View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by DSpace@MIT

Astronomische Nachrichten, 12 November 2012

Starspots and spin-orbit alignment for Kepler cool host stas

R. Sanchis-Ojedd*, J. N. Winn', andD. C. Fabrycky?

! Department of Physics, Massachusetts Institute of TeogypCambridge, Massachusetts 02139, USA.
2 Department of Astronomy and Astrophysics, University ofif@enia, Santa Cruz, Santa Cruz, California 95064, USA.

Received XXXX, accepted XXXX
Published online XXXX

Key words planetary systems, starspots, techniques:photometric

The angle between the spin axis of the host star and the ditstmanets (i.e., the stellar obliquity) is precious infation
about the formation and evolution of exoplanetary systévieasurements of the Rossiter-McLaughlin effect revediat t
many stars that host a hot-Jupiter have high obliquitieggssting that hot-Jupiter formation involves excitatidombital
inclinations. In this contribution we show how the passaigb® planet over starspots can be used to measure the apliqui
of exoplanetary systems. This technique is used to obtainthé first time - the obliquity of a system with several plasne
that lie in a disk, Kepler-30, with the result that the stas ha obliquity smaller than 10 degrees. The implicationgtfer
formation of exoplanetary systems, in particular the hgiitér population, are also discussed.
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1 Introduction interactions then circularize and shrink the orbit, explai
ing the close-in orbits of the hot-Jupiters. In this case, th

A commonly used technique to measure the obliquity dyigh obliquities observed are a consequence of the history
exoplanet systems is the Rossiter-Mclaughlin (RM) effe@f dynamical interactions in the system.

(Queloz et al. 2000, Winn et al. 2005), a spectroscopic phe- This raises a new question, how are we going to distin-
nomenon that is observed during transits. Since the plamgtish between these two theories? The answer necessarily
blocks a certain part of the rotating stellar surface, an-addmplies studying the obliquities outside the group of the ho
tional Doppler shift is observed which depends on the skyupiters. We propose to study the multiple transiting sys-
projected obliquity of the system. Thanks to this effeat, thtems for several reasons. These systems are more likely to
obliquity of many hot-Jupiters systems has been found to be coplanar, simply because they are all transiting the same
rather large (Winn et al. 2010a; Triaud et al. 2010; Albrectstar (Lissauer et al. 2011). If a system has several copla-
et al. 2012), a somehow surprising discovery since our owrar planets, it probably had a relatively quiet dynamicsd hi
Sun is known to have a low obliquity. When a solar systenory. The second explanation for the high obliquities ofhot

is born through the collapse of a cloud of gas, the star addpiter systems needs these dynamical interactions tiotilt
the protoplanetary disk are expected to rotate in the sambits, so if this scenario is correct it predicts that ak th
direction. So the question is, how did the hot-Jupiters gebplanar transiting systems should be aligned, similauto o
misaligned? own Solar system. However, the first explanation, which in-

There are two possible reasons to explain why the hotokes star-disk misalignments, can_be i_n principle extdn_de
Jupiters have been found to be misaligned. One is that tieall types of solar systems. Even in this coplanar configu-
spin axis of the star can get tilted with respect to the origfation, the star can still get misaligned respect to the, disk
nal position of the protoplanetary disk, either through madmsallgnment should be observed with a similar frequency
netic interactions (Lai, Foucart & Lin 2011), chaotic accre!n these systems.
tion (Bate, Lodato & Pringle 2010) or torques from neigh- Now we have a clear way to distinguish between both
bor stars. In this scenario the hot-Jupiters migrate ingartheories, but the observational challenge is great. Almlbst
on the disk to get to their close-in orbits, and the high oblignultiple transiting planets found to date have been discov-
uities observed are a consequence of the star-disk misaligmned by theKepler mission (Batalha et al. 2012), but fol-
ment. The other possible explanation is that dynamical itew up of Kepler targets tends to be challenging due to the
teractions, such as planet-planet scattering (Rasio & Fdi@ntness of the host stars (typicalmagnitudes of 13-16).
1996) or Kozai cycles (Fabrycky & Tremaine 2007), can tiltn addition, the RM effect scales with the projected rotatio
the orbits of the planets. During Kozai cycles orbital eccerspeed of the host star, but many of the systems have late type
tricities can reach very large values, leading to small-per$tars which are slow rotators. For both of these reasons, RM
astron distances during phases of high eccentricitiesl Tidneasurements for multiple-planet systems have been diffi-
cult, leading us to seek an alternative means of measuring
* Corresponding author: e-mail: rsanchis86@gmail.com stellar obliquities.
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pletes an entire orbit and comes back to transit, the spbt wil
Aligned case still be on the transit chord. This is true because the trajec
tory of the spot is parallel to the trajectory of the planet.
But the rotation of the star will make the spot advance on
the transit chord. The result is that the bump appears again
during the next transit, but its position also advancesmatco
ingly. This will happen for a few more transits until the spot
is taken to the hidden side of the star.

In the case of a misaligned system, the pattern is very
different as the star spots do not travel parallel to thesitan
chord. If a spot is covered during one transit by the planet
Time then it will have moved away from the transit cord by the
time of the next transit — it will be missed completely.
Misaligned case The idea of tracking spots during transits was first used
to estimate stellar rotation periods (Silva-Valio 200&tmann
et al. 2009). Later, the technique was first applied to mea-
sure obliquities on the hot-Jupiter system WASP-4, which
was shown to be aligned thanks to ground based photom-
etry when two spots were seen twice in different transits
(Sanchis-Ojedaetal. 2011). Similarly, the hot-JupitesRGT-
2b (Nutzman, Fabrycky & Fortney 2011) and Kepler-17b
(Désert et al. 2011) were also shown to be aligned. These
latter analyses were based on data gathered from space tele-
scopes, and they show how important continuous coverage
can be. Nutzman, Fabrycky & Fortney (2011) showed how
Fig.1 A sequence of four simulated consecutive transify modelling the stellar flux variations with several spots,
shows the effect of a single spot in an aligned system (upp@fte can find the spot responsible for the spot-crossingevent
panel) and a misaligned system (lower panel). The rotatid®r that particular spot, the longitudes inferred from the
of the star is ten times slower than the orbit of the planegtellar flux variations can be easily transformed into a spot
When the system is aligned, the spot can be followed gnomaly phase along the transit chord only in the case of
consecutive transits. When the system is misaligned, sp&% obliquity.
appear in single events and they are not seen in the following

transits. 3 A high obliquity for HAT-P-11 and the
butterfly diagram
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2 Using starspots to obtain the obliquity

The method was then applied to a misaligned case, the hot-
In the past few years a new technique has appeared with theptune system HAT-P-11. The system was discovered on
goal of expanding the obliquity measurements in parametiie Kepler field before the beginning of the Kepler mis-
space (towards longer orbital periods and smaller planetsjon (Bakos et al. 2010). The RM effect detection shows
The technique uses the passage of the planet over starsplogg system is highly inclined (Winn et al. 2010b, Hirano
to obtain information about the obliquity. It is complemenet al. 2011). The almost continuous coverage of the Kepler
tary to the RM effect because it works well for slow rotadata showed clear stellar flux variations, and confirmed a
tors and can be used for faint stars, so long as the starspatation period of about 30 days (Sanchis-Ojeda & Winn
are prominent enough. The essence of the technique is #@11). Spot-crossing events are frequent during the tran-
following: if a system has a low obliquity, an occulted sposits of HAT-P-11b, but the recurrences are not observed.
should be occulted in consecutive transits (se€fig. 1)gtmaSpots are not followed in consecutive transits, the system
ine that we have a star with a transiting planet. The pamtust be misaligned. A quick look at the folded transit light
of the surface of the star transited by the planet is callenirve shows that the spot-anomalies only appear at two very
the transit chord. Now if a dark starspot is on the trans#ipecific phases of the transit (Sanchis-Ojeda & Winn 2011;
chord when the planet is transiting, the planet will pass iDeming et al. 2011). We interpret this as a sign that the star
front of it, blocking less light than expected for that cérta has active latitudes, where spots appear. This behaviour is
part of transit. This temporary brightening will be seen aseharacteristic of our own Sun, where the active latitudes
bump on the light curve, something that has been observa symmetric respect to the equator. Since the system is
many times in high photometric precision transits (Rabusisaligned, the planet is crossing a wide range of latitudes
et al. 2009). In the case of a perfectly aligned system, withut can only encounter spots at those latitudes that are ac-
a slowly rotating host star, when the transiting planet contive. Using this argument, we showed that the system must
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have an obliquity of about00° (Sanchis-Ojeda & Winn to make sure that we are talking about the same spot on the
2011), in agreement with the RM effect. For this systenthree cases.

and misaligned systems in general, we can in principle ex- The benefit of using this technique for Kepler or CoRoT

tLaCt the Iau_tuﬁe of |nd|V|duthspots once the obhqtl)uty Ofargets is that the continuous monitoring of the stellar flux
the system is known. For each system we can probe a Cfzijes extra information about the spots. Since the spot
tain range of latitudes that depends on the geometry of t

) , S quite large, it must contribute strongly to the variaton
system. Changes in the latitudes of sunspots correlate Wé[@en in the disk-integrated light outside of transits. # th

the magnetic cycle of the Sun, in what is called the butteg— stem has a low obliquity, as we are claiming, there should

fly diagram, so we might be able to construct the butterfl e a deep local flux minimum when the spot lies on the lon-

diagram for HAT-P-11 and other misaligned system if Wiy, e that crosses through the center of transit chord. Ob-

observe temporal structure on the latitudes of the occult rving the spot on the left (right) side of the transit means

spots. that the spotis coming into (out of) view, and that the transi
will happen before (after) the corresponding deep local flux

4 The obliquity of Kepler-30, a coplanar minimum.

system with three transiting planets And that is exactly what is observed when one looks at

the flux of the star during the 100 days of relevant Kepler
. observations (Sanchis-Ojeda et al. 2012). All three ttansi
Now that we have checked that the technique works for 98, e the right relationship, with transits to the right oftefl
giants really close to their host stars, itis time t0 applpit minima that show the large anomaly on the right side and
systems with several transiting planets a little more dista, jce yersa. Furthermore, all the relevant flux minima belong
fr_om the host star, which orbits are tracing the plane of thg , series of deep flux minima that appear periodically ev-
disk out of which they formed. ery 16 days, the rotation period. This makes it very easy to
In order to apply this method, we need the individuaéxplain all the observations with a large spot, with a rota-
transits to be significant enough for the detection of thé-spaion period of 16 days, with a lifetime larger than 100 days,
anomalies and we also need the host star to be active. Onkyiaich has a trajectory parallel to the trajectory of the plan
few candidates from the Kepler multiple transiting systemso that the spot is hit at the right phase in each of the three
fit our requirements. One of the best, Kepler-30, was the of@nsits. This is further evidence that the system has a low
chosen for this study. Kepler-30 is a system with three plaabliquity.
ets transiting a_Sun-Iike star (Fabry_cky et _al. 2012). Rlane We would like to confirm this with additional informa-
b is Neptune-sized and has an orp|tal penod .Of abo_ut 29t’|(3)n from the other transits. Since we identified no more re-
dgys, and planet ¢ and d are Jupiter-sized with orbital pgﬁrrences, we have developed a new technique to use the
riods of 60.3 and 143.3 days. The p"?‘”ets are rT‘“d.‘ furthltr%%ormation from spot-crossing events of spots that arg onl
away from the host star than Hot-Jupiters, and tidal |ntera8 served once. Using what Nutzman et al. (2011) applied to
tions are negligible. The two outer planets are large enougﬁjdy CoRoT—Z.b we define two different éngles or phases
to show the anomalies. The first thing we did was to look for ' '

. . one that can be measured from the transit, and one that can
recurrences. The problem is that long period planets haﬁ)/e

very few transits during the lifetime of a spot, even in the . measured from the stellar flux (see Elg. 2). The first phase

. . Isthe anomaly phase, measured along the transit chordhwhic
case of large spots that can last for months. In this particu- yp ' 9 '

lar case, the rotation period of the starl&0 + 0.4 days, goes from—90° on the ingress 190 -at egress-. _
obtained from a periodogram analysis. The star completes The other phase, called transit phase, is basically the

3.77 4 0.09 rotations in between two consecutive transits oftellar longitude of the spot at the time of transit. This an-
Kepler-30c. gle is linear with time, and is zero when the flux drop due

We searched carefully the 12 transits of Kepler-30c avaf. th€ particular spotis maximum, generating the character
able and found a recurrence. Figure 2 of Sanchis-Ojeda'%_tﬂC local flux_ minima. Therefore, the transit phase is the
al. (2012) shows two spot-crossing events in two consecﬁ'ﬁere_m_:e intime betvyeen the transit gnd the_correspdnden
tive transits of Kepler-30c. During the first transit, thapt flux minimum, normalized by the rotation period.
hits a rather large spot on the latter half of the transithwit  Now we take the step further to assume that both phases
one full orbital period of planet Kepler-30c, the star has raneasured belong to the same spot. It is crucial to select the
tated 3.77 times, which is equivalent to a backwards ratati@pot-crossing anomalies we are working with, so that they
of 80°. If the system has a low obliquity, when the planeare caused by very large spots. This ensures that these spots
transits again it should hit the spot on the left side of thalso cause large stellar flux variations, so we can measure
star, that is, on the first half of the transit. And that is whatoth phases securely. We also need to be careful with Kepler
we observe. In addition to this, Kepler-30d had a transit 1€6/stematics, and avoid transits that are close to large data
days after the second transit of Kepler-30c, and it seents tlgmps. These criteria leave only 5 individual useful events,
this other planet transited in front of the same spot with thevo of which are nothing but the recurrence of the same spot
same phase. In order to believe this interpretation, we nealdeady analized. For all of them, we measure the anomaly
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ration have not been detected. Finally, we also obtain the
masses and radius of the planets.

Qurom = SIN(X/L)

g
o
=]

5 Conclusions
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In this contribution we have shown that transits over sttisp
can be used to measure the obliquities of exoplanet systems
, , , and to obtain the butterfly diagram of the host star. The low
-0.10 005 ime from midvansit [days] 0-10 obliquity of Kepler-30 is the first measurement of the oblig-

uity of a system outside the hot gas giants population. This
low obliquity, together with the low obliquity of our own
Solar System, suggests that the high obliquities are cahfine
to hot-Jupiter systems, which if confirmed would leave few-
body dynamics as the origin of the hot-Jupiter population.
Additional stars with coplanar multiplanet systems should
be observed, with the spots technique or others, and are pre-
dicted to have low obliquities in order for our conclusions
to hold.
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