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ABSTRACT

Only a few hot Jupiters are known to orbit around fast rotating stars. These exoplanets are harder
to detect and characterize and may be less common than around slow rotators. Here, we report the
discovery of the transiting hot Jupiter XO-6b, which orbits a bright, hot, and fast rotating star: V =
10.25, Teppy = 6720 £ 100 K, vsini, = 48 £ 3km s~1. We detected the planet from its transits using
the XO instruments and conducted a follow-up campaign. Because of the fast stellar rotation, radial
velocities taken along the orbit do not yield the planet’s mass with a high confidence level, but we secure
a 3-c upper limit M, < 4.4 My,,. We also obtain high resolution spectroscopic observations of the
transit with the SOPHIE spectrograph at the 193-cm telescope of the Observatoire de Haute-Provence
and analyze the stellar lines profile by Doppler tomography. The transit is clearly detected in the
spectra. The radii measured independently from the tomographic analysis and from the photometric
lightcurves are consistent, showing that the object detected by both methods is the same and indeed
transits in front of XO-6. We find that XO-6b lies on a prograde and misaligned orbit with a sky-
projected obliquity A = —20.7° 4+ 2.3°. The rotation period of the star is shorter than the orbital
period of the planet: P.,; < 2.12 days, P,., = 3.77 days. Thus, this system stands in a largely
unexplored regime of dynamical interactions between close-in giant planets and their host stars.

Keywords: Stars: planetary systems — Planets and satellites: individual (XO-6b) — Methods: ob-

servational — Techniques: photometric — Techniques: spectroscopic

1. INTRODUCTION J < 10 with a radius larger than 0.3 Ry, : Kepler-
16b and Kepler-25¢. The ratio of such hot Jupiters
numbers (60:2) is approximately the same as the
corresponding ratio of survey areas on the sky
(30,000:100 square degrees).

Most of our understanding of close-in gas giant planets
is enabled by studying those transiting in front of bright
stars. Such systems are favorable to photometric and
radial velocity observations and to atmospheric charac- . .
terization. The vast majority of these systems have been Among parameters used to characterize hot Jupiters,
discovered by ground-based surveys such as WASP (Pol- the distribution of obliquities draws particular attention.
lacco et al.|[2006}; [Collier Cameron et al.|[2007) and HAT Sky-projected obliquities can be measured by observing
(Bakos et al.[2004]). These two projects detected a total exoplanets in Spectroscopy dgrlng a transit: the planet
of ~60 hot Jupiters around stars of magnitude J < 10. occults a portion of its rotating host star and distorts
The CoRoT and Kepler missions provided little addition the apparent stellar line proﬁle ; this effect is knqwn
to this sample because they target fainter stars ; Ke- as the R0851ter—McLaugh11n eﬂ.ect (Holt| [1893; [Rossiter
pler discovered two planets around stars of magnitude 1924; [McLaughlin 1924)' It is most cgmmonly ana-

lyzed through velocimetry. A more sophisticated tech-

ni Doppler tomography, h 1 n in a f
crouzet@dunlap.utoronto.ca que, Doppler tomography, has also been used in a few
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cases and provides more precise parameters as well as a
wider range of information on the planet and the host
star (e.g. |Collier Cameron et al.[2010alb; Bourrier et al.
2015). With the rapid growth of Rossiter-McLaughlin
measurements in recent years, obliquities have become a
powerful way to probe different theories for the dynam-
ical history of hot Jupiters. Winn et al.| (2010) noted
that hot Jupiters orbiting stars with relatively cool pho-
tospheres (T < 6250 K) have low obliquities whereas
those orbiting hotter stars show a wide range of obliqui-
ties. This trend has been investigated in the context of
dynamical interactions (e.g. |Schlaufman 2010} |Albrecht
et al.|[2012; [Dawson & Chiang|2014; [Winn & Fabrycky
2015). The comparison of planets’ orbital periods and
host stars’ rotation periods also constrains the dynamics
of hot Jupiters (Mazeh et al.|[2005; [Pont|{2009; [Husnoo
et al.|[2012). However, the vast majority of known hot
Jupiters orbit around slowly rotating stars. This trend
is supported by a dearth of Kepler Objects of Interest at
short orbital periods around fast rotating stars (McQuil-
lan et al.[2013) ; such studies could be used to calibrate
potential selection effects of ground-based transit surveys
against detecting planets around fast rotating stars.

The XO project (McCullough et al.|2005) aims at de-
tecting transiting exoplanets around bright stars from
the ground with small telescopes. The project started
in 2005 and discovered five close-in gas giant planets,
XO-1b to XO—BHH A new version of XO was deployed
in 2011 and 2012 and operated nominally from 2012 to
2014. In this paper, we report the discovery of XO-6b,
a transiting hot Jupiter orbiting a bright and fast rotat-
ing star. After its detection by the XO instruments, we
conducted a follow-up campaign via photometry, radial
velocity, and Rossiter-McLaughlin observations includ-
ing a Doppler tomography analysis in order to establish
the presence of the planet and extract the system param-
eters.

The XO setup and observations are described in Sec-
tion [2| and the data reduction pipeline in Section 3| The
follow-up campaign and the nature of the XO-6 system
are presented in Section[d] The stellar parameters are de-
rived in Section[f] In Section[6] we discuss the properties
of the X0O-6 system in the context of dynamical studies
of hot Jupiters and their host stars, and we conclude in
Section [T

2. DISCOVERY INSTRUMENTATION AND OBSERVATIONS

The new XO instrumental setup consists of three iden-
tical units installed at Vermillion Cliffs Observatory,
Kanab, Utah, at Observatorio del Teide, Tenerife, Ca-
nary Islands, and at Observatori Astronomic del Montsec
(OAdM), near Ager, Spain. Each unit is composed of two
10 cm diameter and 200 mm focal length Canon tele-
photo lenses equipped with an Apogee E6 1024 x 1024
pixels CCD camera mounted on a German-Equatorial
Paramount ME mount and protected by a shelter with
a computer-controlled roof. All six lenses and cameras
operate in a network configuration and point towards
the same fields of view. These fields of view are differ-
ent from those of the original XO, with no overlap. In-
strumental parameters and data reduction methods are

! McCullough et al.|(2006)); Burke et al.| (2007));|Johns-Krull et al.
(2008); [McCullough et al.| (2008]); | Burke et al.| (2008])

similar as in McCullough et al.| (2005)) unless indicated.
The focus is adjusted to yield a PSF (Point Spread Func-
tion) FWHM (Full Width Half Maximum) of ~1 pixel;
in practice the FWHM varies between 1 and 1.5 pixels.
The CCDs are used in spatial-scan mode: pixels are read
continuously while stars move along on the detector. The
mount tracking and CCD reading rates are calculated to
yield round PSFs. The resulting images are long strips of
43.2° x 7.2° instead of 7.2° x 7.2° images that would re-
sult if the CCD was used in staring mode. This technique
reduces overheads, increases the time spent at collecting
photons, and maximizes the number of observed bright
stars. The same two strips of the sky were observed over
and over. Between 50 and 100 strips were recorded each
night by each camera; the exposure time is 317 s for a full
strip (53 s for each 7.2° x 7.2° region). A weather sensor
records meteorological data such as the ambient temper-
ature, sky temperature, humidity, rain drops, wind speed
and direction, dew point, etc... every minute. Each unit
operates robotically: the weather data are interpreted in
real time, a command is sent to open or close the roof,
and run the observations. The units can also be con-
trolled remotely. A rotating webcam sensitive in the vis-
ible and near-infrared is mounted inside each shelter and
gives a live view of the systems. The observations span
a duration of two times nine months between 2012 and
2014, with gaps due only to weather and instrumental
problems.

3. DATA REDUCTION

First, data taken by the six camera systems are reduced
independently. The strips are carved into 1024 x 1024
pixel images, and we discard the first 1024 x 1024 image
of each strip where the scanning is just starting. This
yields 9 fields of 7.2° x 7.2° ; the field located around
the celestial North pole is covered by both strips and has
the maximum phase coverage. An approximate WCS
(World Coordinate System) solution is found for each
image using the astrometry.net software progranﬂ and
it is improved using a 6 parameter astrometric solution.

Dark frames are taken at the beginning and end of each
night and are averaged to yield one dark per night. A
flat-field is built from twilight flats and is used for the
whole duration of the observations. Science frames are
calibrated by the dark and flat. Warm columns are iden-
tified using high-pass filters; columns with a excess of 15
ADU with respect to their 10 neighbouring columns are
flagged and their excess flux is removed. We find typi-
cally between 0 and 5 warm columns per image, except
for one CCD which has up to 100 warm columns.

We select the target stars from a reference image taken
under very good conditions. This yields about 6000 stars
in each field. To identify the target stars on each image,
the coordinates of point sources are correlated to that
of the target stars in the reference image. We perform
circular aperture photometry using the Stellar Photom-
etry Software program (Janes & Heasley||1993)). The sky
background is calculated in an annulus around each star
and is subtracted. The optimum photometric aperture
radius is computed as a function of stellar magnitude for
each camera using data taken under average conditions,
and is kept constant for each star; this radius varies from

2 http://astrometry.net/
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2 to 10 pixels depending on the star magnitude. The
photometric measurements are gathered in a star-epoch
array where stars are sorted by ascending instrumental
magnitude. One array is obtained for each field and each
camera.

The next reduction steps are performed only on the
2000 brightest stars of each field, which corresponds ap-
proximately to a limit magnitude V = 12 and a 1% RMS
photometric precision. Several calibrations are applied
independently for each scan direction (the strips can be
observed scanning North or South). The mean magni-
tude of each star is subtracted; we use the magnitude
residuals in all the following. We select the reference
stars for each star and each scan direction sepa-
rately. For a given star s, we subtract the photo-
metric time series of s from those of all the stars,
and evaluate the mean absolute deviation (ML AD)
of the resulting time series. Stars are sorted by
increasing MAD; the first index is excluded be-
cause it corresponds to star s, and the following N
stars are kept as reference stars. Then, we build
a reference time-series using an outlier resistant
mean of the N reference stars, and subtract it
to the time-series of star s. This yields a cali-
brated lightcurve for star s. We use N = 10 for all
the stars. Then, for each epoch, we remove a 3rd oder
polynomial corresponding to low-frequency variations of
magnitude residuals in the CCD’s z,y plane, also called
“L-flats”. We also remove a linear dependance of each
lightcurve with airmass.

Bad data are flagged according to several criteria: the
quality of each epoch measured from the dispersion of the
residuals of a subset of stars, the sky brightness and its
homogeneity (which account for clouds or a shelter’s wall
partially obscuring the field of view), the airmass, the
number of detected stars, and the image cross-correlation
(revealing for example double point sources due to an
imperfect tracking occurring occasionally on one of the
mounts). Then, systematic effects are removed using
the Sysrem algorithm (Tamuz et al. 2005)). Finally, the
lightcurves from the 6 cameras are combined together
and we search for periodic signals using the BLS (Box
Least Square) algorithm (Kovacs et al.|[2002). We keep
signals compatible with planetary transits for visual in-
spection and detailed investigation.

The discovery lightcurve of XO-6b is shown in Fig-
ure These data were obtained from the three units
(six cameras) of the new XO instruments during the first
campaign, from fall 2012 to spring 2013.

4. FOLLOW-UP CAMPAIGN

We conducted follow-up observations and analyses in
photometry and spectroscopy to establish the nature of
the system. The first spectroscopic measurements reveal
that the star is a fast rotator, which jeopardizes measur-
ing the mass of the companion by radial velocities (see
Section . Therefore, particular care is given in the
photometric follow-up analysis to look for signs of a stel-
lar eclipsing binary or a triple star system, as detailed
in the following. Although the XO lightcurve is con-
taminated by another star which is 1 magnitude fainter
and located at 38” separation from XO-6, both stars are
well resolved by the follow-up instruments. Nine other
stars are located within 1 arcminute of X0-6 and
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Figure 1. Discovery lightcurve of XO-6b (black dots) and best
transit fit using the parameters from Table [5| (red line).

are 4.5 to 7 magnitude fainter; they do not affect
the follow-up measurements.

4.1. Photometric follow-up

The photometric follow-up observations were con-
ducted by an extended team of amateur and professional
astronomers with facilities summarized in Table [l We
observed 18 transit events with good quality data, from
December 26th, 2013 to February 2nd, 2015 using dif-
ferent filters (g’, r’, i’, B, V, R, I); some transits were
observed alternating between two filters. In total, this
yields 26 sets of individual transits and filters that we
use in the analysis (Figure [2)).

4.1.1. Analysis of individual transits

First, each transit time series is analyzed individually
in order to search for signs of false-positive configura-
tions (such as differences between even and odd tran-
sits or large transit timing variations) and to refine the
ephemeris. Julian dates are converted to BJD (Barycen-
tric Julian Dates). Each lightcurve is fitted by a combina-
tion of a transit model from Mandel & Agol (2002) and a
linear trend to correct for systematic effects. We assume
a circular orbit. We use the downhill simplex minimiza-
tion procedure with the following parameters: P, T,
a/R., R,/R., 1, and to, where P is the orbital period, Tp
the average mid-transit time, a the semi-major axis, R,
the stellar radius, I, the planetary radius, ¢ the inclina-
tion, and ¢ the offset of the mid-transit time of each tran-
sit with respect to Ty. We include two more parameters
to account for a flux offset and a linear trend. We calcu-
late the limb-darkening coefficients using the John South-
worth’s JKTLD software program (Southworth 2015)@
with the (Claret| (2000} |2004) tables, the ATLAS model
for the stellar atmosphere, a quadratic limb-darkening
law, and the stellar parameters T,rr. = 6720 K, logg.
= 4.036, M/H = 0, and Vyicro = 2 kms™! (see Section
. We fix these coeflicients to their theoretical values in
each bandpass. We remove outliers lying away from the
transit model by more than 3 o, where o is the standard
deviation of the lightcurve. The individual lightcurves
are displayed in Figure

We improve the transit ephemeris parameters P and
To in an iterative process. First, tg is fixed to 0 whereas

3 http://www.astro.keele.ac.uk/jkt/codes/jktld.html
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Table 1
Observatories and telescopes used for the photometric follow-up.
The diameters of the primary mirrors are given in inches and cm.

Observatory Telescope Label
Hereford Arizona Observatory, Arizona, USA Celestron 11”7 (28 cm) - Meade 14” (36 cm) HAO
Acton Sky Portal, Massachusetts, USA 11”7 (28 cm) ASP
Observatori Astrondomic del Montsec, Catalonia, Spain  Joan Oré Telescope 317 (80 cm) TJO
Observatoire de Nice, France Schaumasse 16” (40 cm) NCE
Vermillion Cliffs Observatory, Kanab, Utah, USA 24” (60 cm) VCO
Elgin Observatory, Elgin, Oregon, USA 12” (30 cm) EO

a/R., R,/R,, and i are free for each transit. Then, a/R,,
R,/R,, and i are fixed to their mean over all transits
and ¢ is allowed to vary. Finally, we calculate a linear
fit between the set of individual ¢y, and the period index,
and we update P and Tp in order to remove this linear
variation. This new ephemeris as well as the new val-
ues of a/R,, R,/R., and i are used as an initial guess
for the next iteration. We perform 100 iterations. The
final distributions for the parameters are well behaved,
and we use the median values of the distributions of P
and Ty as the final ephemeris. We compute the uncer-
tainties in the ephemeris in two ways. A first estimate
is obtained from the standard deviation of these P and
Ty distributions. A second estimate is obtained using
the residual-permutation method (see [Pont et al.
2006, and references therein), in which we shift the
to residuals with respect to the period index, calculate
a new linear fit, and derive a new ephemeris. Applying
all possible shifts results in distributions for P and Ty,
and their standard deviations yield the uncertainties on
these parameters, which are larger than the first esti-
mate by a factor of 1.2 and 1.5 for P and Tj respectively.
We keep the larger values, obtained from the residual-
permutation method, as the final uncertainties. The
final values and uncertainties of P and Ty are reported
in Table[] This ephemeris is in excellent agreement with
the original XO lightcurve. In this analysis, we find no
evidence for transit timing variations and no significant
difference between odd and even transits at the level of
precision of our data.

4.1.2. Analysis of transits per bandpass

We gather data and fit a transit model in each band-
pass (B, V, R, I). We fix P and T} to the values derived
in Section [L.1.1] and the limb-darkening coefficients to
their theoretical values in each bandpass. The free pa-
rameters are a/R,, R,/R,, and i, plus a flux offset and
a linear trend. We assume a circular orbit and use the
downhill simplex minimization procedure. Then, the un-
certainties are calculated using a customized residual-
permutation method: instead of shifting the residuals
over the whole transit curve, we divide this curve into two
parts from mid-transit, and for each shift on one side all
shifts are successively applied on the other side. This re-
sults in O(N?) permutations instead of O(N), where N
is the number of data points, and allows correlated noise
features to be shuffled with respect to each other before
and after the transit. The best transit model is calcu-
lated for each permutation using a Levenberg-Marquardt
minimization method, and the standard deviations of the
posterior distributions yield the 1-o uncertainties on the
transit parameters. These parameters are consistent be-

tween the different bandpasses within their uncertainties
(Table |2} Figure|3). We obtain the final transit parame-
ters by a weighted average of all bandpasses with weights
of 1/0% where ¢ is the uncertainty in each bandpass.

Table 2
Transit parameters of the XO-6 system obtained in each
photometric bandpass and their weighted average.

Bandpass a/Ry R,/Ry i [deg]
B 9.21 £ 0.48 0.1179 £ 0.0026 85.94 £ 0.51
\% 9.01 £ 0.35 0.1151 £ 0.0017 86.02 £ 0.39
R 9.07 £ 0.41 0.1153 £ 0.0019 85.90 £ 0.42
I 9.49 + 0.36 0.1114 4+ 0.0017 85.94 £ 0.33
Average 9.20 £ 0.19 0.1144 £+ 0.0013 85.95 &+ 0.20

4.2. Secondary eclipse

We do not detect the secondary eclipse in the XO
lightcurve, but we can constrain the eclipse depth d. in
the XO bandpass assuming a circular orbit. First, we
calculate an upper limit on J. as o/ V/N, where o and
N are the standard deviation and number of in-eclipse
points respectively: we find d. < 0.114% at 3-0. How-
ever, this calculation assumes that only white noise is
affecting the XO lightcurve. In a second approach, we es-
timate the noise from the data themselves. We eliminate
the in-transit points, fold the lightcurve at 10* different
periods ranging from 3 to 4.5 days, split each lightcurve
into segments corresponding to the eclipse duration, and
calculate the mean flux in each segment. This yields a
distribution that represents the flux variations over dura-
tions equivalent to that of the eclipse. The 3-0 values of
this distribution yield the 3-o upper limit on .. By this
method, we find an upper limit é. < 0.175% at 3-o. This
value is larger than in the case of pure white noise be-
cause it accounts for correlated noise. We also observed
this system at the predicted time of an eclipse with the
36 cm telescope. We did not detect the eclipse, but the
limit on ¢, obtained from these observations is less con-
straining than that obtained from the phase-folded XO
lightcurve. Overall, we do not find any sign that would
indicate a stellar eclipsing binary or triple star system.

4.3. Radial velocity follow-up

Radial velocity follow-up was conducted between
September 2013 and January 2016 with the SO-
PHIE spectrograph (Bouchy et al[2009) at the Obser-
vatoire de Haute-Provence, France (Table [3]). Exposure
times of a few minutes allowed signal-to-noise ratios per
pixel at 550 nm around 45 to be reached on most of the
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Figure 2. Photometric follow-up observations of XO-6b for in-
dividual transits and bandpasses. The bandpasses are noted as B
(blue), V (green), R (red), and I (grey), and the observatories are
labeled as in Table El Only lightcurves of good quality are shown.
The best transit model calculated for each bandpass is overplot-
ted as a black line. The different lightcurves do not have the
same time sampling, therefore the apparent point-to-point
dispersion is not representative of their relative quality.
Lightcurves are offset for clarity.
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Figure 3. Photometric follow-up observations of XO-6b in several
bandpasses: B (blue), V (green), R (red), and I (grey) from top
to bottom. Data from different observations are blended in
their respective filter bands. The best transit model in each
bandpass is overplotted as a black line. Lightcurves are offset for
clarity.

exposures. We used the SOPHIE pipeline to extract the
spectra from the detector images, cross-correlate them
with a G2-type numerical mask which produced clear
cross-correlation functions (CCFs), then fit the CCFs
by Gaussians to get the radial velocities
11996; Pepe et al|[2002)). Measurements obtained along
the orbit show that XO-6 is a single, fast rotating star
with vsini, ~ 45kms~!. The large width of the spec-
tral lines implies a moderate accuracy of the radial ve-
locity measurements, of the order of + 90 ms~!. The
phase-folded radial velocities secured out of the transit
are plotted in Figure They show a hint for a detec-
tion of the reflex motion of the star due to its planet.
The fit of these radial velocities with a Keplerian, cir-
cular orbit phased according to the transits provides a
semi-amplitude K = 200 4 70 ms~!, corresponding to a
planetary mass M, = 1.9+ 0.5 Mjy,. The dispersion
of the residuals is 150 ms™1!, slightly above the expected
error bars on radial velocities, which indicates that sys-
tematic effects remain. We rather adopt the 3-0 upper
limit for its detection, K < 450 ms™!, corresponding to a
planetary mass M, < 4.4 Mj,,. Many additional radial
velocity measurements would be required for a significant
measurement of the planetary mass.

We observed XO-6 with SOPHIE during a transit in
order to detect and characterize the planet through the
analysis of the Rossiter-McLaughlin effect. The first 6
attempts were canceled due to bad weather. Such obser-
vations require excellent weather conditions for much of
a night, and a 7th attempt was made on January 17,
2015 and was successful: the transit was observed in
good conditions yielding 23 measurements with signal-
to-noise ratios similar as above. We clearly detect the
Rossiter-McLaughlin anomaly which confirms the exis-
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Table 3
Radial velocities of XO-6 measured along the orbit and during
the transit of January 17, 2015 using the SOPHIE spectrograph
at the Observatoire de Haute-Provence.

Reduced Orbital RV 1-0 uncertainty
BJD phase  [kms™!] [kms—1!]
56551.6553  0.1588 -5.965 0.109
56560.6592 -0.4497  -5.394 0.114
56560.6617 -0.4491  -5.574 0.100
56723.3858 -0.2289  -5.090 0.089
56974.5451  0.4801 -5.642 0.090
57040.3717 -0.0361  -5.236 0.089
57040.3814 -0.0335  -5.143 0.085
57040.3916 -0.0308  -5.265 0.080
57040.4017 -0.0281 -5.153 0.083
57040.4114 -0.0255  -5.252 0.081
57040.4209 -0.0230  -5.109 0.086
57040.4300 -0.0206  -5.196 0.089
57040.4390 -0.0182 -5.279 0.085
57040.4486 -0.0156  -5.182 0.087
57040.4585 -0.0130  -5.034 0.087
57040.4683 -0.0104  -4.958 0.087
57040.4784 -0.0077 -5.171 0.089
57040.4885 -0.0051  -5.241 0.095
57040.4986 -0.0024  -5.521 0.087
57040.5085  0.0003 -5.473 0.086
57040.5181  0.0028 -5.652 0.086
57040.5272  0.0052 -5.706 0.083
57040.5364  0.0077 -5.664 0.090
57040.5460  0.0102 -5.533 0.089
57040.5561  0.0129 -5.691 0.089
57040.5657  0.0155 -5.533 0.079
57040.5746  0.0178 -5.239 0.088
57040.5840  0.0203 -5.420 0.096
57363.6254 -0.1785  -5.428 0.087
57378.4922 -0.2298  -5.249 0.080
57383.4730  0.0931 -5.554 0.094
57384.5389  0.3762 -5.315 0.083
57399.3742  0.3165 -5.603 0.112
57402.3977  0.1196 -5.663 0.083
57402.6758  0.1934 -5.576 0.099
57405.5191 -0.0514 -5.426 0.109

Note. The orbital phase is 0 at mid-transit.

tence of a transiting object in front of the fast rotating
star (Figure . The amplitude is ~ 500 ms~! and the
variations suggest a prograde, misaligned planetary or-
bit. We note that the systemic radial velocity is
different by about 200 ms~! between the Keple-
rian fit of radial velocities secured over more than
two years (Figure and the spectral transit ob-
served during a single night (Figure . This shift
is of the order of magnitude of the Keplerian fit
residuals dispersion so it is not significant. This
shows that the systematics and stellar jitter are
smaller on a few-hour timescale than on a two-
year time scale.

4.4. Doppler tomography analysis

We analyzed the spectra obtained during the transit
using a line-profile tomography technique as described
in |Collier Cameron et al.[(2010a). This technique is par-
ticularly well suited to fast rotators (Collier Cameron
et al.[[2010b; Bourrier et al.|2015)). The planet partial oc-
cultation of the star produces a Gaussian “bump” in the
stellar line profile, which spectral location depends on
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Figure 4. SOPHIE radial velocities of XO-6 with 1-o error bars,
phase-folded with the period P = 3.765 days. A Keplerian, circular
fit is overplotted as a plain line. There is a hint of detection, with
a semi-amplitude K = 200 &+ 70 ms~! corresponding to a planet
mass Mp = 1.9 £ 0.5 Mj,p (K < 450ms™! at 3 o). The bottom
panel shows the residuals of that fit.
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Figure 5. SOPHIE radial velocities of XO-6 with 1-0 error

bars, secured during the January 17, 2015 transit. The Rossiter-
McLaughlin anomaly is clearly detected. Overplotted is the model
corresponding to the parameters measured through Doppler to-
mography analysis (Section .

the planet position in front of the stellar disk during the
transit (Figure[6). We fit the CCFs of the stellar spectra
with a transit model, with and without prior constraints
obtained previously from the photometric transits.

We use the spectra before and after the tran-
sit to measure the fixed pattern in the CCF (the
so-called “side-lobes pattern”, |Collier Cameron
et al. 2010a), which is assumed to be constant
over the same night and are only function of
the velocity point j in the CCF abscissa. The
fixed pattern is first estimated by the mean of
the residual in the out-of-transit spectra after a
fit to the data by the model of the stellar line.
‘We then simultaneously search for the fixed pat-
tern and the best star+transit model in a global
fit. The free parameters of the fit are the systemic
velocity vy, the star projected rotational velocity v sin i,
the system size a/R,, the planet-to-star size ratio R,/ R,
the inclination of the planetary orbit i, the sky-projected
obliquity A, and the local line profile width s=o/(vsini,)
expressed in units of the projected stellar rotational ve-
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locity, where 0 = FWHM/(2v2In2) and FWHM is
the full-width at half-maximum of the non-rotating stel-
lar line profile convolved with the instrument profile (see
details in Bourrier et al.[[2015). The orbital period and
the central time of the transit are taken from the analy-
sis of the photometric data. We performed a fit with
and without the constraints on the two free pa-
rameters measured independently from the pho-
tometric data (a/R, and i¢). The merit function
of the fit is a y? function as in Bourrier et al.
(2015):

niC:F i {fz _j(model) fi,j(obs)}2
2 2
Z l:xtomo - mphoto:| n (U* - U*,obs) ’
O—'U*,obs

Ox
: photo
ap/E 5 lp

(1)

where f; ; is the flux at velocity point j in the ith
observed or model CCFs. The error on the flux,
o;, is supposed constant for a given CCF. The
photometric measurements of the semi-major
axis and orbital inclination (z,40t0+0,,,,,,) can be
used to constrain the model values of these pa-
rameters T, (Table . The observed star sys-
temic velocity v, o5 is taken to be -5.1km/s with
a conservative error bar of 7,, , =1.0km/s. The
difference with the systemic velocities reported
in Section [4.3lis due to the distinct methods used
to determine them from the CCF fits (a simple
Gaussian fit in Section [4.3] and a more elaborate
profile fit here). These differences have no effects
on the results.

For the tabulated errors on the CCF profiles
o;, we use the residuals between the CCFs and
the first best-fit model profile obtained assum-
ing the same error bars for all CCF. We also
took into account that the CCFs are calculated by
the instrument pipeline at a velocity resolution of
0.5km s~ !, while the spectra have an instrumen-
tal resolution of about 7.5kms~!. The residuals
are thus strongly correlated, which can lead to
an underestimation of the error bars on the de-
rived parameters. As in Bourrier et al.| (2015]) we
retrieved the uncorrelated Gaussian component
of the CCFs noise (the “white noise”) using an
analysis of the residuals variance as a function of a
data binning size n;,. The variance well matches
the quartic harmonic combination of a white and
a red noise components:

" 2 1 \?2 -3

2 bin

in) — . 2
7 (nb ) <<0l2]ncorr> * (J%orr) > ( )

where oyncorr/+/Mbin can be understood as the re-
sult of the intrinsic uncorrelated noise after the
binning of ny;, pixels, and o¢,. is a constant term
characterizing the correlation between the binned
pixels. We find that the uncorrelated noise is about
V2 larger than the dispersion of the non-binned data.
For the final fit, we did not bin the data, and for all CCF
pixels we use the uncorrelated noise for the tabulated
errors o;.

Orbital phase

Velocity (km/s)

Figure 6. Maps of the time-series CCFs during the transit of
January 17, 2015, as a function of the radial velocity relative to
the star (in abscissa) and the orbital phase (in ordinate, increasing
vertically). Flux values increase from dark red to white. Vertical
dashed white lines are plotted at + wsini,, and the white diamonds
indicate the time of the first and the fourth contacts. Top panel:
Map of the transit residuals after subtractmg the modeled out-
of-transit CCF. The signature of XO-6b is a bright and wide
feature that crosses the line profile from ~—20km s~ at the ingress
to ~+40kms~! at the egress. The dark feature at -30kms—!
probably arises from a stellar pulsation. Middle panel: Best-
fit model for the XO-6b transiting signature. The parameters of
this best-fit model are constrained by both the spectroscopic and
the photometric data. Bottom panel: Overall residual map after
the subtraction of the model planet signature.

The result of the fit to the spectroscopic profiles of the
transit is summarized in Table The vsini, is mea-
sured to be 484+3kms~!. The transit of the planet
is clearly detected in the CCF profiles (Figure [6)). The
effect of the dark silhouette of the planet is a bump super-
imposed on the stellar absorption line, which goes from
about —20kms~! at the ingress, to about +40kms~! at
the egress, both relative to the systemic velocity of the
star. This asymmetry is a signature of a prograde orbit
that is misaligned to the equatorial plane of the star: the
ingress of the planet shadow is at larger latitude on the
stellar disk than the egress. The spectroscopic detection
of the planet shadow yields an estimate of the planet
size (R,/ Ry = 0.1077000%), which is totally independent
from and consistent with the estimate from time-series
photometry. This shows that the transiting object de-
tected by the tomographic analysis and from the photo-
metric lightcurves is indeed the same, and indeed transits
in front of XO-6. The combined measurements us-
ing both photometric estimate and spectroscopy
data gives R,/R,=0.110+0.006.

Finally, the planet orbit misalignment is robustly es-
tablished by the asymmetry of the Rossiter-MacLaughin
radial velocity anomaly seen in the radial velocity curve
during the transit (Figure |5) and the Doppler position
of the planet shadow on the stellar disk seen in the CCF
profiles (Figure @ We obtain a measurement of
the sky-projected obliquity that is at 9-0 differ-
ent from zero: A\=—20.7+2.3 degrees.

4.5. The planetary nature of XO-6b

Because of the fast stellar rotation, the recoil radial ve-
locity amplitude and mass determination of XO-6b are
uncertain. In the following, we review the possible con-
figurations for the X0O-6 system and assess the planetary
nature of the transiting object through the elimination
process, as done for KOI-12b (Kepler-448b) (Bourrier
et al.||2015]).

e The radial velocity measurements taken during the
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Table 4
Results of the Doppler tomography, with and without the constraints from the photometric data. The 3'9 column reports the values

obtained with the analysis of the photometric data only. The

4th

column, labeled Tomography, gives the results obtained using the

spectroscopic data only. The 5 column gives the results obtained using both the fit to the spectroscopic data and the
additional constraints of the two first values (scaled semi-major axis and orbital inclination) from the photometry as

tabulated in the 34 column.

Parameter Symbol Photometry Tomography Tomography Unit
+ Photometry
Scaled semi-major axis a/R, 9.2040.19 8.37073 9.0840.17 -
Orbital inclination i 85.95:£0.20 85.47170 86.040.2 deg
Planet-to-star radii ratio ~ Rp/R.  0.114440.0013  0.10770:008 0.110+0.006  —
Stellar rotation velocity vsing - 5145 48+3 kms—?1
Local line width ratio st - 0.12010:015 0.12940.013 -
Local line width S X vSin iy - 6.1+ 0.3 6.2t8:2 kms~1
Sky-projected obliquity A - —18.11“3_’3 —20.7£2.3 deg
t: s=FWHM/(2 V2 In 2 vsiniy).
orbit provide a 3-0 upper limit for the mass of the Table 5

companion of M, < 4.4 My,,. Therefore, we can
exclude the case of an unblended stellar eclipsing
binary system.

e An eclipsing binary in the background of XO-6
could mimic the photometric transit signatures.
However, the detection of the Rossiter-McLaughlin
effect and the tomographic analysis indicate that
the transit occurs in front of the fast rotating star,
which rules out a background eclipsing binary as
the source of the transits.

e If XO-6 is an eclipsing binary system diluted in
the light of third star, this star might contaminate
the transit signatures and stellar line profile dis-
tortions. However, no indication of another star
is seen in the spectra. If such a star is present
but too faint to be detected, then it would not af-
fect significantly the analysis nor the planetary na-
ture of XO-6b. In addition, the transit parameters
extracted from the photometry and from the to-
mographic analysis are consistent with each other.
This argues against the case of a third star that
would contaminate the photometric transit signa-
ture without affecting the spectroscopic measure-
ments, and vice-versa. If a third star is present
and bright enough to affect all measurements con-
sistently, it should have the same spectral type,
same systemic radial velocity, same rotation rate,
and same spin alignment as XO-6 to remain unde-
tected in the spectra and in the tomographic analy-
sis; this contrived identical twin stars configuration
is extremely improbable.

Overall, the ensemble of data allows us to validate the
planetary nature of XO-6b. Its parameters are given in
Table Bl

5. STELLAR PARAMETERS

We derive the stellar properties from a spectral analy-
sis of SOPHIE spectra. We keep only spectra with a sig-
nal to noise ratio larger than 40, and co-add them once
corrected from the radial velocities and set in the rest
frame. The final spectrum has a signal to noise ratio of
~640 per resolution element in the continuum at

Parameters of the XO-6 system assuming a circular orbit.

Parameter Units Value 1-0 uncertainty
P [days] 3.7650007 0.0000081
To [BJD] 2456652.71245 0.00055

a/Rx 9.08 0.17
R, /Ry 0.110 0.006
i [deg] 86.0 0.2
T14 [hours] 2.90 0.10
To3 [hours] 1.99 0.12
b 0.633 0.034
a [AU] 0.0815 0.0077
prat [g em™3) 1.0 0.056
K, [ms™1] 200 70
< 450
M, Mjyup) 1.9 0.5
< 4.4
Ryt [RJup] 2.07 0.22
Pp g cm™3] 0.27 0.11
< 0.62
9p [m s—2] 26.4 9.7
< 59.4
H [km)] 216 80
> 96
Teq K] 1577 28

Notes. T See Section for a discussion on the planetary radius
and the stellar density. < indicate 3-c upper limits, > indicate 3-o
lower limits.

5610 A. However, the fast stellar rotation yields wide
and blended spectral lines which complicate the anal-
ysis. First, we derive vsini, and the macroscopic ve-
locity Vmacro by analyzing isolated spectral lines in the
Fourier space. Then, we use the SME package (Valenti
& Piskunov||1996) to fit the observed spectrum to a syn-
thetic spectrum. We use reference abundances from |As-
plund et al.| (2005)). We derive the effective temperature
Teyss on the hydrogen lines, the gravity logg, on the Ca
T and Mg I lines, and the metallicity [Fe/H], all of which
through an iterative process. The results are reported in
Table (6l The values for T, s s, and [Fe/H| are compatible
within their uncertainties with those reported by |[Am-
mons et al.| (2006)). Using the atmospheric parameters
Teffx, logg, and [Fe/H]| from the spectral analysis, we
estimate the mass, radius, and age by a MCMC minimi-
sation procedure using the STAREVOL stellar evolution
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models (Siess et al.|2000; [Palacios et al.||2003, |2006;
cressin et al.[2009; [Lagarde et al2012). The atmospheric
parameters are consistent with main sequence evolution-
ary tracks, and marginally consistent with pre-main se-
quence tracks. We exclude the pre-main sequence cases
because the star does not show any sign of a young age.
We also exclude the post-main sequence cases as they
are outside of the 1-o uncertainties of Tefs, and logg,.
Finally, our models do not include overshooting, but for
XO-6 the major source of uncertainty arises from the
stellar rotation. The posterior distributions for the stel-
lar age, mass, and radius are shown in Figure [7] and the
corresponding parameters are reported in Table [f] The
distributions are bimodal for the age and mass ; we also
report in Table [6] the solutions that correspond to these
two modes taken individually (solutions a and b). Using
the stellar density obtained from the photometric a/R,
instead of the spectroscopic logg, would yield different
solutions for the stellar age, mass, and radius. However,
because the orbital solution is poorly constrained, we
keep logg, as an input for the stellar evolution models
(see Section for a discussion on the stellar density).

Table 6
Properties of the XO-6 star.
Quantity Unit Value Notes
Name TYC 4357-995-1 1
RA J2000 06:19:10.3604 1
DEC J2000 +73:49:39.602 1
A% Mag 10.25 + 0.03 2
H Mag 9.266 + 0.017 2
B-V Mag 0.43 £ 0.04 2
Distance pc 86fg? 3
196 4
Spectral type F5 2,5
Teffx K 6720.00 4+ 100 5
[Fe/H] —0.07+0.1 5
loggx 4.04 £0.10 5
Vmicro kms™! 1.954+0.5 5
Vmacro kms—1 20.6 = 4.5 5
v sin iy kms—?! 44.2 + 3.0 5
Mass Mp 1.47 +0.06 5
Radius Ro 1.93 £0.18 5
Age Gyr 1.8870-99 5
Mass Mg 1.50 £ 0.03 5, a
Radius Re 1.86 £0.16 5, a
Age Gyr 1.86 £+ 0.20 5, a
Mass Mg 1.39 +£0.04 5 b
Radius Ro 2.05+0.12 5, b
Age Gyr 2.7440.32 5, b

Notes. 1: [Hog et al| (1998). 2: |Hog et al.| 12000?, 3: |Ammons
let al.| (2006)). 4: |Pickles & Depagne| (2010)). 5: This work. a, b:

Solutions for each of the two modes (see text and Figure .

6. DISCUSSION
6.1. Properties of the hot Jupiter XO-6b

The orbits of hot Jupiters are expected to be cir-
cularized (Leconte et al.|[2010). However, several hot
Jupiters have been found on eccentric orbits such as
X0-3b (e = 0.26), HAT-P-34b (e = 0.44), HAT-P-2b
(e = 0.52), or CoRoT-20b (e = 0.56). In the case of
XO-6, the stellar rotation may excite the planetary orbit

Normalized counts [%]

1.3 1.4 1.5 1.6
Mass [Msun]

8_ T T T T T T |.

Normalized counts [%]

= . . . . .

1.4 1.6 1.8 2.0 2.2 2.4 2.6
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Normalized counts [%]

0 . \ \ .
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Age [Cyr]

Figure 7. Distributions of the mass, radius, and age for the XO-6
star.

and prevent its circularization, as discussed in Section
However, without a constraint on the eccentricity
due to the difficulty of measuring radial velocities on this
fast rotating star, we derive the planet parameters as-
suming a circular orbit. Using the stellar radius derived
in Section [5] we find a planetary radius R, = 2.07 Rjyp.

Assuming a mass M, = 1.9 My, suggested by the radial

velocities and a resulting density p, = 0.27 gem ™3, we

find that XO-6b is extremely inflated compared to model
predictions for hot Jupiters. Based on models by
see also|[Moutou et al.|[2013)), XO-6b appears
to have a positive radius anomaly of about 465000 km
that is the largest of known exoplanets. For comparison,
another extremely inflated planet, CoRoT-2b, has a ra-
dius anomaly of about 430000 km which already cannot
be explained by standard recipes (e.g. |Guillot & Havel
2011)). However, this extremely large R, value might
be due to a poor estimate of R,. Using p,, instead of
logg, as an input for the stellar evolution models, the
stellar radius would decrease to 1.21 R and would yield
a planetary radius of 1.30 Ryj,p. Although still inflated,
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this would be in line with other inflated hot Jupiters.

Using Equation 4 of |Southworth et al.| (2007) with
e = 0 and K, = 200 ms~!, we derive a planet’s sur-
face gravity g, = 26 ms~2 . Assuming a zero albedo, we
derive an equilibrium temperature 7., = 1577 K and a
scale height H = 216 km. This temperature is close to
the condensation temperature of species thought to be re-
sponsible for clouds in the atmospheres of hot Jupiters,
such as MgSiO3 (Lodders||1999; |Lecavelier Des Etangs
et al.[2008; [Pont et al.|2013). XO-6b is warm compared to
other close-in gas giant planets for which molecular spec-
tral signatures have been detected, such as HD 209458b,
XO-1b, and HD 189733b (Deming et al.|2013; McCul-
lough et al.[|2014; |Crouzet et al.|[2014), and it orbits a
bright star (H = 9.27). In addition, the nearby star
located at only 38” separation and only 1 magni-
tude fainter may provide an excellent reference.
Thus, XO-6b is well suited to atmospheric studies, and
the XO-6 system is untypical because of the high tem-
perature of the host star.

Because the star is a fast rotator, measuring the mass
of XO-6b is challenging. A few other transiting hot
Jupiters have been found around such hot and fast rotat-
ing stars (Table [7). CoRoT-11, WASP-33, and KELT-7
have been observed extensively in radial velocities, with
31, 248, and 36 measurements along the orbit respec-
tively, yielding the planets’ masses (Gandolfi et al.[[2010;
Lehmann et al.|2015; [Bieryla et al.[2015). CoRoT-3b is
so massive that the recoil motion overwhelms stellar ro-
tation effects (Deleuil et al[2008]). Only a mass upper
limit has been inferred for KOI-12 (Bourrier et al.|2015)).
Kepler-13Ab has its mass determined from the Kepler
photometric lightcurves (Shporer et al.[2011; Mazeh et al.
2012; Mislis & Hodgkin! |2012; |[Shporer et al.||2014] see
also [Santerne et al.| (2012)). For XO-6, we collected 14
spectra along the orbit and we detect a hint of variation
(Figure ; an extensive radial velocity campaign would
be necessary to measure the planet’s mass with greater
confidence. An alternative approach would be to derive
the mass from spectroscopy using a method suggested
by de Wit & Seager] (2013), in which the planet’s mass is
obtained from the atmospheric Rayleigh scattering slope
and the atmospheric temperature:

AKT[R,(V)]?
R (3)
dR, (A
1G5 ln(A)

M, =

where k is the Boltzmann constant, T the planet’s at-
mospheric temperature, y the atmospheric mean molec-
ular mass, G the gravitational constant, and A the wave-

length. The Rayleigh scattering slope dfl’;l (;‘) could be
obtained by transmission spectroscopy with HST STIS
and ACS, and the atmospheric temperature could be in-
ferred by measuring the eclipse depth with Spitzer. Al-
though expensive in terms of resources, these measure-
ments would also characterize the atmosphere of XO-6b.

The radial velocities do not constrain the eccentric-
ity and we assumed e = 0 in our analysis. Under
this assumption, the stellar density obtained from the
photometric transit curve is p,, = 6;3;2 (RL*)3 =1+
0.056 gcm™3. This density is 1-o away from the closest
evolution track for these Tesr, and F' e/H. In addition,
it differs significantly from that obtained from the mass

Table 7
Hot Jupiter systems with vsini, > 30 kms—! or Teypps > 6700 K,
and a measured sky-projected obliquity.

Name Tefix V Sin iy A My
(K] [kms—!] [deg] [Myp]
CoRoT-11 64404120  40+5 0.1£2.6  2.3340.27°
X0-6 6720+£100 4843  -20.7+2.3 < 4.4°
CoRoT-3 67404140 1741  -37.67323  21.77+1.0°
KELT-7 6789759  657C, 97452  1.2840.18¢
KOIL-12  6820+120 60753 12573 < 10°
WASP-33  7430+£100 90+10  -108.8+1  2.14+0.2f
Kepler-13A 76504250  78+15 2344 6.51+1.579

Reference for M,: a: Moutou et al| (2013). b: This work. c:
Deleuil et al.| (2008]); Moutou et al.[(2013)). d: |Bieryla et al.| (2015)).
e: |Bourrier et al.[(2015)). f: |Lehmann et al.|(2015)). g: |Shporer et al.
(2014).

and radius of Table|6f p., = % =0.294+0.08gcm 3.
3 *

This discrepancy may indicate a non-zero eccentricity,
which can be estimated by:

(pm>1/3 1+ esinw 0
Pxcb V1 —¢e?

where w is the argument of periastron (Winn| 2010}
Eq. 29). This yields e > 0.39 with a true value that de-
pends on the unknown value of w. The radial velocities
are still consistent with such eccentricities. Other hot
Jupiters orbiting around fast rotating stars have been
found on eccentric orbits, as discussed in Section [6.3]
Alternatively, the spectroscopic logg, is generally poorly
constrained compared to a/R, (Sozzetti et al.[[2007} [Tor-
res et al.[2008); thus, the discrepancy in the stellar den-
sity might arise from an inaccurate logg, as suggested
for example in the case of XO-3b (Johns-Krull et al.
2008; Winn et al.||2008|). Another possible estimate is
to take the closest density to p., that is allowed by the
evolution tracks for these Tcff, and F e/H. This yields
pre = 0.88 £ 0.07gcm ™3, which would imply e > 0.04.
Finally, the discrepancy in p, might be due to a poor
estimate of Fe/H, or to evolution models that are not
adapted to this particular star, or to other issues such as
stellar spots (e.g. |Guillot & Havel|[2011]).

6.2. Obliquity distribution

XO-6b adds to the sample of hot Jupiters with a
measured sky-projected obliquity. We define the sky-
projected obliquity as the angle between the stellar spin
axis and the normal to the planet’s orbital plane, as in
Winn & Fabrycky| (2015). With the rapid growth of such
measurements in recent years, obliquities have become a
very promising means of distinguishing between different
theories for the dynamical history of hot Jupiters: migra-
tion through interactions with the protoplanetary disk or
disk-free mechanisms involving interactions with a third
body or with other planets (e.g. Naoz et al|2011). In
fact, these measurements provide one of the very few ob-
servational constraints to these theories. Misalignment
of the planet’s orbital plane with respect to the stellar
spin axis is found to be common: 34% of known close-
in gas giant planets have sky-projected obliquities larger
than 30°, and 15% even have a retrograde orbit. A gen-
eral picture is emerging: planets orbiting stars with rel-
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atively cool photospheres (T' < 6100 K) have low oblig-
uities whereas planets orbiting hotter stars show a wide
range of obliquities (Winn et al.|[2010; [Schlaufmanl!|2010;
Albrecht et al.[|2012; [Dawson & Chiang||2014; |Winn &
Fabrycky|[2015]). The boundary of 6100 K also coincides
with the rotational discontinuity above which stars ro-
tate significantly faster (Kraft|/1967). In addition, the
highest-mass planets (M, > 3 Mjy,,) seem associated
with lower obliquities (Hébrard et al.|2011). As an ex-
ample of theoretical study, |Albrecht et al.|(2012) could
explain qualitatively the observed obliquity distribution
as a consequence of tidal timescales, although more pa-
rameters such as wind mass loss, stellar evolution, and
magnetic braking may also be involved (Valsecchi & Ra-
sio|[2014]).

Almost all stars hosting a transiting hot Jupiter with
a measured sky-projected obliquity have a projected ro-
tational velocity vsini, lower than 25 km/s (Figure [§).
X0-6 lies in the hot star region of the obliquity distribu-
tion and bridges the gap between slow and fast rotators.
Only four systems have greater 1., and vsini, than
X0-6: KELT-7, KOI-12, WASP-33, and Kepler-13A ;
CoRoT-3 has a T, ¢, similar to XO-6 but rotates much
slower and the transiting object is either a very massive
planet or a brown dwarf (Table . Among the seven sys-
tems with T, sr, > 6700 K or vsini, > 30 kms™!, six of
them, including the two most massive planets, have low
to moderate sky-projected obliquities ranging from 0° to
38° in absolute value (0° to 25° if we exclude CoRoT-3b).
WASP-33b is the only one with a very large sky-projected
obliquity and is even in a retrograde orbit. In contrast,
for slower rotators between 6100 and 6700 K, the oblig-
uities are widely distributed over the range [0°, 180°].
We check whether the distribution of the oblig-
uities of planets orbiting stars with 1./, > 6700 K
(6 planets) is statistically different from that for
stars with 6100 < T.ss. < 6700 K (29 planets). We
randomly draw 10° samples of 6 obliquities from
the 29. The fraction (19%) of samples containing
0 or 1 planet with |A\| > 38° is not small enough
to conclude that the T.¢r, > 6700 K obliquity dis-
tribution is statistically different from that of the
6100 < Terfe < 6700 K distribution.

6.3. Stellar rotation and planetary orbits

Studies of relations between stellar rotation and plane-
tary orbital motion also yield constraints on the dynam-
ics of hot Jupiters. Using Kepler data, McQuillan et al.
(2013) found a dearth of KOIs (Kepler Objects of Inter-
est) at short orbital periods around fast rotating stars:
only slow rotators, with rotation periods longer than 5
days, have planets with orbital periods shorter than 3
days. (Teitler & Konigl/|2014) attributed this feature to
tidal ingestion of close-in planets by their host stars. In
addition, several hot Jupiter host stars are in excess rota-
tion, with rotation periods 4 to 8 times smaller than those
expected from rotation isochrones, which supports the
case for hot Jupiters spinning up their host stars through
tidal interactions (Husnoo et al.|2012). A higher mag-
netic activity has also been found in two hot Jupiter host
stars which have excess rotation and for which strong
tidal interaction with the planet are expected (Poppen-
haeger & Wolk|2014)). A general picture of the dynamical
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Figure 8. Projected stellar rotation velocity (top) and absolute
value of the sky-projected obliquity (bottom) as a function of stellar
effective temperature for transiting hot Jupiters (Mp > 0.3 Myyp,
P < 20 days) with a measured obliquity. The planet mass is en-
coded by the symbol shape. Color is used to distinguish tempera-
tures below (red) and above (blue) 6100 K. Grey dots are projected
rotation rates of stars in the SPOCS catalog (Valenti & Fischer
2005). The XO-6 system is shown as a yellow diamond shape. Fig-
ure adapted from [Winn & Fabrycky| (2015), using the databases
http://exoplanets.org/ and http://vizier.u-strasbg.fr/|

evolution of hot Jupiters and their host stars based on
tidal interactions is emerging (Husnoo et al. 2012} [Pont
2009; Mazeh et al.||2005). However, this picture applies
to the current set of known hot Jupiters, which is almost
entirely composed of systems with a stellar rotation pe-
riod larger than the planet’s orbital period (Pt > Popp).
In fact, this apparent lack of hot Jupiters around fast ro-
tating stars is intriguing. This may be due to an observa-
tional bias: these planets are harder to detect or validate
by radial velocities because of stellar line broadening, as
illustrated in Section [£.3] and transit searches tend to
target cooler stars. Thus, transiting planet candidates
with fast rotating host stars may be missed or rejected
more readily. XO-6b is one of the very few planets known
to orbit a fast rotating star; the stellar rotation period is
even smaller than the planet orbital period (P, < 2.12
d, Py, = 3.77 A)ff] Thus, XO-6 stands in the Pro; < Porp
domain of the P, — P, diagram (Figure E[), which cor-
responds to an interaction regime between hot Jupiters
and their host stars that is largely unexplored.

For systems with P,.,; < P,.p, tidal forces would be
reversed compared to systems with P,.,; > P,.. Tidal
forces would raise the planet’s angular momentum which
would excite its orbit, yielding an increase in orbital pe-
riod or eccentricity (instead of having the planet spi-
ralling inwards or being circularized on a very close or-
bit). Over time, tidal dissipation would spin the star
down (instead of spinning it up). This tidal push from
the star might play a role in the apparent lack of tran-
siting planets at short orbital periods around fast rota-
tors. In this context, it is interesting to note that several
hot Jupiters lying in the P,.,; < P, domain stand out
by their large eccentricities: HAT-P-2b (P,+ < 3.66 d,
P,y = 5.63 d, e = 0.52) and HAT-P-34b (P, < 2.52

4 Here, the stellar rotation periods Pro¢ are estimated by Pro¢ =
27w Ry /vsini, and are therefore upper limits. The true Prot are
smaller by a factor sini,, which is usually unknown.
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d, P,y = 5.45 d, e = 0.44) which eccentricities have
been inferred from radial velocities, and CoRoT-11b
(Prot < 1.73 d, Porp = 2.99 d, e = 0.35) which eccentric-
ity has been inferred from the timing offset of the sec-
ondary eclipse (Parviainen et al.[|2013). The other close-
in gas giant planets with P.,; < P, are WASP-33b,
OGLE2-TR-L9b, KELT-7b, XO-6b, WASP-7b, each of
which do not have a measured eccentricity, Kepler-13Ab
which may have a very small but non-zero eccentric-
ity (Shporer et al.2014), CoRoT-6b (P.,; < 6.92 d,
P,.», = 8.89 d) which has a negligible eccentricity, and
the warm Jupiter KOI-12b (Kepler-448b, P,..; < 1.37 d,
P,.;, = 17.86 d) which does not have a measured eccen-
tricity. Another interesting case is XO-3b which orbits a
relatively fast rotator and shows a relatively large eccen-
tricity (Prot < 5.75 d, Pyrp = 3.19 d, e = 0.29). Overall,
large eccentricities may be common for planets around
fast rotators. Such systems may result in a planet or-
bit — planet spin synchronization around the pericenter,
where tidal forces are the strongest, and possibly in stel-
lar spin — planet orbit synchronization also around the
pericenter as seems to be the case for CoRoT-11b (Parvi-
ainen et al.|[2013; [Moutou et al.[2013]).
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Figure 9. Planetary orbital period P,,; and stellar rotation pe-
riod Pro¢ for hot Jupiters (M, > 0.3Mjy,p). The Pt are obtained
from the stellar vsini, and are therefore upper limits, except in
a few cases where they are obtained from photometric
modulations. Colors indicate the stellar effective temperature.
Sizes represent the orbital eccentricity; planets with no measured
eccentricity are represented by open circles. The dashed line shows
the Prot = P,,p synchronization. The XO-6 system is shown as a
purple X symbol; its eccentricity is unknown.

7. CONCLUSION

We report a transiting hot Jupiter, XO-6b. The fast
stellar rotation (vsini, = 48 3 kms™!) prevents a
characterization and mass determination by radial veloc-
ities: only a 3-0 upper limit was obtained on the planet’s
mass (M, < 4.4 Mj.p). We confirm the presence of
the transiting object using the Rossiter-McLaughlin ef-
fect and we analyze the spectra by Doppler tomography.
We show that XO-6b is a transiting hot Jupiter on a pro-
grade, misaligned orbit with a sky-projected obliquity
A=-20.7+2.3 degrees. XO-6b orbits around a bright
star (H = 9.27) and is relatively warm (T, = 1577 K),
thus it is well suited to atmospheric studies. We derive
the stellar parameters through a spectral analysis and

a minimization in stellar evolutionary tracks. We find
that the host star is a I'5 star with T,fr, = 6720 £ 100
K and [Fee/H] = —0.07 £ 0.1, and is consistent with the
main sequence. We note a discrepancy between the pho-
tometric and spectroscopic values of the stellar density,
which may indicate an eccentric orbit or may be due to
an inaccurate determination of logg,. This discrepancy
also affects the value of the planetary radius. XO-6b
adds to the sample of hot Jupiters with a measured sky-
projected obliquity, and lies in the hot and fast rotating
star region of the obliquity distribution. In addition, the
rotation period of the star is smaller than the orbital pe-
riod of the planet; as a result, tidal forces are reversed
compared to hot Jupiters around slow rotators. In this
regime, eccentric orbits may be common as suggested by
a few striking examples. Overall, the discovery of XO-6b
provides a new object to study in the context of dynami-
cal interactions between hot Jupiters and their host stars
in a parameter space yet largely unexplored.
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