0139
55296.8251 -17.7952 0.0130
55296.8300 -17.8240 0.0129
55296.8350 -17.7943 0.0122
55296.8401 -17.8418 0.0118
55296.8451 -17.8177 0.0112
55296.8500 -17.8012 0.0109
55296.8550 -17.8154 0.0108
55296.8600 -17.8018 0.0110
55296.8650 -17.8293 0.0110
55296.8701 -17.8289 0.0109
55296.8750 -17.8200 0.0110
55296.8801 -17.8355 0.0105
55296.8851 -17.8203 0.0108
55296.8901 -17.8294 0.0107
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