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ABSTRACT

We present the analysis of 4 monthskaler photometry of the K4V star HAT-P-11, including 26 transits
of its “super-Neptune” planet. The transit data exhibit ieuous anomalies that we interpret as passages of
the planet over dark starspots. These spot-crossing aresmkferentially occur at two specific phases of
the transit. These phases can be understood as the iniengaaints between the transit chord and the active
latitudes of the host star, where starspots are most abtinBased on the measured characteristics of spot-
crossing anomalies, and previous observations of the ®RoddcLaughlin effect, we find two solutions for
the stellar obliquity and active latitudé: eithery = 10613 andl = 19.7*33, or v = 97'% andl = 67'3 (all in
degrees). If the active latitude changes with time in analeigh the “butterfly diagram” of the Sun’s activity
cycle, future observations should reveal changes in tHeipesl phases of spot-crossing anomalies.

Subject headings: planetary systems — stars: individual (HAT-P-11), rotatispots, activity

1. INTRODUCTION a “super-Neptune” planet of mass B&; and radius 4. Rg,

We have been developing a new method to measure thdn a 4.9-day orbit. The star was already suspected of having
obliquity of a star with respect to the orbital plane of a tran Starspots (Bakos etal. 2010), ithad been shown to have a high

. P— ; bliquity based on RM observations (Winn et al. 2010b, Hi-
siting planet. Obliquities are important because theyane f  © - e - i
damental geometric parameters, and because they bear clué%m?] etal. 20%1)h’ and lmostl']lmportar.ltly, It “ﬁ.s within ths.d'e
about the formation, migration, and tidal evolution of ges  ©! the view of theKepler photometric satellite (Borucki et
in planets (see, e.g., Queloz et al. 2000: Ohta et al. 2005:2l- 2010). Several months of nearly continuous, highly isesc

Winn et al. 2005, 2010a; Fabrycky & Winn 2009; Triaud etal. <€plér photometry are already available, and several years of
2010; Morton & Johnson 2011). The traditional method in- data will eventually become available.

volves observations of the Rossiter-McLaughlin (RM) effec In t.h'i padper wel a:jnalyze public data frafepler, Wh'cl:.lg
a spectroscopic anomaly that occurs during transits due-to s ave Indeed revealed numerous Spot-Crossing anomalts, an

lective blockage of the stellar rotation field (see, e.gelpn  €d to constraints on the stellar obliquity, although nottia

et al. 2000; Ohta et al. 2005; Gaudi & Winn 2007). The new Manner we anticipated. Section 2 presents the data, and Sec-
method is purely photometric, and is based on observatibns oi0N 3 gives our estimates for the basic system parameters as
photometric anomalies in transit light curves resultingnir ~ Well as the times of spot-crossing anomalies. The anomalies
the passage of the planet in front of starspots. occurred preferentially at two particular phases of the-tra

When the planet blocks the light coming from a relatively Sit: Section 4 presents a simple geometric model, in which
dark portion of the stellar photosphere, the fractionalos special phases are the intersection points between thsttran

of light is temporarily reduced, and a positive “bump” is Ehorg c?'nd the acttri]ve (stalrtspot-rich) latitudes of the s$arc-
; ; ion 5 discusses the results.
observed in the light curve (see, e.g., Rabus et al. 2009). While preparing this paper we learned that two other analy-

Sanchis-Ojeda et al. (2011) showed how the recurrence (or .
not) of these starspot-crossing anomalies can be used to mez¢S Of the publi&epler data have been undertaken, by South-

sure or place bounds upon the stellar obliquity. In simplest WOrth (2011) and by Deming etal. (2011). We refer the reader

terms, the recurrence of an anomaly in two closely-space to those works for a different perspectives on the data,socu

transits is evidence for a low obliquity, because otherwise INd On réfinement of the transit parameters rather than e sp
the spot would rotate away from the transit chord. We and ©rientation of the star.

our colleagues applied this technique to the particulaesys 2 ANALYSIS OF OUT-OF-TRANSIT DATA

WASP-4, showing that the new method gives stronger con- T ) )
straints on the stellar Ob“qur[y than the previous obssrng We used the Multimission Archive at STScl to obtain the

of the RM effect (Triaud et al. 2010). Kepler data for HAT-P-11 spanning the 140-day interval from

Independently, Nutzman et al. (2011) used the recurrence£009 May 02 to September 16, with a time sampling of one
of spot-crossing anomalies (as well as the phase of thefout-o Minute. InKepler parlance, we usedP_RAW_FLUX short-
transit modulation of the total light) to confirm a low obligu cadence data from quarters 0, 1, and 2. )
for CoRoT-2b. More recently, Désert et al. (2011) found a _ The time series is shown in Figure 1, after expunging a few
similar pattern of recurrences for Kepler-17b, and conetuid ~ glaring outliers and normalizing each quarter of data teehav
that the host star has a low obliquity. The pattern in thaécas & mean of unity. A total of 26 transits were observed. Two
was made even more dramatic by the near-integral ratio beiransits were missed due to interruptions in satellite nbse
tween the rotational and orbital periods. ing. One transit (epoch 17 as identified in FE]]; 1) exhibited

Sanchis-Ojeda et al. (2011) noted that another interestingregular flux jumps that were also observed in light curves

target for this method would be HAT-P-11, a K4V star with Of nearby stars, thereby implicating an instrumental pobl
Data from this transit were excluded from our analysis.
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FIG. 1.— Kepler photometry of HAT-P-11. Top.—The time series considered in this paper. The transits\ader as 0.4% dips with a period of 4.9 days,
and are labeled with epoch numbers to facilitate crosserfing with Figures 3 and 4 and the accompanying text. @aitsf transits there are 4 prominent
minima, probably representing a relatively dark starsptepn being carried around by stellar rotati®ottom.—The measured depth of each transit, using the
procedure described in Section 3. The transit depth is dbfinghe square of the fitted planet-to-star radius ratio.

The relative flux varied by about 1.5% (peak to peak), with 500
four prominent minima spaced apart by about 30 days. The
spacing of the minima probably represents the stellariootat
period. The light curve is not strictly periodic, nor is it-ex
pected to be strictly periodic. Among the possible sources
of aperiodicity are differential rotation, which causestspat
different latitudes to have differing rotating periodsyasl as 100¢
slow changes in the sizes, shapes, and locations of starspot 0 o
The top panel of Figuilg 2 shows a Lomb-Scargle periodogram 0 10 R 50 60
of the out-of-transit data. We estimafe, = 30.5*33 days,
based on the peak and full-width at half-maximum of the pe- — -
riodogram. The bottom panel of Figure 2 shows the out-of- 5 e
transit data folded with a period of 30.5 days. This is con- LoosE
sistent with the earlier estimate of 29.2 days by Bakos et
al. (2010) from ground-based photometry.
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3. ANALYSIS OF TRANSIT DATA ;

To analyze the transits, we selected all the data within#.8 h 04 -02 0.0 02 0.4
(twice the transit duration) of any predicted transit mitipo Rotation phase
The data surrounding each transit were fitted with a Mandel & £, 2 — Rotation period of HAT-P-11. Top—Lomb-Scargle peri-
Agol (2002) model, using a quadratic limb-darkening law and odogram of the out-of-transit data. The peak (solid velrtioee) is at
allowing for a linear trend in the out-of-transit flux. Neaev- 30.5 days and the full-width at half-maximum (dotted vettitnes) span
ery transit showed an anomaly that was not well-fitted by the € range from 27.3 to 34.6 day&ottom—Relative flux as a function of

. . " .~ rotational phase, after folding with a period of 30.5 daylse Tinima nearly

transit model, which we interpret as the consequence of ir-qincide at a phase of 0.3.
regularities on the stellar photosphere. These anomakes w
identified “by hand” and assigned zero weight in a subsequent
fit to the data. Figurgl3 shows the resulting light curvesyglo  depth were plotted in Figuigd 1. They are essentially consis-
with the best-fitting model and the data points that were ex- tent with a constant depth, which in retrospect is not sa¥pri
cluded from the fit. ing since the stellar flux changes #).8% and the individual

In this fit, each transit was allowed to have a unique value transit depths are measured with a precision of arily6. Ta-
of the transit depth. The intention was to allow for the possi ble 1 gives the results for the system parameters, based on a
bility of apparent depth variations due to changes in the flux Monte Carlo Markov Chain algorithm. The quoted value of
of the untransited portion of the star. The results for thagit the planet-to-star radius ratio is based on the mean, and the
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Figure[® shows the residuals between the data and the best-

S STEM PARA M s OFHAT-P-11 fitting transit model, as a function of time relative to thene
est midtransit time. The spot-crossing anomalies are mani-
Parameter Value Uncerrainty  Tested as large positive residuals. They do not occur abrand

phases of the transit, but rather at two specific phasesoappr

Transit ephemeris: imately —0.010 and 0.025 days relative to midtransit. One

Reference epoch [BJD] 24549812464 0000022

Orbital period [days] 8878049 000013 might initially interpret this as evidence for two long-igt
_ spots on the star, with each bump representing the intérsect

IErlans't paramterg‘_ , 0.05862 000026 of one spot’s stellar latitude with the transit chord. Hoergv

anet-to-star radius rati®p/R. ' in that situation one would observe at most two anomalies per
Transit duration [days] 09795 000006 . . : .
Transit ingress or egress duration [days]  .0@550 000007 rotation pel’loq, and more likely fewer, unless the Orbm_ﬂ a
Linear limb-darkening coefficientyy 0.599 Q015 rotational periods were nearly commensurate. In reality we
%‘;?:i:?}ﬁég‘fﬁ;?ﬁg‘tg coefficient; 84%2 88}12 observed at least 25 anomalies over 4 rotation periods.eTher
Scaled semimajor axis/R. 156 15 are evidently many different spots on HAT-P-11 and they are

_ _ _ clustered at two particular stellar latitudes.
NoOTE. — Based on a Markov Chain Monte Carlo analysis of thek2fler light

curves, with uniform priors ofRp/R,, b, anda/R,, and Gaussian priors on the eccen- If SpOtS appeamd with equal pro_bablllty_ at_ a”Y latitude,
tricity parametercosw = 0.2014 0.049 andesinw = 0.0514 0.092. The quoted one would expect to see a nearly uniform distribution of out-

values and uncertainties are based on th65%, 50% and 885% levels of the cumu- liers in Figure{}, except near the ingress and egress where
lative distributions of the marginalized posteriors. limb darkening and geometrical foreshortening would make
standard error in the mean, of all 26 measured transit depths SOme spots undetectable. Likewiseyif= 0, then a nearly
uniform distribution of residuals would be observed even if
4. ANALYSIS OF SPOT-CROSSING ANOMALIES the spots were clustered in latitude (again, unless there we
4.1. Smpletest for spin-orbit alignment some near-commensurability between rotational and drbita

) ) eriods). Therefore, since the data exhibit two particular
Because so many spot-crossing anomalies were deuaCte‘geaks, we conclude that the system is misaligaetithat the

an immediate test is available for spin-orbit alignmenteTh starspots occur preferentially at certain “active latisid

logic is as follows. If the stellar obliquity were zerg € 0), The phenomenon of active latitudes is a familiar one from
then the transit Chord would correspond to a certain fixed gg|ar astronomy, which is why we wrote above that we should
range of latitudes in the reference frame of the star. In thatpgye anticipated this result.” Carrington (1858) and Spérer
case, after a given spot-crossing anomaly, that same Spo{1874) found that over the course of the Sun’s 11-year agtivi
would advance along.the transit chord due to stellar ratatio cycle, the mean latitude of sunspots is sharply defined fpr an
and future spot-crossing events can be predicted and soughgy-month interval, and undergoes a gradual shift from high
out in the data. For HAT-P-11, a spot-crossing anomaly ob- |atitydes to the equator. This spatial regularity of theleyc
served in the first half of the transit would recur at a later sometimes called the Sporer law. The famous “butterfly dia-
phase of the next transit. This is because the orbital perlodgramu (Maunder 1904), in which sunspot latitude is charted
(4.9 days) is shorter than half a rotation, the time it tak@s f  3g4inst time, can be regarded as a graphical depiction®f thi
the spot to cross the visible stellar hemisphere. The upderl |3y, The regions where sunspots are abundant are well de-
ing assumption is that the spot does not move significantly org¢riped as relatively narrow bands centered on two paticul
fade into undetectability within 4.9 days, but that assuempt |atitudes placed symmetrically with respect to the solareeq
seems justified (for large spots at least) given the observe(ior_ Early in a cycle, spots appear at latitudes up to 40 dsgre
coherence of the light curve over 4 rotations (see Fighire 2). ag the cycle progresses, new sunspots appear at increasing|

No such recurrence is seen in iepler data, leading tothe | yyer [atitudes, with the last sunspots of a cycle lying elts
conclusion the star’s spin axis is misaligned with the plane e equator (Solanki 2003).

orbital axis. Figuré ¥4 shows two of the clearest examples of
a pair of transits where one spot-crossing anomaly was seen, 4.3. Geometric model
and the other corresponding anomaly that would be predicted
for perfect spin-orbit alignment is missing. Many othermxa
ples are evident in Figufé 3.

For a quantitative analysis of the spot-crossing anomalies
we fitted each anomaly with a simple triangular model with
three parameters, the height£f the amplitude of the anomaly

4.2. Evidence for spin-orbit misalignment in relative flux units), the width#( = total duration) and the
. midpoint ¢o = the time of the event):
Winn et al. (2010b) suggested that even fo¥ 0, the re-
currence of spot-crossing anomalies could be observed and _JA-Bt-to] [t-to] <7/2
used to constrain the stellar obliquity and the stellartiota F(t)= 0 t—to| >7/2 1)

period. However, such recurrences require the spots to last ) o

for one or more full rotation periods, as opposed to onessixt Table[2 gives the best-fitting values of the model parameters
of a rotation period, and they also require the rotationqueri  for each anomaly. As a measure of statistical significamee, t
to be a nearly exact multiple of the orbital period. Thisdatt ~Ax? between a no-spot model and the spot model is also given
condition may or may not be the case for HAT-P-11, anal is  for each event. All the chosen anomalies hAwe® exceeding
priori unlikely. Given the uncertainty in the rotation period, 50.

the ratio of rotation to orbital periods is between 5.6 arid 7. Next we used a simple geometric model to constrain the
Indeed we could establish no firm correspondences betweerspin orientation of the star as well as the locations andhsidt
multiple pairs of spot events. of the active zones. The premise of the model is that each

However, there is a regularity in the pattern of anomalies of the two features seen in Figllire 5 represents an inteosecti
that we did not anticipate, although perhaps we should have between two strips on the stellar disk: the transit chord¢ivh
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FIG. 3.— Kepler observations of transits of HAT-P-11. Based on data from quarters 0, 1, and 2. The best-fitting ntoateks are shown as thin gray lines.
Red squares are points that are suspected of being strdfegijed by spot-crossing events, and were assigned zeghtiaithe fitting procedure.

has a width equal to the planet-to-star radius ratio; anccan a features, which we denosg andx;, and the Gaussian widths
tive zone, a range of latitudes surrounding an active l@itu  of the features, which we denaig anda,.
The intersection points of the two strips determine the cen-
troids of the two features seen in Figlile 5. The width of the
intersection region (which depends on the width of each,stri
as well as the angle of intersection) determines the widths o
the two features seen in Figure 5. N 1 —% 1 _®?

The first step in the model is to characterize the two fea- L[] /dX e N 22, (2)
tures by their central phases and widths. We use a coordinate i=1 V £nai o
system centered on the stellar disk, with thaxis aligned  \where the index runs over all spots contributing to the fea-
with the planet's motion during transits, theaxis in the per-  yre, the first exponential within the integral represehts t
pendicular direction in the sky plane, and thaxis pointing  probability distribution for each measurement of a spot lo-
along the line of sight (see Figure 6). All distances are mea-cation, and the second exponential is the assumed Gaussian
sured in units of the stellar radius. The goal of this step is model of the spatial distribution of spots surrounding the a
to determine the central valuesxfor the two spot-anomaly  tjve |atitude. Loosely speaking, this is similar to fitting a

To estimatex, andg for each of the two features, we maxi-
mized the likelihood



Spin-orbit misalignment of HAT-P-11 5

1.000

0.998

0.994

Relative flux + constant

0.992
Expected, for

el de
0.00 0.05 0.10

0.996 —

1.000

0.998

0.996

0.994

Relative flux + constant

0.992

-0.05 0.00 0.05 0.10
Time from midtransit [days]

-0.10

FIG. 4.— Evidence for spin-orbit misalignment. Shown are two examples of pairs of consecutive transits evbee spot-crossing anomaly was observed,
and if ¢» were zero, there would have been a corresponding spotiogoasomaly detected in the other transit. No such corredgoees were observed in the
time series considered in this paper. The black dots areptéiés, and the red lines are best-fitting models includieg@ular spot with a lower intensity than
the surrounding photosphere. For epochs 4 and 15, two ctovése expected spot signal are plotted (solid and dottaiyesponding to extremes in the range
of rotation periods from 27.3 to 34.6 days.

Gaussian function to each feature seenin Figlire 5, aftestra  overall symmetry of the star, we assume the active zones to be

forming the time coordinate into the coordinate. The re- symmetrically placed with respect to the stellar equaten-c

sults, based on the same MCMC algorithm used to estimatetered on latitudes-| and with half-widthsjl. Therefore our

the system parameters, atie= —0.19+0.03,%, =0.51+0.02, next task is to use spherical trigonometry to retatex,, o1

1 =0.09+0.02 ands, =0.07+0.02.The quoted values and anda; tois, A, | anddl.

uncertainties are based on the 15.65%, 50% and 84.35% lev- The geometry is illustrated in Figulé 6. A poitd= (X,Y, 2)

els of the cumulative distributions of the marginalizedtpes  on the middle of the transit chord hgs= b (whereb is the

riors, distributions that all follow a Gaussian profile. impact parametery,> 0 andx?+y?+2* = 1. The stellar north
The next step is to use these results to constrain the spirpole is at (following the convention of Ohta et al. 2005)

orientation of the star and the locations of the active zones

The spin orientation of the star is parameterized by thé-incl . L R o

nation angles of the north pole with respect to the line of Fp = ~SINisSINA X+SINisCOSA y+COSs 2 3)

sight, and the sky-plane anglebetween the north pole and

the orbit normal i.e., the same angle probed by obsen&tion ¢ |5ty del of a given point on the surface of the star can

of the RM effect). In analogy with the Sun, and based on the o 510 lated given iteyz coordinates and the position of the
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FiG. 5.— Differences between the data, and the best-fittingsiramodel,
as a function of transit phase. Data from all 26 transits éo#qul. Spot-
crossing anomalies (the large positive residuals) appedenentially at two
particular phases. These phases are not symmetricallgclaith respect to
the transit midpoint.

TABLE 2
CHARACTERIZATION OF SPOFCROSSING ANOMALIES
Epoch Amplitude Duration BJB Ax? Phase
[ppm] [min] 2,454,953 /R

1 386 13.6 4.830 86.7 0.37
3 1711 12.2 14.573 1646.7 -0.31
5 324 16.8 24.360 73.7 -0.08
8 984 16.9 39.015 716.0 -0.25
11 440 10.4 53.680 1219 -0.22
11 530 7.5 53.689 119.4 -0.04
11 593 10.1 53.717 191.6 0.57
12 660 12.2 58.597 162.0 0.41
14 282 17.3 68.343 619 -0.24
14 573 12.7 68.380 186.3 0.57
15 361 13.4 73.266 59.9 0.52
16 1155 14.3 78.151 551.4 0.46
17 618 20.7 83.045 133.4 0.58
18 689 26.9 87.898 310.6 -0.15
19 969 15.1 92.785 5785 -0.17
19 525 10.8 92.821 146.8 0.60
21 627 12.4 102.594 207.5 0.54
22 519 134 107.479 179.7 0.48
23 479 11.4 112.336 97.8 -0.17
23 769 11.4 112.369 248.1 0.53
25 1302 13.9 122.115 656.8 -0.10
26 1127 11.4 126.996 5814 -0.25
27 444 125 131.919 84.8 0.50
28 446 10.7 136.771 101.1 -0.27
28 326 18.8 136.804 84.3 0.45

FiG. 6.— Illustration of the coordinate system. The transit chord is par-

allel to thex axis. The region of intersection between the transit chartam
active zone is described by its center, andx, its width in thex-direction.
All distances are expressed in units of the stellar radius.

north pole:

I=Z-cos(1-d%/2), d>=(F-fw)  (4)
These relations allow us (after some algebra) to compute the
coordinates of any intersection points of the transit cteord

active latitude:

(bsiniscosA —sinl)sinissinA £ 1/f(\,is,b,1)
1-sirfisco@ \ '
(5)

X]__rg()\, is, b, |) =

Here, the factoff (\,is,b,1), defined as
cogig[1 —sirfisco$ A —b?+2bsinl siniscos\ —sirf1], (6)

determines whether there are zero, one or two different-inte
section points for a given set of values of ig,b,1). Since

we are assuming there are two active latitudds we can
have up to four intersection points. Once all possible solu-
tions have been found, it is necessary to check that theyroccu
on the visible hemisphere of the star{ 0).

The impact parametdr has already been determined from
transit photometry. We can adjust the other parametgis
andl to achieve a match between the@alues of the intersec-
tion points and the previously determined valueg;cdndxs.
There are four solutions, two of which are illustrated inldfe
panels of Figurgl7. One solution has the active zones at rela-
tively low latitudes, with both the northern and southeriivac
latitudes intersecting the transit chord. The second &wiut
has the star oriented nearly pole-on, so that one activadati
presents an ellipse on the sky that intersects the transitich
twice. The third and fourth solutions are related to the first
two by the symmetryf \,is, 1} — {m+ X, 7—is,| }. These “mir-
ror solutions” give similar results for the three-dimemsib
obliquity ¢ as the other two solutions. However since they
give negative values of that are ruled out by observations
of the RM effect (Winn et al. 2010b, Hirano et al. 2011) for
brevity we do not discuss them in the rest of this paper.

Next we make use of the measured widths of the spot-
anomaly distributions. Using Eqri.](5), we may calculate the
four vertices of the intersection region between the ttansi
chord and the band of active latitudes. We then take the dif-
ference between the maximum and the minimum values of
and divide by two, a quantity we will cadix. By characteriz-
ing the width in this manner, we are effectively assuming tha
spots are equally likely to form anywhere in the rahgedl.
This is computationally very convenient, but it is in mildco
tradiction with the Gaussian distribution we adopted when e
timatingo, anda,. For this reason, we multipgx by /2/,
to give the standard deviation of a Gaussian function that ha
the same area as a uniform distribution with width This
can then be compared with anda,, using a goodness-of-fit
function,

_ 2 o 2
2/ : _ [ X1, calc™ (-0.19) X2, calc™ (0.51)
X (s 1,01, b) = ( 0.03 " 0.02
2
V27 % cac=0.09
0.02

0.02

. <\/2/7r 5%, ca.c—o.o7> 27 -

where “calc” indicates the value that is calculated geomet-
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FiG. 7.— Two solutions for the stellar geometry, and associated results of parameter estimation. The ygg®is represent the double-banded, edge-on
solution and the lower panels represent the single-bard;gosolution. The left column of panels are sketches ofyistem, using the most probable values of
the parameters. The central column shows two-dimensiasépor distributions for the stellar orientation paraeng) andis, with solid lines representing the

results with a uniform prior on\, and gray scales for the results with a two-sided Gaussian pre= 103ﬁf8 deg based on the RM results of Winn et al. (2010b).
The confidence levels are 68.3%, 95%, and 99.73%. The riglhitntoshows the posterior distribution for the true spinioaimgle ¢, again with the solid line
representing the result from the spot analysis alone, andttaded distribution representing the joint results ofia analysis and the RM measurement.

rically based on the parametess is, |, 6, andb. We with the RM results. When the previous RM results are used
thereby enforce agreement between the “observed” and “cal-as a prior, the results are sharpened. The spot-crossihg ana
culated” properties of the intersection region (their tomas sis and the RM analysis are complementary in the sense that
and widths), under the assumption that the uncertaintiggein ~ the RM analysis is sensitive only g while the spot-crossing
‘observed’ quantities are Gaussian-distributed. analysis is sensitive to a complicated combinatiory @hd\.

To explore the parameter space we used an MCMC tech-Although the two families of solutions are quite different i
nique, with the Gibbs sampler and the Metropolis-Hastings the alignment of the star with respect to Earth, they are sim-
algorithm, and a likelihood proportional to exp/2). Uni- ilar in that they both represent strongly misaligned system
form priors were adopted on all parameters except the impacwith ¢ = 90°.
parameter, for which a Gaussian prior was adopted based on Figure[8 shows the results fbrandol, the parameters de-
the light curve analysis presented earlier(0.1324 0.045), scribing the active zones on the star. The edge-on solutien h
and the stellar inclination angig, for which the prior was  alower value of than the pole-on solution, but they both give
uniform in cods (i.e., isotropic). In addition, we considered similar results for the latitudinal half-widii of the active re-
two cases: one in which the prior was uniformXnand an- gions. The fitted half-widths are arouné, svhich is similar
other in which a two-sided Gaussian prior was adopted to en-to the observed widths of the active bands on the Sun. The
force agreement with the RM result= 10325 deg (Winn et latitudel ~ 20° of the edge-on solution is also a good match

al. 2010b). to the Sun, while the higher latitude lof 60° for the pole-on
Figure[T shows the results, both as contour plots in the spac&olution would be atypically high for the Sun.
of the stellar orientation parametésgnd)\, and as marginal- For each solution we also plot the analog of the solar but-
ized distributions for the true obliquity that is computed  terfly diagram: the latitude of each individual observedtspo
from those two parameters: anomaly as a function of time. We do this in the right col-
umn of Figurd 8, based on the best-fitting model in each of
COSy = COSsCOSl, +SiNisCOSASINi, (8) the two families. In the first case, spots cover two symmetric

ranges of latitudes, whereas in the second case (the pole-on
solution) we see only one band. Eventually, after severaémo
years ofKepler data are collected, we might expect this type
of diagram to show time variations in the latitudes of spots

wherei, is the orbital inclination. As discussed earlier, there
are two families of solutions. In one solution, the star'si@q
tor is viewed nearly edge-on, while in the second solutibe, t
star is viewed nearly pole-on. Both solutions are compatibl
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FiG. 8.— Results for the parameters describing the active zones. Upper panels represent the two-band, edge-on solutioncavet Ipanels represent the
single-band, pole-on solution. On the left are posteriors,fthe central latitude of the active region. (In the moded, dlotive latitudes are symmetrically placed
at=+l.) As in FigurdY, the solid line is for the case of a unifornopiin A, and the shaded histogram is for the case when the RM resuitvias used as a prior.
The central column shows the corresponding results for dnarpetedl describing the latitudinal half-width of the active regsonThe right column shows the
butterfly diagram for HAT-P-11, based on the measured phafsbe spot anomalies and the best-fitting valuek ahd \.

due to the stellar activity cycle on HAT-P-11. This would be variations for a spot of a given size and intensity. Indeed, a
a valuable opportunity to construct a butterfly diagram for a exactly pole-on solution would not produce any OOT varia-
star other than the Sun (see also Berdyugina & Henry 2007). tions. For nearly pole-on configurations, the OOT variation
arise only from small variations in limb darkening and geo-

5. DISCUSSION metrical foreshortening along the nearly-circular tré&geg of

The main results of our study are (1) the finding that the the spot on the stellar disk. In contrast, for the edge-on so-
starspots on HAT-P-11 are preferentially found at certain a ution, the spot disappears from view for half of the rotatio
tive latitudes; (2) the confirmation that the HAT-P-11 str i Period, resulting in larger variations. . .
misaligned with the orbit of its close-in planet; (3) theqea Our geometric model did not make use of the information
ment of quantitative bounds on the three-dimensionalastell orne by the out-of-transit (OOT) flux variations; couldsthi
obliquity based on the observed pattern of spot anomaligs an Pe used to break the modeling degeneracy and sharpen the
a simple geometrical model. Two families of geometric solu- constraints? We have made some efforts in this direction, bu
tions were found, one in which the star is viewed nearly pole- they have been inconclusive, mainly because the spot sizes
on, and the other in which the star is viewed closer to edge-and intensties are not knovenpriori. Our simulations show
on. Even though both solutions agree on the stellar obfigquit that it is possible that the pole-on solution is correct, and
they differ in the locations of the active latitudes: oneusol that the 15% OOT variations are produced by large and/or
tion gives more Sun-like active latitudes of abouf 2thile ~ dark spots. Another feature of the pole-on model is that each
the other solution favors a larger latitude of about.@Break- ~ SPOt crosses the transit chord twice per rotation periodthwh
ing this degeneracy would therefore tell us whether or net th Might lead to a detectable correlation between the observed
activity cycle on HAT-P-11 resembles that of the Sun in this SPOt anomalies. We explored this possibility, but could not
respect. reach a firm conclusion because a given spot may traverse the

One might think that the measurementisfnis would help  transit chord quickly enough that the planet does not always
to distinguish these two cases, but the two solutions predic Cross it. Nevertheless, future observations wiéipler and a
values ofvsinis = (2R, /P.ot) sinis equal to 13 km s and g}g’;k‘gﬁéagsgesngggg'smt model might one day be used to

_1 . . . ;
8}51kgn is 1'gN Erlﬁhsir?;:;g; c;rtngla tlzbc;ig\;lth;hs a(;ti)cs %%Z?evr?ége _ Future observations may also reveal the changes in the ac-
between the pole-on and edge'-on solutions is that the polet|ve latitudes that are analogous to the equatorial drithef

on solution would produce smaller out-of-transit (OOT) flux active latitudes on the Sun. As is well known, over the 11-
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TABLE 3
RESULTS OFMCMC ANALYSIS

Parameter Edge-on solution Edge-on solution Pole-onisnlut Pole-on solution
(+ RM prior) (+ RM prior)
Projected obliquity) [deg] 90+ 528 106 ig 831 121’:5211
Stellar inclination,is [deg] 803 80" 160ﬁ2]79 1682
Obliquity, v [deg] 91427 106%155 89j%7 97353
Latitude of active zone [deg] 1917 1947’1252 63" 3 677%
Half-width of active zone [deg] 517 4812 4053 4518

year solar activity cycle the active latitudes migrate taiva has been a recent resurgence of the theory that close-in plan
the equator, where they disappear and are then recreated a&ts are emplaced by few-body gravitational interactiors fo
higher latitudes, the phenomenon that underlies the ibiytter lowed by tidal capture, rather than by gradual inspiral due
diagram. Should this also occur for HAT-P-11, we would ob- to interactions with a protoplanetary disk (see, e.g., Fab-
serve a drift in the phases of the spot-crossing anomalies. A rycky & Tremaine 2007, Nagasawa et al. 2008, Matsumura
suming the active latitudes migrate toward the equator, theet al. 2010). Part of the evidence is the large incidence of
phases would behave differently for the pole-on and edge-onhigh obliquities among stars that host close-in giant pgkne
solutions. In the case of the pole-on solution, the phasks wi (see, e.g., Triaud et al. 2010). With our corroboration ef th
separate apart and move toward the extremes of the transitRM results by Winn et al. (2010b) and Hirano et al. (2011),
while for the edge-on solution, the phases will move clogert HAT-P-11 can be firmly added to this roster.
one another. Of course, we should not necessarily assumne tha
the active latitudes migrate to lower latitudes, as is seethe
Sun, but the data themselves may be able to confirm this fact
making use of differential rotation. In fact, Messina & Gain
(2003) studied latitude migration on young solar analogues
through differential rotation and found that for some staes
active latitudes seem to move poleward rather than miggatin
toward the equator. A combination of the measurement of
the drift of the phases and the change in the period will give
us a way of breaking the degeneracy and studying the rate o
migration of the active latitudes. (For a review of starspot
and the various techniques by which they are observed, se
Strassmeier 2009.)

Independently of the activity cycle of HAT-P-11, the confir-
mation that the star has a high obliquity is helpful for under
standing the origin of the close-in planet HAT-P-11b. There
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