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ABSTRACT

We present the discovery and characterization of a giameplarbiting the young Sun-like star Kepler-63
(KOI-63, mkp = 116, Tesr = 5576 K,M, = 0.98M). The planet transits every 9.43 days, with apparent depth
variations and brightening anomalies caused by largepitys The planet’s radius isB+ 0.2 Ry, based
on the transit light curve and the estimated stellar parareefThe planet's mass could not be measured with
the existing radial-velocity data, due to the high level wflar activity, but if we assume a circular orbit we
can place a rough upper bound of 1R}, (30). The host star has a high obliquity & 104°), based on
the Rossiter-McLaughlin effect and an analysis of stargpo$sing events. This result is valuable because
almost all previous obliquity measurements are for stath miore massive planets and shorter-period orbits.
In addition, the polar orbit of the planet combined with amlgsis of spot-crossing events reveals a large and
persistent polar starspot. Such spots have previously inéemed using Doppler tomography, and predicted
in simulations of magnetic activity of young Sun-like stars

Subject headings: planetary systems — stars: individual (Kepler-63), rotatispots, activity

1. INTRODUCTION

al. 2011, Ferraz-Mello et al. 2011, Hatzes et al. 2011).

d Starspots can also be a source of noise in the transit tech-
nigue. Starspots are carried around the star by rotatidngin

ing flux variations that could be hard to detect from ground-
based telescopes. When they go unnoticed, they can bias the
A determination of the transit parameters (Czesla et al. 2009
Carter et al. 2011). In addition, when the planet crosses ove
a dark starspot, it temporarily blocks less light than exedc
fgausing a brightening anomaly (Silva 2003). These can be an
additional source of error, or be confused with transitstbéo

There are good reasons why planet hunters try to avoi
chromospherically active stars. For those who use thelradia
velocity technique, starspots and plages distort the ahisor
lines, inducing radial-velocity signals that can be simt@
those of planets (see, for example, Lovis et al. 2011).
good example of these complications is CoRoT-7 (Léger et
al. 2009), for which different authors have measured dsffier
planet masses based on the same radial-velocity data, due
the strong activity of the host star (Queloz et al. 2009, ont
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bodies in the system (Pont et al. 2007, Rabus et al. 2009).
Space-based transit surveys have the potential to overcome
these problems, thanks to their high photometric precisiah
nearly continuous time coverage. The data from these ssirvey
provide the opportunity to study the general activity |levef
thousands of stars (Basri et al. 2011) as well as spot ewvaluti
and magnetic cycles of individual systems (Bonomo & Lanza
2012). With hundreds or even thousands of transiting object
detected to date, spot-crossing events are more readily ob-
served. They bear information about the sizes, tempeature
and positions of the spots (Silva 2003), as well as the stella
rotation period (Silva-Valio 2008; Dittmann et al. 2009).
Spot-crossing events can also provide information abeut th
architecture of exoplanetary systems. Measurements of the
angle between the spin axis of the star and the orbital plane
of the planet (known as the obliquity) can help test theafes
formation and evolution of these systems (Queloz et al. 2000
Winn et al. 2005). Most of the obliquity measurements to date
have been based on the Rossiter-McLaughlin (RM) effect, a
spectroscopic effect observed during transits (see,thegte-
cent compilation by Albrecht et al. 2012). One can also test
whether a transit-hosting star has a high obliquity using as
teroseismology (Gizon & Solanki 2003, Chaplin et al. 2013),
the combination of/sini,, stellar radius, and stellar rotation
period (Schlaufman 2010; Hirano et al. 2012), or starspot-
crossing events (Sanchis-Ojeda et al. 2011, Nutzman et al.
2011, Désert et al. 2011, Tregloan-Reed et al. 2013).
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The basic idea behind using starspot-crossing events tdBecause of the large pixel scale (4 arcsecondepfer’s
measure the obliquity is that when the obliquity is low, any detectors it is always important to consider the possybilit
such events are expected to recur in consecutive transiis. T that the reported fluxes include contributions from neighbo
is because in such cases the trajectory of the spot is garalleing stars (“blends”). The time series of the measured ceordi
to the trajectory of the planet across the stellar disk; when nates of the source of light are useful diagnostics. For &tepl
the planet transits again, the spot is likely to have renthine 63, we used the coordinates of the center-of-light based on
on the transit chord and a spot-crossing event will occur at aPSF-fitting (PSF_CENTR) which were provided by tKe-
later phase of the transit. In contrast, the rotation of dllgig  pler pipeline (se€4]1).
oblique star would carry the spot away from the transit chord
and the anomalies would not recur in consecutive transits. F 2.2. Spectroscopic observations

a more detailed explanation and recent elaborations of this \\x sed the spectroscopic observations gathered by the

technique, we refer the reader to Sanchis-Ojeda et al. {2013 Kepler Follow-up Program (KFOP). One spectrum was ob-
One interesting feature of the starspot-crossing teclenigu tained with fiber-fed Tillinghast Reflector Echelle Speetro

that in the case of highly misaligned system, the planet may .
transit across a wide range of stellar latitudes (Demind.et a 9aPh (TRES%O”I theb1.5m Tillinghast Refleclt((_)r at the Fred
2011; Sanchis-Ojeda & Winn 2011). In these systems we Lawrence Whipple Observatory on Mt. Hopkins, Arizona,

: : with a resolution of 44000. The observation took place on
gﬁ\éetrt]gier rea?/rglgtﬁ)gﬁir;utmyeto measure the latitudes of st&ssp 2009 June 13 with a exposure time of 24 min, giving a S/N

; " f 64 in the Mg | b order. Another spectrum was taken with
In this paper we present Kepler-63b, a new transiting pIanet0
discovered with th&epler space telescope. The paper is or- the HIRES spectrograph (Vogt et al. 1994) on the 10m Keck |

: ; : telescope at Mauna Kea, Hawaii, with a resolution of0®).
ganized as follows. Sectidd 2 describes Kepler observa- X ' y .
tions and other follow-up observations necessary to confirm | N€ 0bservation took place on 2009 August 1 with an expo-

the planetary nature of Kepler-63b. Sectidn 3 describes the>ur® time of 20 min, giving a S/N of 250. Three more spectra

effort to characterize the age, radius and mass of the Kepler Were taken with the Fiber-fed Echelle Spectrograph (FIES) o
63 host star. Sectiofl 4 explains how we characterized thefn€ 2.5m Nordic Optical Telescope (NOT) on La Palma, Spain
planet in the presence of large and dark starspots. Ségtion $Pjupvik & Andersen 2010), with a resolution of 4B00. The
demonstrates that Kepler-63 has a large obliquity, usieg th 0bservations took place on 2010 June 2, 5 and 6, with a typical
RM effect. Sectiofils confirms the high obliquity of the sys- €xposure time of 20 min, giving a S/N of about 80.
we have learned about the starspots on Kepler-63, including@dial-velocity signal induced by the planet on the stad an
their latitudes. The paper finishes with a discussion of¢ae r /SO t0 detect the RM effect. We used HIRES on the Keck |
sults in the context of current theories for stellar aggieind ~ 10m telescope to obtain 7 spectra during the two weeks be-
planetary systems. fore the transit of 2011 August 20/21. Then, during the night
of the transit, we obtained 30 spectra with a typical exp@sur
time of 10 minutes, starting 3 hours before the transit and fin
2. OBSERVAT'ONfQ’ ishing 3 hours afterward. We determined relative radial ve-
2.1. Kepler observations locities in the usual way for HIRES, by analyzing the stellar

For more than 4 years, théepler space telescope mon- spectra filtered through an iodine cell (wavelength rangk-50
itored approximately 150,000 stars in the constellatiohs o 600 nm). For the analysis, we used a modified version of the
Cygnus and Lyra (Koch et al. 2009; Borucki et al. 2010). original code by Butler et al. (1996). Talile 1 gives the radia
The observations consisted of a series of 6 s exposures thaelocities.
were combined into final images with an effective exposure ) )
time of 1 min (short-cadence mode, Gilliland et al. 2010) or 2.3. Speckleimaging
29.4 min (long-cadence mode). The target star Kepler-63 was High-resolution images are useful to establish which stars
identified in theKepler Input Catalog (Brown et al. 2011) as are contributing to th&epler photometric signal. Speckle
KIC 11554435 (also 2MASS J19165428+4932535) Witk imaging was conducted on the night of 2010 September 17,
pler magnitude 11.58 and = 12.02. Because of the relative  using the two-color DSSI speckle camera at the WIYN 3.5m
brightness of the star, and the high signal-to-noise r&tiblY telescope on Kitt Peak, Arizona. The speckle camera simul-

of the flux dips, it was identified as a transiting-planet éand  taneously obtained images in two filteks:(5460/400A) and

date early in the mission and dgsignated Kepler Object of In- R (6920/400A). These data were processed to produce a final
terest (KOI) number 63. For this study we used long-cadence,q . ngtrycted speckle image for each filter. Details of te p
observations from quarter 1 through 12, spanning neargethr

cessing were presented by Howell et al. (2011). The speckle

years (2009 May 13 through 2012 March 28). Short-cadencepqaryations are sensitive to companions between 0.05-1.5

observations were also used whenever available (quarters 3 rcseconds from Kepler-63. We found no companion star
12, as well as one month in quarter 2).

The Kepler pipeline provides data with time stamps ex- within this range of separations, and can place an uppet limi
pressed in barycentric Julian days in the TDB (Barycentric on the brightness of such stars correspondiniyR= 4-5 mag

Dynamical Time) system. Two sets of fluxes are provided: andAV = 3-5 mag below the brightness of Kepler-63.
simple aperture photometry, which is known to be affected by 3. STELLAR CHARACTERIZATION

several instrumental artifacts (Jenkins et al. 2010); and# . . .
that have been corrected with an algorithm called PDC-MAP 3.1. Rotation period and age estimate

that attempts to remove the artifacts while preservingoastr ~ We identified Kepler-63 as an interesting target based on
physical sources of variability (Stumpe et al. 2012; Smith e its high level of chromospheric activity, and the high S/N
al. 2012). For this study we used the PDC-MAP time series. with which individual transits are detected. The high level
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Therefore we interpret the strongest peak as the rotatien pe

RELATIVETIQABDLIAELIVELOCITY riod, and adopP,o; = 5.401+ 0.014 days.
MEASUREMENTS OFK EPLER-63 This is nearly commensurate with the orbital period of
Kepler-63b, withPrt/Por, = (4.01+ 0.01)/7. Whether this
BJDrps RV[ms?! Unc.[ms?] relationship is caused by a physical process or is merely a
coincidence, it has an important consequence for the inter-
32225322‘7‘3‘2‘3 _éﬁf %g pretation of spot-crossing anomalies, as pointed out bynWin
2455787771381  -26.7 30 et al. (2010b) in the context of the HAT-P-11 system. The
2455788309546 -5.6 32 near-commensurability causes a “stroboscopic” effeche t
2455789858820  -7.5 31 pattern of anomalies, and may lead to the detection of recur-
2455790807157  -232 28 ; A
5455792775137  -374 27 rences even in the case of misaligned systems. For example,
2455793743264 a2 22 Désert et al. (2011) used the stroboscopic effect to boest th
2455793750173 —4.9 21 S/N of the spot signals in the Kepler-17b system.
S oarorasy X 2 Other lower-power peaks are present in the periodogram,
2455793798830 13 22 which could be a sign of differential rotation or spot evolu-
2455793806157 -2.7 22 tion. We checked for any variability of the position of the
2455793813541 -2.3 20 highest-power peak by computing a running periodogram: for
gjgg;g%gég%? _%4 %g’ each time& we calculated the Lomb-Scargle periodogram of
2455793835717 » 21 a 50-day time interval centered btnWe performed these pe-
2455793343124 2 22 riodograms for a sequencetofalues spaced apart by 5 days.
2455793850578 12 21 Since there are occasional gaps in the data collection, Wye on
2455793857834 168 26 ; ; ;
5455793865369 116 54 computed periodograms for those intervals for which thesgap
2455793372800 188 24 constitute less than 20% of the interval. (Removing the-tran
2455793380404 208 24 sits only eliminates 2% of the data.) The results are shown in
2455793887626 ® 23 the lower part of Figur€l1, with red colors indicating higher
2455793895195 73 22 : P -
2455793902278 151 28 periodogram power. The black line is wheRg:/Por, = 4/7.
2455793912105 ® 30 It seems that the highest peak was quite stable over the three
2455793919987 15 33 years of observations.
2455793927382 2 26 Our spectroscopic analysis (see secfiod 2.2), shows that
2455793934894 7.0 27 : ; : > .
5455793942232 B Y Kepler-63 is a Sun-like star. With such a short rotationqueri
2455793949546 -7.3 29 of 5.4 days, and assuming the star has not been spun up due to
2455793957266 —3.3 33 tidal or other interactions, Kepler-63 is likely to be rélaty
oo T30 3 young. The Sun had a rotation period of 6 days at an age of
2455793979569  —6.7 31 approximately 300 Myr, based on the Skumanich (1972) law
2455794010807  -101 29 in which the rotation period grows as the square root of time.
NOTE. — RVs were measured relative to an arbitrary None of the Sun-like stars in the Hyades or Praesepe have ro-
template spectrum; only the differences are significant. tation periods as short as 5.4 days (Irwin & Bouvier 2009).
CO'U";"A 3 gives ;h: '”temf"y eS“T?tEd m‘iafuufe"}?m Thus Kepler-63 is likely younger than 650 Myr, the approx-
pmcertainty which does not account for any “stellarjit imate age of these clusters. Schlaufman (2010) presented a
convenient polynomial relationship between stellar mags,
of activity is evident from the quasi-periodic stellar fluari+ and rotation period; using this relationship we find for kepl

ations. To study these variations we used the publisheditran 63 an age of 218 35 Myr. We also used the polynomial re-
ephemeris (Batalha et al. 2013) to remove the transit signal lationship given by Barnes (2007) and updated by Meibom
To reject outliers we clipped those data points more than 3 et al. (2008); applying this relationship wit-V = 0.7 for
away from the median flux over the surrounding 10 hr inter- Kepler-63 gives an age of 21045 Myr.
val. Since the star’s light fell on a different CCD during kac Independent evidence for youth comes from a high ob-
of the fourKepler observing seasons, we had to make a choice served level of chromospheric emission. The Mt. Wil§aRr
for the normalization of each quarterly time series. We ehos index, obtained from the Keck spectra, has an average value
to divide each quarterly time series by the mean flux in that of 0.37, from which we estimate a chromospheric flux ra-
quarter, since it seemed to be the easiest way to avoid largéio logR],x = —4.39. Using the correlation between chromo-
flux discontinuities between quarters. spheric emission and rotation period presented by Noyds et a
The upper panel of Figuig 1 shows the relative flux time (1984), and an estimate®l-V = 0.7 for this star, one would
series. The short-term variability on the scale of a few days expect the star’s rotation period to be 6.8 days, in goodeagre
is presumably caused by spots being carried around by thanent with our photometrically-derived period. The relatio
rotation of the star. There is also long-term variabilitsolp- ship presented by Mamajek & Hillenbrand (2008) between
ably reflecting spot evolution. The peak-to-peak varigpili  logR,« and stellar age gives in this case an age of 280 Myr.
reaches a maximum value near 4%. There are also intervals
with much lower variability. A Lomb-Scargle periodogram
(Scargle 1982) shows a strong peak at 5.4 days, with a full At first we determined the star’s spectroscopic parameters
width at half-maximum of 0.014 days. Sometimes the high- by applying the spectral synthesis code Spectroscopy Made
est peak in a periodogram actually represents a harmonic ofasy (SME; Valenti & Fischer 2005) to the Keck spectrum.
the true period, but in this case there is no significant sig- The results wer@e = 5698+ 44 K, [Fe/H] = +0.26+ 0.04,
nal at twice the candidate period and there is a (weaker) sig-vsini, = 5.8+ 0.5 km s?, and logg = 4.64+0.06. We then
nal at half the candidate period, supporting our identificat recognized that this value of lagis anomalously high for a

3.2. Sellar dimensions
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FIG. 1.— Determination of the stellar rotation period from Kepler photometry Top.—The time series used to estimate the rotation period, edtaoving
the transit signals. The short-term variability is preshipdrom spots being carried by the stellar rotation. Theglemterm variations may be caused by spot
evolution. Bottom.—Running periodogram. Red colors represent high powertlenblack line is wher&qot/Por, = 4/7.

young Sun-like star, which was otherwise suggested by thethe Y? models for ages between 100 and 600 Myr suggests a

star's effective temperature and relatively short rotatie- surface gravity of log = 4.52+ 0.02. Using the initial spec-
riod. One would instead expect lggo be closer to the Solar  troscopic parameters, but with the smaller 0.02 dex uncer-
value of 4.44. In fact, by consulting the Yonsei-Yale?) ¥tel- tainty on logg, we then used the %¥models to determine the

lar evolution models. (Yi et al. 2001) we found that the SME- stellar massNl,), radius R,), and mean density(). We pro-

based value of log would place the star in a very unusual ceeded in a Monte Carlo fashion, randomly drawing 100,000

location on the theoretical H-R diagram, at a higher gravity sets of temperature, metallicity, and surface gravity &slu

than any of the isochrones for the nominal metallicity. This from assumed Gaussian distributions of those quantitiesda

mismatch probably reflects the well-known biases in spectro on the above results, and inferring the stellar propertes f

scopic determinations of lag(see, e.g., Torres el al. 2012).  each set. Our final results were obtained from the mode of
To address this issue we used an updated version of théhe corresponding posterior distributions, and thed"Lun-

Stellar Parameter Classification code (SPC; Buchhave et alcertainties from the 15.85% and 84.15% percentiles of the cu

2012) which determines the spectroscopic parametersatubje mulative distributions. These values are reported in T@ble

to a prior constraint on the surface gravity. In this imple- Based on the absolute and apparent magnitudes, the distance

mentation, SPC is used to provide an initial guess at the ef-to the system is 20& 15 pc.

fe2(:t|ve temperature and mgtalllcny for thg star :_:md ;al_m;t_ 4. PLANET CHARACTERIZATION

Y < evolutionary models which are compatible with this initial ) ,

guess within fairly wide intervals#250 K in T, 0.3 dex 4.1. Constraints on blend scenarios

in [mM/H]J). The selected evolutionary models then provide  The speckle image of Kepler-63 (see seckion 2.3) puts tight

an interval of allowed surface gravities, which are used to constraints on any background star that could be responsi-

construct a prior on the surface gravity for a second itera- ble for the transit signal. We also used the PSF-fitted im-

tion of SPC. The final results, based on weighted averagesage centroids provided with théepler data to further restrict

of the results for all of the spectra (3 FIES, 2 TRES, and the possibilities for background blend scenarios (Batatlzd.

one HIRES), areTerr = 5576+ 50 K, [m/H] = 0.054-0.08, 2010; Bryson et al. 2013). Using a similar approach as Chap-

logg=4.52+0.10, andvsini, =5.4+ 0.5 kms™. lin et al. (2013), we selected the long-cadence column and
Finally, we used the ¥models to determine the stellar di- row centroids within a 2 hr interval centered on each tran-

mensions, based not only on the spectroscopic parameters biit, and used the surrounding three hours of data before and

also the rotation-based constraint on the stellar age gsee s after the transits to correct for linear trends caused bytpoi

tion[3.1). A comparison of our spectroscopic parameters wit ing drifts and other instrumental effects. We phase-foltied
centroid data and computed the mean differences between the

18 Throughout this paper the generic metallicity index [m/léhputed row an.d COI.umn values mSId(.:" a.‘nd outside of the ”"?‘”S'ts- The
with SPC in the Mg b region will be considered as equivalent to the more Centroid shifts were 12 11pix in the column direction and
commonly used [Fe/H] index, as is usually the case for stétfs wear-solar 28+ 14 upix in the row direction.
composition. If the source of the transits were a background star situated
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at a distance\x from Kepler-63, the expected centroid shift
would be approximatelglx = (Ax)d, where/ is the transit T T T
depth. Adding both the row and column shift in quadrature, 1 002'_ ]
we obtaindx = 30+ 18upix, or dx < 84upix (30). The radius T ]
of confusiorr, defined as the maximum angular separation of
any hypothetical background source that could be resplensib X
for the transit signal, can be obtained dividing by the titans 1.000
depth and multiplying by 4 arcsec pix givingr = 0.084 arc- I
sec. The more sophisticated techniques described by Bryson
et al. (2013) indicate that the source of photometric valriab
ity is offset from the bright target star by@®+ 0.02 arcsec
(based on the Data Validation Reports provided byeaer
team). These results are compatible with Kepler-63 as the or 0.996 I
gin of the flux variations, and require any hypothetical back '
ground source of the variations to be aligned with Kepler-63
to within a small fraction of an arcsecond, an unlikely c@inc
dence.

This type of analysis cannot exclude the possibility that th
transit signal is caused by a planet orbiting a companian sta
that is gravitationally bound to the intended target staswH

ever, the starspot anomalies that are detected in manytgrans , F'G- 2.— Example of the effects of starspots on transit signals. The
black dots areKepler data points for a particular transit. Spot-crossing

show that the planet is orbiting a heavily spotted star. This gnomalies (blue dots) are identified visually and masked ‘datiability on
star must be the main source of light in the aperture, becausene longer timescale is modeled as a second-order polyhéraialine).

the 4% flux variations observed would be unphysically large
if they actually represented the diluted variations of atfi whereFy is the stellar flux in the absence of transits or spots,
star. This possibility is also excluded by the good agregmen «(t) is the fractional loss of light due to starspots, dxi(t) is
between the temperature of the occulted spots and the size ahe flux blocked by the planet. The functiefh) is responsible
the flux variations observed (see secfibn 7). We conclude thafor the overall gradient in time throughout the transit (de=
the transit-like signals do indeed arise from transits daagt red line in Figuré R). To obtain the normalized flux we divide
around the star Kepler-63. Eqn. [3) byFo[1 —(t)]. We then model the OOT variation by
a second-order polynomial in time, giving

. : 2_ 1 AFQ)
To obtain accurate transit parameters we needed to correct f(t) = 1+co+cCa(t —tc) +Cat —tc)“ - =) B 2)

for the effects induced by starspots (see, e.g., Czesla et al ) Fo
2009; Carter etal. 2011; Sanchis-Ojeda et al. 2012). Weechos where the out-of-transit variation is described by a seeond
to work only with the short-cadence data, since the 30-reinut order polynomial in time, anelt;) represents the relative flux
time sampling of long-cadence data is too coarse to allow alost due to spots at the time of trantit To determine the co-
clear identification of the spot-crossing events. We defined  efficientsci, we fitted a second-order polynomial to the OOT
transit window as an interval of 4 hr centered on the expectedportion of the data. We then subtracted the best-fitting-poly
transit time. The out-of-transit (OOT) portion was defined a nomial from the data in the entire transit window, to “regtif
the 2 hr preceding the transit window plus the 2 hr following the data. The loss of light due to the planaf:(t)/Fo, was
the transit window, giving a total of 4 hr of data. First, trdal ~ assumed to be the same for all transits, but each transit was
from each transit window were normalized such that the OOT assigned an independent value:(if). To avoid having to fit
data had a median flux of unity. Figure 2 shows anillustrative all the data with hundreds of parameters, we performed the
example. We visually inspected the 96 transit light curves a  transit modeling in four stages, described below.
identified 145 spot-crossing events. All of them were tem-
porary brightenings (rather than fadings), implying tHae t 4.2.1. Sep 1. Initial folded light curve analysis.

detectable spots on the surface of Kepler-63 have a tempera- First we needed good initial guesses for the transit parame-
ture lower than the photosphere. This is in accordance withters. We created a phase-folded light curve based on the nor-
a general trend observed for very active stars (Foukal 1998) majized transits, using the orbital period from Batalhalet a
In order to properly estimate the transit parameters, the da (2013). We averaged the phase-folded light curve into 4 min
points within these anomalies were assigned zero weight inpins, chosen to improve computation speed without a signifi-
the fits. More than 25% of the in-transit data points were as- cant loss of accuracy. At this stage we ignored the transit-t
signed zero weight, which speaks to the high level of agtivit transit variations and simply modeled the folded light @urv
on the particular region that the planetis transiting. ~ wjth an idealized Mandel & Agol (2002) model, the free pa-

~ Figurel2 also shows the effect of the longer-term variations 5 meters beingR,/Re)2, R/a, the impact parametds, and

in stellar flux. Large starspots combined with the short ro- q jinear combinations of the quadratic limb-darkening co

tation period introduce strong gradients in the out-ofi$is  gfficients (chosen to minimize correlations as recommended
flux, and occasionally significant curvature, especiallthi by P&l 2008).

transit happens near a flux minimum or maximum. As long as
we have removed the spot-anomalies correctly, the observed 4.2.2. Sep 2. Individual transit analysis.

flux can be described as (cf. Carter et al. 2011) L o
Next we wanted to obtain individual transit times and
Ft)=FRo[1-€e(t)]-AF(®) (1) depths. The 5 parameters of the best-fitting model from step 1

0.998

Relative flux

Spot—Ccrossing se
anomaly

" " " 1 " " " 1 " " " 1 " " "
-4 -2 0 2 4
Time from midtransit [hours]

4.2. Transit analysis
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were held fixed, and the data from each transit window werefactors are positive.
fitted with three additional parameters: the time of trasit
the linear coefficient; from Eqn. [2), and the spot-coverage 4.2.4. Sep 4. Final transit parameters.

factore(tc) (which for brevity we hereafter denote simpiy To obtain the final transit parameters, we usedethalues

The I|_nezt:\r ‘?t?]emc'et’”tl ![V‘::‘.S allo\\;vved to _varydbecause Itt IS determined in step 3 to renormalize each transit light curve
covariant with the transit time.  We assigned an uncertainty tp,q jytention was to correct all of the transit signals toenav

of 279 ppm to each individual SC data point, as this is the |, itorm sha P ;
o . ; pe, similar to what one would observe if the plane
standard deviation of the OOT portion of the unbinned folded | oo transiting a spot-free star. The transit data were then

light curve. We found the bestfitting model for each individ o 1qeq using the newly calculated linear ephemeris, binned
ual transit light curve and used a Markov Chain Monte Carlo {; have a time sampling of one minute, and modeied with

(MCMC) algorithm to explore the allowed parameter space. ho same five-parameter transit model used in step 1. [hable 2
We fitted a linear function of epoch to the transit times and ;o5 the final parameter values, with uncertainties esticha
used it to estimate the orbital period and a particular ttans using an MCMC algorithm. The uncertainty in the transit

gme (cholgen Esbehthe f'rﬁ't tran_zlt cibst;erved W'tﬂ shgrt €@ gepth was enlarged beyond the statistical uncertaintgke t
egce)l. |IgtUI;1 n S '(t)VtYS the r_ﬁ?' uals etvlveen f[ e tourzerl;/e to account the procedure we have described in step 3. We
and caiculated transit imes. There IS no cléar structure, D —,seq the width of the distribution of measured depths as the

( tec . .
metftlﬁl hasx _t20t2 with ?ﬁ' olegreﬁ_ of frehedonl;, SUQ%:..fet'ng measure of systematic uncertainty in the transit depth. The
atthe uncertainties on the transit imes have DEEN USETE - g \51ye of the depth with the enlarged uncertainty is de-

mated. We attribute this excess scatter to uncorrectedteffe . i Ei
of stellar spots (see, e.g., Sanchis-Ojeda et al. 2011,gbsha picted in Figuré3B.
et al. 2013b), although transit-timing variations coulscabe 4.3. Orbital eccentricity
present due to another planet orbiting the same star (Agol et ) ] ) o
al. 2005; Holman & Murray 2005; Nesvorny et al. 2012). To ~ The orbital period of Kepler-63b is long enough that it is
account for the excess scatter we enlarged the uncertaintienot safe to assume the orbital eccentricity has been damyped b
in the orbital period and the transit epoch by 46% (such thattides to anegligible level. We attempted to learn the otbita
¥2 = Neof).- centricity in two different ways: by searching for occuitats

In our procedure each transit is associated with a particu-(Sécondary eclipses); and by using the mathematicaloekati
lar value ofe, but it is a more common practice to report an Ship between the transit parameters, the mean stellartgensi
effective depth for each transit. The transit depth obthine ~ and the orbital eccentricity and argument of pericenter.
this way would be equivalent to the transit depth fixed in step _f the orbit were circular, occultations would occur halfwa
1, shared by all transits, divided by-k. In the lower panel  in between transits, with a duration equal to that of the-tran
of Figure3, we plot this effective depth for each transiteTh Sits. For an eccentric orbit, the timing and duration of the-s
variability of the apparent transit depths is as high as 10%.ondary eclipse depend on the eccentrieignd the argument
There is no clear correlation of the apparent depths with theOf Periastronw (see, e.g., Winn 2011). A grid search was per-
Kepler quarter, implying that contamination from background formed to detect the occultation, but the result was negativ
stars, if present, must be very small or common to all the pho- This is not surprising, since the occultation depth wouldbe
tometric apertures used in the different quarters. Thergbde  order Rp/@)* = 10 ppm, below our level of detectability.

variability is most likely induced by starspots. One can also obtain information about the eccentricity of
) ) , the orbit by combining the orbital period, scaled semimajor
4.2.3. Step 3. Choice of the baseline transit depth. axis, and mean stellar densjty (see, e.g., Dawson & John-

In order to obtain the final transit parameters, we read- son 2012). We compute
justed the scale by whichis measured, thereby renormal- ) 13
izing the transits. The distribution of spot coverage fexto l+esinw 2y Ro/R. 3P 0924002 (3)
(€) had a mean near zero and standard deviation close to 3%. \/1—e T2 _12 \Grp, ‘ e
This choice would make sense if the effects of dark starspots 14’23
gir:jdnbor;gdhettglégaeﬁ Welge g?crpor;izﬁblg\?ennﬁsvsvrﬁg% ag?/\\llvee\c/iie(;’ (\jNe?NhereTM is the duration between first and fourth contact, and
tect many spot-crstlngsir?g events gAssuming that dark sterspo Tosis Fhe QUration betw_een second and thirq contact. This ex-
dominate the stellar flux variations, the true loss of light pression is close to unity when the eccentricity is low. Base

should always be positive, and the shallowest effectivesita ?&;ngmvea?sgrgg V?rlgﬁ]sg‘é’t%r%]’zaxg%"r{ §*< %njfj;?;?s'
depthshoﬂdtocc%r Wlhert1 the it?hr h?S th%smgllast Spott C]f)ve'IThe formal 68.30/3 confidence interval is 0.08—0..27. Thljs the
age. For that particular transit the trae- 0 and the rest o

spot coverage factors are positive (Carter et al. 2011,t8&nc ﬁ;ﬁﬁgirg:e'té;ilt%telakely to be very high, but moderate \elu
Ojeda et al. 2012). '

A simple approach would be to identify the transit with the : . _
smalles? valupepo(f, and subtract that valufgfrom the entire dis- 4.4. Radial velocity analysis
tribution of e values. We chose instead a more robust method For the radial-velocity analysis, we used the 7 Keck radial
that does not depend entirely on a singlealue. First we  velocities obtained before the transit night. We also tdek t
removed outliers from the distribution effactors using a 3 mean of all the pre-transit radial velocities from the night
clipping algorithm. Then we assumed that the distribution i 2011 August 20/21, and treated this mean velocity as a single
Gaussian and computed the standard deviation of the remainadditional data point. A planet somewhat smaller than éupit
ing e factors. Finally we shifted the distribution efsaluesto  in a 10-day orbit should induce a radial velocity signal with
force the median of the distribution to be two standard devi- a semiamplitude of order tens of m's For a chromospher-
ations above zero. This procedure ensures that most af the ically quiet star, eight radial velocities with a precisioha
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FIG. 3.— Variations in transit times and apparent depths. Top.—Residuals of a linear fit to the transit times of Kepler-63the excess of scatter is
significant (2 = 202 with 94 degrees of freedom) and is likely due to unceegespot-crossing event8ottom—The black dots represent the effective depth
of individual transits in parts per thousand (ppt). No sgraorrelation with the quarter is observed, suggestingttr@tariability is mostly due to starspots as
opposed to variable amounts of blended flux. The final adogtke for the transit depth (red line) and its ¢onfidence interval (shaded region) were obtained
by assuming that the star is nearly spot-free during thesitiawith the smallest effective depth (see sedfioh 4.2).

few m s would have been enough to determine the mass ofmized model. Given the typical measurement uncertainty
the planet. However, in the case of Kepler-63, we expect spu-of 2.5 m s?, the minimumy? was 78.6 with 4 degrees of

rious radial velocities of order tens of m'sthe product of
vsini, and the fractional photometric variability. This greatly
complicates the mass determination.

freedom. This poor fit is at least partly due to the simplic-
ity of the spot model (which assumes that there is only one
small spot on the surface). By adding a “jitter” term of32

The top panel of Figurel4 shows that the stellar flux vari- m s in quadrature to the measurement uncertainties we ob-

ations during the radial velocity observations were approx
mately sinusoidal. The simplest explanation is that a sing|

tainx? = Ngor. We use this jitter term and an MCMC algorithm
to determine credible intervals for the model parameteos f

large dark spot was always on the visible side of the star.which we derive a planet mass B, = 45+ 26 Mg,. The 37

In such configurations, it is possible to estimate the sjusrio
radial velocityVspo due to starspots using the so-called’

upper bound is 12Mg;.
Given the severe limitations of this analysis—the weak de-

method of Aigrain et al. (2012). Those authors showed thattection, the imperfect fit of th&F’ model, and the assump-

the spurious radial velocity can be approximated by a foncti

of the normalized stellar flux(t) and its derivative,

R -r2 e,
€

€

Vspofe, 0Ve) = F(t) [1- f(t)] (4)

where the normalization is such that th@) = 1 level is one

tion of zero eccentricity—we do not claim to have detected
the radial-velocity signal due to the planet. Rather, werint
pret the results as a coarse upper bound on the mass of the
transiting object, placing it within the planetary regime.

5. SKY-PROJECTED OBLIQUITY FROM THE RM EFFECT

standard deviation above the maximum observed flux. There The RM effect is more easily detected than the orbital mo-

are two free parameters:is the relative loss of light due to

tion, mainly because the timescale of the RM effect is much

the spot if it were situated at the center of the stellar disk; shorter than the rotation period of the star, allowing artlea
and xdVc specifies the alteration of the convective blueshift separation between the RM effect and the spurious starspot-
due the spot. With this ingredient, our model for the radial jnduced radial velocities (see, e.g., Gaudi & Winn 2007).

velocity signal was
Veale = —K sin [n(t _tc)] _Vspo(ea “5\/6) +7. (5)

In this formula we have assumed a circular orbit for the piane
with K being the planet-induced radial velocity semiampli-
tude, and. the time of transit. The parametgrrepresents
a constant offset. The mean motions defined as 2/Por,.
Both P,y andt; are known precisely from the transit analysis.

Prior to the Keck observations we had performed enough spot
modeling to be able to predict that the anomalous Doppler
shift would be a pure redshift throughout the transit. The re
sults of the RM observations, displayed in Figure 5, confitme
this prediction. However, thEepler photometry of the same
transit (shown in the bottom panel of Figlre 5) revealed at
least three spot-crossing events, complicating the miogleli

To model the RM effect, one needs the usual parameters

We optimized the model parameters through a standarddescribing the loss of light as well as 4 additional parame-

least-squares fit.

Figufd 4 displays the data and the opti-ters: vsini, and to describe the amplitude and shape of the
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TABLE 2
SYSTEM PARAMETERS OFKEPLER-63
Parameter Value 68.3% Conf. Limits  Note

KIC number / KOI number 11554435/ 63
Kepler apparent magnitude 11.582
Right ascension (J2000) BE"54528
Declination (J2000) +49°32'53'52
Stellar surface gravity, log(fcm s2]) 4.52 +0.02 a
Stellar effective temperature¢d [K] 5576 +50 b
Stellar metallicity [Fe/H] 0.05 +0.08 b
Stellar mass, M[Mo] 0.984 -0.04,+0.035 b
Stellar radiusR. [Rp] 0.901 -0.022,+0.027 b
Stellar mean densitys, [pe] 1.345 -0.083,+0.089 b
Stellar luminosityL, [Lo] 0.696 -0.059,+0.076 b
Stellar rotation period [days] 5.401 +0.014 c
Mt. Wilson chromospheric inde&k 0.37 d
Chromospheric flux ratio 108}, -4.39 d
Distance from Earth [pc] 200 +15 b
Reference epoch [BiBg] 245501084307 +0.00005 e
Orbital period [days] 9341505 40.0000010 e
Planet-to-star radius rati&®p,/R« 0.0622 +0.0010 e
Transit impact parameten, 0.732 +0.003 e
Scaled semimajor axis/R. 19.12 +0.08 e
Transit duration (1st to 4th contact) [hr] 903 40.003 e
Transit duration (1.5 to 3.5) [hr] .857 +0.004 e
Transit ingress or egress duration [hr] .306 +0.004 e
Linear limb-darkening coefficientj; 0.31 +0.04 e
Quadratic limb-darkening coefficient, 0.354 -0.05,+0.07 e
Orbital inclination,i [deg] 87806 -0.019,+0.018 e
Orbital eccentricitye <0.45 (%) f
Orbital semimajor axis [AU] ®m80 40.002 b,e
Planet radiusRp [Ra] 6.11 +0.20 b,e
Planet masdylp [Mg] <120 (%) b,g
Planet mean densityy [g cm 3] <3.0 () b,e,g
Sky-projected stellar obliquity\ [deg] -110 -14,+22 h
Sky-projected stellar rotation velocitysini, [km s™] 5.6 +0.8 h
Inclination of stellar rotation axis [deg] 138 +7 i
Stellar obliquity,> [deg] 145 -14,+9 j

NOTE. — Each quoted result represents the median o {esteriori probability distribution derived from the MCMC,
marginalized over all other parameters. The confidencediemclose 68.3% of the probability, and are based on the
15.85% and 84.15% levels of the cumulative probabilityrdistion.

@ Based on the SPC analysis of the spectra and fheadels, using the gyrochronology age as a constraint (stiese

b'Based on the SPC analysis of the spectra and thenddels (see sectidd 3). The stellar density is given in wfits
po =1.408 g cm®,

¢ Based on the periodogram of tKepler photometric time series (see secfiod 3.1).

d Based on the Keck/HIRES spectrum (see se€fioh 3.1).

€ Based on the analysis of the transit light curves (see sd&iR).

f Based on the combination of transit parameters, orbitabgeand mean stellar density (see sedfioh 4.3).

9 Based on the analysis of the Keck radial velocities, assgméno eccentricity (see sectibn4.4).

N Based on the analysis on the RM effect (see seEdion 5).

' Based on the combination Bf, R., andvsini, (see section6l1).

) Based on the analysis of the RM effect and starspot-crossiegts (see sectifn §.2).

signal, and a slopg and offsety to account for the orbital  Hirano etal. (2011), using the planet position and lossgtitli
motion of the star. Usually the loss of light is computed lblase as inputs. This code takes into account the effects of maerot
on the transit parametelbsRs/a, R,/R, and the time of tran-  bulence, pressure broadening, and instrumental broaglenin
sit. Here, given the presence of spot-crossing anomalies, w Model fitting and parameter estimation were performed using
chose to take the loss of light directly from tKepler pho- the protocols of Albrecht et al. (2012). In particular we im-
tometric time series, since this naturally takes the an@®al posed Gaussian priors @k, andT;,, based on the parameters
into account, and the cadence and precision are more thameported in Tablg]l2. We also used the parameter combinations
sufficient for our purpose. To obtain the loss of light corre- /vsini, sinA and\/vsini, cos\ rather tharvsini, and ), to
sponding to each pointin the RV time series, we averaged theminimize correlations. The uncertainty in each RV data poin
correspondindlepler photometric data points. The final av- was taken to be the quadrature sum of the internally estimate
eraged light curve is shown in the lower panel of Figdre 5 as uncertainty and 4.8 n’%, the value for whichy? = Ngor. The

the sequence of red dots. _ result for the sky-projected obliquity %= -110%3 deg.
The anomalous RV was then computed with the formulas of  There are some other interesting results of this analysis.
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anomalies, but in this case the anomalies are so numerdus tha
the pattern has proven difficult to interpret unambiguausly
Rather than attempt a rigorous independent determinafion o
the obliquity, we discuss here a starspot model that at least
demonstrates the compatibility between the photometrie va
ability, the starspot-crossing events, and the precedisglts
for A andi,.

We focused attention on a time interval when the overall

photometric variability seemed relatively simple: a neait
nusoidal pattern with peak-to-peak amplitude of about 1.5%
This interval spans four consecutive transits, specificall
epochs 71-74 (see Figdrk 6). A large and long-duration spot-
crossing anomaly is seen in the first half of the first transit.
We proceeded by assuming this is the same spot that is pro-
ducing the quasi-periodic stellar flux variation, and afézd

to model all of the data under this premise.

The orientation of the star was parameterized by the sky-
projected obliquitys and the inclination anglie. The rotation
period was a free parameter, which was tightly constrairyed b
the quasi-periodic variability. A Gaussian prior consitaias
imposed orvsini, based on the results of sectonl6.1.

We modeled the out-of-transit variability using the Dor-
ren (1987) equations for the loss of light due to a starspot.
We fixed the limb-darkening coefficient to a value of 0.56,
which provides the best fit to the light curve constructed in
sectiori 4.2. The spot’s brightness contrast relative tphte
tosphere was taken to be a constant over the interval of the ob
servations. The observed phase of the out-of-transithiria
ity specifies the spot longitude, and the stellar rotatiamogle
is also well constrained. Therefore, given particular chsei
for the orientation of the star and the spot latitude, we @oul
calculate the location of the spot at any time, including the

Radial Velocity [m/s]

880 882 884 886 888 890 892 894
Time (BJD-2454900)

FIG. 4.— Radial-velocity analysis. Top.—Relative stellar flux of Kepler-
63 during the radial velocity observatiorBottom.—The black dots represent
the radial velocity observations, with vertical bars irdiog the internally
estimated measurement uncertainties (with no “jitterinterdded). The red
line represents the optimized model, which is the sum ofassiigal function
representing the planetary signal (blue line) andRRFé model representing
the spurious radial velocity due to rotating starspotswioréine).

We find the projected rotation speed to bsini, = 5.6 +
0.8kms?, in agreement with the value obtained from the ba-
sic spectroscopic analysis (see sediioh 3.2). The resuhéo
out-of-transit velocity slope = =304+ 15 m s day™* can be
translated into an estimate of the velocity semiamplitude d
to the planet, using the orbital period and assuming a @rcul
orbit. The result isKry = —Porn/2m = 40+ 20 m s?. This
slope is compatible within the uncertainties with the mee8u  times of the four transits.

K from the RV analysis (approximately 15 m} although The transits were modeled using the geometric transit pa-
the uncertainties are large, and the effects of spots were norameters from sectidn 4.2, and a pixelated stellar disk.ngt a
taken into account in this determinationKw. In this case,  particular time we computed the sum of the intensities of all
by chance, the transit happened about a quarter of a rotationhe pixels, some of which were darkened by the spot or hidden
cycle before a flux minimum, which is when the spot-induced by the planet (Sanchis-Ojeda et al. 2011).

spurious acceleration is expected to be small. The best-fitting value foA was-115, in agreement with
the result based on the RM effect. The model also preéfers
135°, selecting one of the two values for the inclination that
were allowed by the analysis in sectionl6.1. This constraint
arises from the requirement that the spot must cross thsitran

radiusR,, and sky-projected stellar rotation velocitgini,, to ghc;(rd befﬁre its close dSt apé)rloacr:‘h to the C(Ianter of tdhe stglla
obtain siri, the inclination of the stellar rotation axis with re- diSk. In the optimized model, the spot is large and resides
spect to the line of sight. Based on the values given in '[?,ble 2 ne‘?rzgga(gléhgnrgfgggtnrﬁgtljeesl'is therefore compatible with the
the_ st_eIIa_lr rc_)t_atlon velocity i6= 27TR.*/|_Dr°‘ =84+02 kT S overall photometric variability and the largest spot antyma
This is significantly larger thamsini, =5.6+0.8km s~ ob- 1o smajler spot anomaly during the second transit can also
tained from the analysis of the RM effect, implyingBirc 1. o attributed to this spot, as illustrated in Figire 6. Gelya

The implied stellar inclination angle is either 427 deg or 5,01 "this model does not capture all of the sources of pho-
138+7 deg. As we will see in the next section, the latter 4 natric variability: there are at least six other smaliesma-
value of the stellar inclination is favored. Since Kepl@b8s  |ioq that are not well-fitted, and which it does not seem worth
transiting with an orbital inclination of 881+ 0.02 deg, this

impl vsis d trates the star h hiah oblidiit while to try and model. The large anomaly in the fourth transi
simple analysis aemonstrates the star has a high obliguity,  a4rees in phase with the two other explained anomalies. It is
dependently of the RM effect.

We used the marginalized posterior foobtained in the last '?hoes zg)cl)? ﬁgigﬂ?j:&?;gﬁg;;esmns'ble for this anothaly,
section, as well as those for the stellar and orbital intlimes
(Table[2), to obtain the true obliquity. Using the formula
from Fabrycky & Winn (2009), the result is = 1043, deg.

6. OBLIQUITY MEASUREMENT FROM STARSPOTS
6.1. Sellar inclination fromvsini,
We combined the values of the rotation periegl, stellar

7. STARSPOT CHARACTERISTICS AND MAGNETIC CYCLES

As discussed in sectin 4.2, we visually identified 145 spot-

. . . . crossing anomalies. To study the position, sizes, and tempe
6.2. Sky-projected obliquity from spot-crossing anomalies atures of the spots, we modeled the individual spot-crgssin
In principle the obliquity of the system is also encoded anomalies with the same pixelated spot model discussed in

in the pattern of photometric variability and spot-crogsin section[6.2. The parameters describing each spot-crossing
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FIG. 5.—Evidence for a high obliquity based on the RM effect. Top.—The solid dots are the measured radial velocities. Theabigra redshift throughout
the transit, applying a high obliquity, as opposed to thethesh-blue signal of a low-obliquity system. The open detsresent the best-fitting model. The red
curve shows a model with the same geometric parameters thuttvei loss of light appropriate for a spotless star, totithte what one might have observed in
the absence of starspoBottom.—Transit observations in SC mode obtained viKdpler. Black dots represent the data and red dots represent thedlight
curve used to model the RM effect.

event were the spot’s angular radius and brightness contrasloss of light due only to the planet, and then divided thedresi
as well as the timing of the event, which we express as anuals by the transit depth. The normalized residuals wene the
“anomaly phase” ranging from0° (ingress) to 90 (egress).  plotted as a function of both time (horizontal axis) and ghas
The other transit parameters, including the spot coverage f  within the transit (vertical axis). Given the known orietida

tor ¢, were taken from the analysis of section|4.2. To evaluate of the star, we can also translate the phase within the transi

the significance of detection of the anomalies, we uaed into a ste!lar latitude (second vertic_al axis). The tranb'mrd
between the best-fitting spot model and the best-fitting-spot spans latitudes from60° to 5°, that is, a large portion of the
free model. southern hemisphere. Note also that the relation between th

There is a degeneracy between the modeled position andransit phase and the stellar latitude is nonlinear; indeade
radius of a spot, because we lack the precision to measurdatitudes cross the transit chord in more than one location.
the impact parameter between the planet and spot (and there Spot-crossing events are visible as dark regions in this plo
is anyways no reason to think the spot is perfectly circular) Most of the activity is seen in the early portions of the titms
To avoid this degeneracy, we assumed that the planet passeBhis indicates a long-lived polar active region. After thrstfi
through the center of the spot. It should be understood, thenfew years of observations (starting at around day 875) spot-
that the “spot radius” in our model is really a measure of crossing anomalies began to appear in the second half of the
the length of the intersection between the spot and the traniransit, corresponding to lower stellar latitudes. Andesaht
sit chord. mid-transit were comparatively rare, especially once #ee s
Figure[T shows the results. Unsurprisingly, the signifieanc ond half of the transit chord became active. Perhaps this is a
of detection increases with the size and the brightness consign that active regions tend to be segregated in latituith, w
trast of the spots. The anomalies that appear in the firsbhalf some activity at high polar latitudes and some at more equa-
the transit (negative anomaly phase) are generally more sigtorial latitudes.
nificant and more abundant. The typical spot radius i 10  These initial explorations of the spatial distribution ofie-
and the largest spots have a radius of 15-2The typical ity on Kepler-63 could be continued in the future by develop-
brightness contrast is 15-20%. To produce a 20% brightnessng a multi-spot model, fitted to both the stellar flux vaais
contrast in thekepler bandpass (450-850 nm) would require and the spot-crossing anomalies (see, e.g., Bonomo & Lanza
an effective temperature approximately 300 K lower than the 2012, Oshagh et al. 2013a). Here we have focused mainly on
photosphere, assuming blackbody spectra. the anomalies, which provide snapshots of the transit chord
Figure[8 shows the time evolution of the spot-crossing every 9.4 days; there are undoubtedly some spots that are
events. To create this figure we subtracted a model for themissed with this approach (Llama et al. 2012).
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F1G. 6.— Evidence for a large obliquity from a single-spot model. Top.—Relative flux of Kepler-63 (black dots) over a time rangerspag four transits.
The transit times are marked with vertical lines. The red liapresents the best-fitting model with a single starspetter—Transit light curves, with 5 min
sampling. The thick curves represent the best-fitting muaithl a single starspot; the thin curves show the model withsjot darkening set equal to zero. The
model accounts for the two largest spot-crossing anomhbliethe residuals indicate that more spots are pre&attom.—Locations of the spot, transit chord,
and planet at midtransit, according to the best-fitting rhode

8. DISCUSSION The star’s high obliquity corroborates the scenario prepgos
y Winn et al. (2010a) and Albrecht et al. (2012) in which
ot Jupiters have orbital inclinations that are initialkyamly
gandom with respect to the stellar equator, and are eventu-
ally damped to low inclinations if the tidal interactions-be
tween the star and planet are sufficiently strong. In this sce
nario a high obliquity is expected for Kepler-63, becaussev
though the star is relatively cool and has a thick convective
envelope (a factor leading to relatively rapid tidal dissip
tion), the orbital distance is relatively large. To be qitatite
perform a consistency check on the stellar obliquity thas wa W€ Used the metric developed by Albrecht et al. (2012), in
determined via the Rossiter-McLaughlin effect. which binary-star data are used to calibrate tidal disgipat
|.timescales. Figurel 9 shows that the expected timescale for

The measurement of the planet’s mass through radial idal dissiation for thi is in th . h q
velocity measurements was unsuccessful because the spurfida! dissipation for this system Is in the regime where @n
alignment is observed among the other close-in giant pdanet

ous radial velocities caused by starspots were larger than t - .
y P g he fact that the star is young also helps to understand why it

planet-induced signal. To measure the mass, a large body o as not yet been realigned (Triaud 2011). This measurement

additional radial velocities will be required, in a campaigat is interesting because among planet-hosting stars with mea
is carefully designed to try and separate the effects ofimga sured obliquities, only HAT-P-11b is comparable to Kepler-

starspots and orbital motion. The information about the-gen 63b in size and orbital period, being smaller (&7) than

eral spot characteristics presented in this paper may help i / ; \
desigr?ing such a campaign. pap y help Kepler-63b but also having a shorter orbital period (4.9)ay

In this paper we have presented Kepler-63b, a giant plane
transiting a star on an orbit that is highly inclined withpest
to the stellar equator. On the one hand the star’s high level
of chromospheric activity interfered with our ability toah
acterize the system through transit light curve analysis an
radial-velocity monitoring. On the other hand tkepler data
allowed us to partly correct for the effects of activity; algo
to take advantage of the activity to determine the stell-ro
tion period, explore the spatial distribution of starspatsd
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FIG. 7.— Characteristics of the spot-crossing anomalies in Kepler-63b. The figure shows the best-fitting values of the angular raditightness contrast,
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F1G. 8.— Spot latitude evolution. Top.—Residuals between the SC transit data and the best-fittoaghafter dividing by the transit depth. The dark regions
represent spot-crossing anomalies. The vertical axesdtelthe time relative to the midtransit time (left) and tberesponding latitude of the position of the
planet (right). The high-latitude spot is crossed everytfotransit. Some activity is also seen at lower latitudgsttom.—Relative flux variation over the same
time interval. For this plot the data from eakhpler quarter were normalized by the maximum quarterly flux.

A proposed interpretation for these findings is that hot and, if they are strong enough, will realign the spin axis of
Jupiters begin far away from the star, beyond the snow line,the star with the orbital angular momentum. In the context
where it is easier to understand their formation. The ihitia of this theory, pursuing obliquity measurements for system
obliquity of the system is low, as a consequence of the forma-with smaller planets and longer orbital periods is inteéngst
tion of the entire system from a single disk of gas and dust. because at a certain point those planets might have been able
Then, dynamical interactions such as planet-planet soajte  to formin situ, leading to an expectation of a population of
(Rasio & Ford 1996) or Kozai cycles induced by the influence well-aligned systems.
of a distant companion (Fabrycky & Tremaine 2007), move Rogers et al. (2012) have proposed that at least some of the
the planet into a highly eccentric orbit with a more random high obliquities might have nothing to do with planet forma-
orientation. In this highly eccentric orbit, the planet g@s  tion per se but are instead the consequence of reorientation of
very close to the star, where tidal interactions are siganiic ~ stellar photospheres due to the redistribution of angular m
This tidal interactions will circularize and shrink the d@rb  mentum by internal gravity waves. Their theory is applieabl
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to stars with radiative envelopes, and is therefore notiegpl  also starspot characteristics and evolution.
ble to Kepler-63, nor to the other three cool stars with high

obliquities that are seen in FigUTE 9. We thank the anonymous referee for numerous insightful

In addition to measuring the obliquity of Kepler-63 we have ; 22 L S
confirmed that the planet is passing in front of a large, dark, Suggestions that led to major improvements in this paper. We
persistent spot (or group of spots) located near one of the&!SC thank Andrew Collier Cameron, Bryce Croll, and Ben-

star’s rotation poles. Such spots are not seen on the pifesentamIn Brown for helpful discussions, and the entiepler

; : for the success of the mission. R.S.0. and J.N.W. ac-
day Sun, where the spot latitudes follow an 11-year cycle in eam L
which they start appearing at medium latitudes (30}4hd knowledge NASA support through thiepler Participating

end up appearing near the equator (for a review, see Solank cientist programKepler was competitively selected as the

2003). However, there was previous evidence that polasspot ‘€1t Discovery mission. Funding for this mission was pro-
are cémmon around youngpSoIar analogs. This waz basch)i oifided by NASA's Science Mission Directorate. The data pre-
simulations of magnetic activity (Brown et al. 2010; Sobeij sented in this article were obtained from the Mikulski Axehi

& Tittle 2011) as well as empirical evidence from Doppler I:(i);t?(?r?ngJﬁil\?gfgﬁgss #gfgsel)easrf;?ﬂ Es??oergﬁﬁg ltIJr)]/(;d:jeaﬁ\sso-
imaging of young and rapidly rotating stars such as EK Dra e
(Strassmeier & Rice 1998)." Even though such polar spots”é?'ba cton_tract N’g‘sg'b%?h%i\lfggpg;} for ';/IQST fog non-
were detected in different occasions and with differenhitec ! a?I\IJSNF))(rgg,IAEO8C¥ % by oth Ice Ot padce ct|en(t:e
niques (Strassmeier et al. 1991), and multiple tests wate pe }]"i g(;:ran kneled an t)l/)O Ni\rs%ratﬂs anh co|r_1| r%(gls.
formed to validate the technique (Unruh & Collier Cameron =7 = ?:.3 now et gH?:SSSluszp?OBlX RID | roug tad b” the
1995; Bruls et al. 1998), an independent confirmation using ellowship (gran . 01-A). IS Supported by (h€

: : : NSF-GRFP (DGE-1144152). J.A.J. is supported by gener-
a different method was previously lacking. Our study pro- ! .
vides further evidence for these types of spots, through a di ous grants from the Alfred P. Sloan Foundation and the David

rect method based on periodic occultations of the spots by aand Lucile Packard Foundation. T.L.C., W.J.C., and G.R.D.

planet with a well-understood geometry. The current infor- acknowledge the support of the UK Science and Technol-

mation gathered about stellar spots on Kepler-63, anddutur ©9Y Facilities Council (STFC). Funding for the Stellar Astr
studies that could analyze the information from stellar flux Ehymgs tCent(r;e IS !{orowded byt-II-DhI\?RDFa:lLT)Izh l}lrz;\]t_lonal ResEarch
variations, may provide useful information about the actiy [ oundation (Grant agreemen )6). This research was
ity of young Sun-like stars. It would also be interesting to Partly supported by the ASTERISK project (ASTERoseismic
find additional active stars with transiting planets in #e Investigations with SONG anHepler) funded by the Euro-

P pean Research Council (Grant agreement no. 267864). G.T.
pler database, as a probe not only of stellar obliquities but acknowledges partial support for this work from NSF grant

AST-1007992.
REFERENCES

Agol, E., Steffen, J., Sari, R., & Clarkson, W. 2005, MNRAS93567 Albrecht, S., Winn, J. N., Johnson, J. A, et al. 2012, ApJ, 18
Aigrain, S., Pont, F., & Zucker, S. 2012, MNRAS, 419, 3147 Barnes, S. A. 2007, ApJ, 669, 1167



14 Sanchis-Ojeda et al. 2013

Basri, G., Walkowicz, L. M., Batalha, N., et al. 2011, AJ, 120

Batalha, N. M., Rowe, J. F., Gillland, R. L., et al. 2010, A@d3, L103

Batalha, N. M., Rowe, J. F.,, Bryson, S. T., et al. 2013, ApJ&, 24

Bonomo, A. S., & Lanza, A. F. 2012, A&A, 547, A37

Borucki, W. J., et al. 2010, Science, 327, 977

Brown, B. P., Browning, M. K., Brun, A. S., Miesch, M. S., & Towe, J.
2010, ApJ, 711, 424

Brown, T. M., Latham, D. W., Everett, M. E., & Esquerdo, G. A14, AJ,
142,112

Brown, D. J. A., Collier Cameron, A., Diaz, R. F., et al. 202p,J, 760, 139

Bruls, J. H. M. J., Solanki, S. K., & Schuessler, M. 1998, A&%86, 231

Bryson, S. T., Jenkins, J. M., Gilliland, R. L., et al. 2018Xi&:1303.0052

Buchhave, L. A. et al. 2012, Nature, 486, 375

Butler, R. P., Marcy, G. W., Williams, E., et al. 1996, PASB81500

Carter, J. A., Winn, J. N., Holman, M. J., et al. 2011, ApJ,, /&0

Chaplin, W. J., Sanchis-Ojeda, R., Campante, T. L., et dl328pJ, 766,
101

Czesla, S., Huber, K. F., Wolter, U., Schréter, S., & SchnditH. M. M.
2009, A&A, 505, 1277

Dawson, R. I., & Johnson, J. A. 2012, ApJ, 756, 122

Deming, D., Sada, P. V., Jackson, B., et al. 2011, ApJ, 740, 33

Désert, J.-M., Charbonneau, D., Demory, B.-O., et al. 26p0S, 197, 14

Dittmann, J. A., Close, L. M., Green, E. M., & Fenwick, M. 20@%J, 701,
756

Djupvik, A. A., & Andersen, J. 2010, Highlights of Spanisht&physics V,
211

Dorren, J. D. 1987, ApJ, 320, 756

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

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

Ferraz-Mello, S., Tadeu Dos Santos, M., Beaugé, C., Migrkd, T. A., &
Rodriguez, A. 2011, A&A, 531, A161

Foukal, P. 1998, ApJ, 500, 958

Fulton, B. J., Howard, A. W., Winn, J. N., et al. 2013, ApJ, 78Q

Gandolfi, D., Collier Cameron, A., Endl, M., et al. 2012, A&B43, L5

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

Gilliland, R. L., Jenkins, J. M., Borucki, W. J., et al. 20pJ, 713, L160

Gizon, L., & Solanki, S. K. 2003, ApJ, 589, 1009

Hatzes, A. P., Fridlund, M., Nachmani, G., et al. 2011, AplB,775

Hirano, T., Suto, Y., Winn, J. N., et al. 2011, ApJ, 742, 69

Hirano, T., Sanchis-Ojeda, R., Takeda, Y., et al. 2012, Xp8, 66

Holman, M. J., & Murray, N. W. 2005, Science, 307, 1288

Howell, S. B., Everett, M. E., Sherry, W., Horch, E., & Ciarbi. R. 2011,
AJ, 142,19

Irwin, J., & Bouvier, J. 2009, IAU Symposium, 258, 363

Jenkins, J. M., Caldwell, D. A., Chandrasekaran, H., et@Gl02 ApJ, 713,
L120

Koch, D. G., Borucki, W. J., Basri, G., et al. 2010, ApJ, 7139L

Léger, A., Rouan, D., Schneider, J., et al. 2009, A&A, 506, 28

Llama, J., Jardine, M., Mackay, D. H., & Fares, R. 2012, MNRAZ2, L72

Lovis, C., Dumusque, X., Santos, N. C., et al. 2011, arXiQ7ZL5325

Mamajek, E. E., & Hillenbrand, L. A. 2008, ApJ, 687, 1264

Mandel, K., & Agol, E. 2002, ApJ, 580, L171

Meibom, S., Mathieu, R. D., & Stassun, K. G. 2009, ApJ, 699 67

Nesvorny, D., Kipping, D. M., Buchhave, L. A, et al. 2012jSe, 336,
1133

Noyes, R. W., Hartmann, L. W., Baliunas, S. L., Duncan, D.&Vaughan,
A. H. 1984, ApJ, 279, 763

Nutzman, P. A., Fabrycky, D. C., & Fortney, J. J. 2011, Apd), 1410

Oshagh, M., Boisse, |., Boué, G., et al. 2013, A&A, 549, A35

Oshagh, M., Santos, N. C., Boisse, I., et al. 2013, A&A, 5569A

Pal, A. 2008, MNRAS, 390, 281

Pont, F., Gillland, R. L., Moutou, C., et al. 2007, A&A, 476347

Pont, F., Aigrain, S., & Zucker, S. 2011, MNRAS, 411, 1953

Queloz, D., Eggenberger, A., Mayor, M., Perrier, C., Beukit., Naef, D.,
Sivan, J. P., & Udry, S. 2000, A&A, 359, L13

Queloz, D., Bouchy, F., Moutou, C., et al. 2009, A&A, 506, 303

Rabus, M., Alonso, R., Belmonte, J. A., et al. 2009, A&A, 4941

Rasio, F. A., & Ford, E. B. 1996, Science, 274, 954

Rogers, T. M., Lin, D. N. C., & Lau, H. H. B. 2012, ApJ, 758, L6

Sanchis-Ojeda, R., Winn, J. N., Holman, M. J., Carter, JO&ip, D. J., &
Fuentes, C. I. 2011, ApJ, 733, 127

Sanchis-Ojeda, R., & Winn, J. N. 2011, ApJ, 743, 61

Sanchis-Ojeda, R., Fabrycky, D. C., Winn, J. N., et al. 20&ture, 487,
449

Sanchis-Ojeda, R., Winn, J. N., & Fabrycky, D. C. 2013, AN43B30

Scargle, J. D. 1982, ApJ, 263, 835

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

Schrijver, C. J., & Title, A. M. 2001, ApJ, 551, 1099

Silva, A. V. R. 2003, ApJ, 585, L147

Silva-Valio, A. 2008, ApJ, 683, L179

Skumanich, A. 1972, ApJ, 171, 565

Smith, J. C., Stumpe, M. C., Van Cleve, J. E., et al. 2012, PASR, 1000

Solanki, S. K. 2003, A&A Rev., 11, 153

Strassmeier, K. G., Rice, J. B., Wehlau, W. H., et al. 1991AA&47, 130

Strassmeier, K. G., & Rice, J. B. 1998, A&A, 330, 685

Stumpe, M. C., Smith, J. C., Van Cleve, J. E., et al. 2012, PASR, 985

Torres, G., Fischer, D. A., Sozzetti, A., Buchhave, L. A.nWiJ. N.,
Holman, M. J., & Carter, J. A. 2012, ApJ, 757, 161

Tregloan-Reed, J., Southworth, J., & Tappert, C. 2013, MISR428, 3671

Triaud, A. H. M. J. 2011, A&A, 534, L6

Unruh, Y. C., & Collier Cameron, A. 1995, MNRAS, 273, 1

Valenti, J. A., & Fischer, D. A. 2005, ApJS, 159, 141

Vogt, S. S., Allen, S. L., Bigelow, B. C., et al. 1994, ProclB5R2198, 362

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

Winn, J. N., Fabrycky, D., Albrecht, S., & Johnson, J. A. 2818pJ, 718,
L145

Winn, J. N., Johnson, J. A., Howard, A. W., et al. 2010, ApB,1223

Winn, J. N. 2011, Exoplanet Transits and Occultations, infanets,
ed. S. Seager (University of Arizona Press)

Yi, S. K., Demarque, P., Kim, Y.-C., Lee, Y.-W., Ree, C. H.jéume, T., &
Barnes, S. 2001, ApJS, 136, 417


http://arxiv.org/abs/1303.0052
http://arxiv.org/abs/1107.5325

