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ABSTRACT

We present the discovery of a transiting exoplanet canelisathe K2 Field-1 with an orbital period of
9.1457 hr: K2-22b. The highly variable transit depths, ragdrom ~0% to 1.3%, are suggestive of a planet
that is disintegrating via the emission of dusty effluentse tMaracterize the host star as an M-dwarf with
Ter ~ 3800 K. We have obtained ground-based transit measureméhtseveral 1-m class telescopes and
with the GTC. These observations (1) improve the transieamis; (2) confirm the variable nature of the
transit depths; (3) indicate variations in the transit @samnd (4) demonstrate clearly that at least on one
occasion the transit depths were significantly wavelengfteddent. The latter three effects tend to indicate
extinction of starlight by dust rather than by any combio@atdf solid bodies. The K2 observations yield a
folded light curve with lower time resolution but with substially better statistical precision compared with
the ground-based observations. We detect a significantpbjust after the transit egress, and a less significant
bump just prior to transit ingress. We interpret these buimpke context of a planet that is not only likely
streaming a dust tail behind it, but also has a more promileawling dust trail that precedes it. This effect
is modeled in terms of dust grains that can escape to beyenglaimet’s Hill sphere and effectively undergo
‘Roche lobe overflow, even though the planet’s surfacedslyi underfilling its Roche lobe by a factor of 2.

Subject headingglanetary systems—planets and satellites: detectiomgsgiheres
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1. INTRODUCTION to date (Montet et al. 2015). There have also been several
TheKeplermission (Borucki et al. 2010) has revolutionized c&talogs of variable stars and eclipsing binaries (Arnmgro

the field of exoplanets, with some 4000 planet candidates dis €t &l 2015a; LaCourse et al. 2015). This paper is the first in
covered to date (Mullally et al. 2015), of which at least 1000 & Series describing our discoveries using the K2 public data
have been confirmed (Lissauer et al. 2014, Rowe et al. 2014)'€leéases. The name of the project, "ESPRINT”, stands for
With the original objective of discovering Earth-size ppas  E£dUiP0 de Seguimiento de Planetas Rocosos INterpretando
in the habitable zone of their host stars, the telescope WassuskTralnsnos ’.Wmch in English me?rrl]s_ Follow-up team of
bound to also improve our understanding of close-in rocky fOCKY Planets via the interpretation of their transits”.

planets (Jackson et al. 2009; Schlaufman et al. 2010). In- N this work we focus on the surprising discovery of another
deed, the firsKeplerrocky planet, Kepler-10b, had an orbital 97€ of these candidate disintegrating planets, this onkeein t

: K2 Field 1 which contains only 21,647 target stars (close to
period of only 20 hr (Batalha et al. 2011). The smallest pglane n order of magnitude fewer than in the prifepler field),

with a well measured mass and radius, Kepler-78b, also has %ven more impressive, this particular short-period exogtia
very short orbital period of 8.5 hr (Sanchis-Ojeda et al.3201 appears o have a dorﬁindeadingdust tail and possibly an

which was instrumental in measuring its small mass of 1.7 dditional traili h bofore |
Earth masses (Howard et al. 2013, Pepe et al. 2013). In spit¢dditional trailing one, a phenomenon not seen before in as-
rophysics. The paper is organized as follows. In Sedflon 2

of the falloff in the numbers oKepler exoplanet candidates 76 the ob ) K ih the K2 missi
at short periods, there are 106 well vetted candidates with o W€ summarize the observations taken with the K2 mission
and describe how this particular object was found. In Sec-

bital periods shorter than one day (hereafter “USPs”; Saach & : : p o
Ojedg et al. 2014), and most of t);\(em seem to be smaller tharfion[@ we describe the variable transit depths, the timirg-an
twice the size of Earth. ysis, and the unusual transit profile that cannot be expaine
Not included among the above lists are two special transit-2Y & sorI1|d body. W% pfeﬁe;‘l‘t and dISCUSS 113-5 tr?jnsl;t measure-
ing exoplanets that are thought to be disintegrating vidydus MeNts that were made in follow-up ground-based obsenation
effluents (Rappaport et al. 2012; Rappaport et al. 2014). Inin Sectior#. We analyze the properties of the host star based
on a number of ground-based imaging and spectral observa-

both cases it is inferred that the planets are trailed by & dus . . 3 A -
tail whose dynamics are influenced by radiation pressure onionS in Sectio®. In Sectidd 6 we set significant constsaint

the dust grains. This leads to transit profiles characteiize O the radial velocity variations in the host star. We discus
a pronounced depression in flatter the planet has moved the wavelength dependence of the transits observed with the

off of the stellar disk (i.e., a post-transit depression).tHe GTC in Sectioh]’. We summarize why the host of the transits

case of KIC 12557548b (Rapapport et al. 2012; hereafterlS the bright target star and not its much fainter companion
'KIC 1255b’) the transit depths range froml.2% downto  in Section(8. In Sectiohl9 we interpret all the observations

< 0.1% in an highly erratic manner, while for KOI 2700b in terms of a model in which the planet is disintegrating, and

1y . ; discuss why the different characteristics and environmént
(KIC 8639908; Rappaport et al. 2014) the transit depths are ; : P .
observed to be slowly decreasing in depth over the course of$2-22b could lead to a dominalgadingdust tail. Finally, in
the fours years oKepler observations. The fact that these S¢ctiorLID we present a summary and conclusions and point
‘disintegrating’ planets are relatively rare (2 of 40Repler  toward new lines of research that could improve our under-
planets) is likely due to the conditions required for their e~ Standing of how disintegrating planets form and evolve.
istence and detection, namely high surface equilibrium-tem 2. K2 DATA PROCESSING

peratures and very low surface gravity, and a possibly short ,

disintegration lifetime of only 10-100 Myr (see, e.g., Rapp The target star, with EPIC number 201637175 (from now
ort et al. 2012; Perez-Becker & Chiang 2013) on named K2-22), was selected as one of the 21,647 stars in

P : ’ g i Field 1 to be observed in the long cadence mode of the K2

The main Kepler mission had an abrupt ending when two __ .~ ~. 4 :
; ; : mission (Howell et al. 2014). During the period from 2014
reactions wheels failed by March 2013. The reaction wheeIsMay 30 to 2014 August 20, a total of 3877 images obd 55

are very important to maintain the telescope pointing in a pixels were recorded by thisepler telescope, with a typi-

given direction, and the telescope could no longer point to- ?

P . : cal cadence of 29.42 minutes. The data were sent to NASA
g:égég%; g%'ggﬁﬁ%eg22{3'&2;&?25{23\@52%& I\;a\llkilctl)‘lyt-h e Ames, subsequently calibrated, including cosmic ray reahov
telescope would point toward a different field of view along (Howell et al. 2014), and uploaded to the public K2 MAST

archive in late 2014 December. The data were then down-

the ecliptic plane every three months (Howell et al. 2014); ; e .
the spacecraft stability is improved by equalizing the Sun’ Iorggiﬂtggri?] ttrr]ﬂes I\\/AvérSkT archive and utilized for the analysis
radiation pressure forces on the solar panels. The unfateun P The discovery of K2-22b is part of the laraer ESPRINT col-
demise of the reaction wheels that put an end to the main mis-I borati d y d qui IEI h 'ger .
sion, also opened the possibility for new discoveries afiela aboration to 3§ect an gu'c. y Ch a|r<azcter;)z|¢ |3tereslmia%;
orbiting brighter stars since thousands of new bright siegs etary syr?_terr]?shlsrtl:overe. uS|hn_gg € p(ljj |c|_art]a. nt fse
observed in each field. tion we highlight the way in which we produce light curves for
all the observed stars, how this object was identified asgbart

In the short lifespan of this new mission, there have been L
several papers describing techniques to produce lightesury 75 W B2 MO I BIOCL et 2 e BPd T e
(Vanderburg & Johnson 2014; Aigrain et al. 2015; Foreman- P J

Mackey et al. 2015), and planet discoveries like a super- 2.1. ESPRINT Photometric Pipeline

Earth transiting a bright host star (HIP 116454, Vanderburg L .

et al. 2015), a triple planet system orbiting a bright M-divar , Qur Photometric pipeline follows the steps of similar ef-
(K2-3, Crossfield et al. 2015), and a pair of gas giants near a0"tS Published to date (Vanderburg & Johnson 2014; Cross-
3:2 mean motion resonance (EPIC 201505350, Armstrong efield et al. 2015; Aigrain et al. 2015; Foreman-Mackey et al.

al. 2015b), with almost 20 confirmed K2 planets discovered 2015; Lund et al. 2015) that describe how to efficiently ex-
tract light curves from the calibrated pixel level data ared
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on MAST. The ingredients to generate the light curves, with background light, which is increasing over the course of the
our own choice described, are: observations, the number of pixels in the aperture decsease
] ] with time. This is a desired effect, since it tends to balance
e Aperture selection: Our apertures have irregular the increase of background light in the aperture by reducing
shapes, which are based on the amount of light thatthe number of pixels, and therefore changes in the flux scatte
a certain pixel receives above the background level. gre |ess severe.

We selected this type of aperture to capture as much These light curves are generally analyzed using two differ-
light as possible while reducing the number of pixels ent search algorithms: a more standard BLS routine (Kovacs
used, which in turn reduces the noise induced by a largeet al. 2002; Jenkins et al. 2010; Ofir 2014) to search for plan-
background correction. Based on experiments we car-ets with orbital periods longer than 1 day, and a more special

ried out on the engineering data release, selected pixel§zed FFT pipeline used to detect planets with orbital pesiod

must be 30% higher than the background level (esti- shorter than 1-2 days (Sanchis-Ojeda et al. 2014). In tisis,ca

mated from an outlier corrected median of all the pix- due to the short orbital period of the signal, we describg onl
els in the image) in 50% of the images in the case of the EET search.

a star brighter thaepler magnitudeK, = 11.5. For

stars fainter than magnitudg, = 14, the selected pix- 2 2. Detection via the FFT technigue

els must be 4% higher than the background. For stars of o a

intermediate magnitudes, a linear interpolation of these . OUr target star K2-22 was detected as part of our search
aperture is selected to be the one that contains the tar20jects for which a main frequency and at least one harmonic
get star pixel position (obtained from the FITS head- ¢an be distinguished above the level noise in the FFT power
ers). This type of aperture is similar to the ones used by spectrum (see Sanchis-Ojeda et al. 2014 for details). A tota

Lund et al. (2015), and quite different from the circular of 2628 objects were identified in that way, but a large fracti
apertures used in many of the other pipelines. of them were caused by improper corrections of the 6-hour

roll of the Keplertelescope. These false detections are easy
e Thruster event removal: As highlighted in Vanderburg to remove since their main frequency is always related to the
& Johnson (2014), every 6 hours the telescope rolls to fundamental roll frequency of 4.08 rolls per day, although t
maintain the targets on the defined set of pixels that aresimple removal clearly affects the completeness of oucsear
downloaded, in what is known as a ‘thruster event’. A total of 390 objects were selected for visual inspectiom, a
We recognized these events by calculating the cen-among them K2-22 was selected as the most promising ultra-
troid motion of a particularly well behaved star (EPIC short orbital period planet candidate.
201918073), and selected those moments where the po- The FFT by which this object was discovered is shown in
sition of the star jumps much more than usual (in the Fig.[2. Note the prominent peak at 2.62 cycles/day which is
case of these stars, 0.1 pixels in the x direction). The the base frequency corresponding to the 9.1457-hour period
images obtained during thruster events are removedas well as the next 8 higher harmonics which lie below the
from the analysis. Nyquist limit. The overall slowly decaying Fourier ampli-
tudes with harmonic number is characteristic of shortgzeri
e Data slicing: We split our dataset into eleven differ- planet transits.
ent segments chosen to have a length of approximately
7 days, but also to contain an integer number of tele- 2.3. Individualized aperture photometry

scope roll cycles. The first segment and the one after 0 thod f ting the liaht i
a large gap (in the middle of the dataset) are not used, U Method for generating the fight CUrves refies on a one-
to-one relationship between the raw flux counts and the posi-

in the global search since they are poorly behaved in ;. . .
some c?ases, with systematic e%ects i?]duci/ad by thermalion of the star on the CCD chip. Any source of astrophysical

e variability could distort this relationship, and this issthase
changes that appear after reorienting the telescope. for both stellar activity induced signals and transits. Asdr

e Systematics removal: We calculate the centroid po- inspection of the raw light curve of K2-22 shows long-term
sitions and obtain a fourth-order polynomial that de- trends that do not correlate with the centroid motion, ared ar
scribes the movement of the star in the x and y coordi- likely due to the slow rotation of the host star. These trends
nates. This polynomial fit is used to determine a new set are removed automatically as we fit a fourth-order polynbmia
of coordinates, in which the star moves only along one in time to each of the 7-day segments, which effectively re-
direction. The fluxes are then decorrelated first againstmoves variability on scales longer than approximately Zsday
time and then against this moving coordinate, using a (s€e upper panel of Figl 1). _ _
fourth-order polynomial in each case. This process is [N order to remove the effects of the transits, we first folded

repeated 3 times, and the results are very robust againsthe original light curve given the period obtained from the
pr0b|ems caused by the presence of |Ow-frequency as-FFT, .af-ter which we identified those orbital phases_ Wh.ere- no
trophysica| sources of noise (See Vanderburg & John- transit Is eXpeCted. We then ran our photometrlc plpellne

son 2014 for a more detailed description on how this @gain, using the same aperture (see[Hig. 3) but only using the
process works). out-of-transit flux measurements to find the best fit polyromi

als to correct for both temporal and telescope motion varia-
This recipe was followed to generate the light curves of the tions. This process reduced the photometric scatter, and en
21,647 stars in Field-1. Among them, the light curve for EPIC couraged us to try different approaches to continue impigvi
20163717 can be seen in the top panel of Hig. 1. Itis interest-the light curve. We tried different combinations of polyniain
ing to note that since our apertures depend on the amount obrders and also different approaches to defining the agsftur
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FIG. 1.— Lightcurve of K2-22 in time bins equal to the half-hdGepler
long-cadence sampling time. Top panel: Light curve of thenfased in our

global search for USP planets. Middle panel: Light curvecpssed with a P . .
modified algorithm that better preserves stellar activitpwer panel: Au- 'nd'\”dua"y defined for each segment, we had to adJUSt the

tocorrelation function, with a vertical line representitig inferred rotation mean flux level of each segment to create a continuous light

period of the star. curve. This astrophysically more accurate light curve o al
shown in Fig[lL, and exhibits a clear signal of starspots with
rotation that could either be 7-8 days or twice this valuee Th

but none of them improved the quality of the light curve (see Shorter quasi-periodicity would typically arise when thars

top panel of FigllL). After all the corrections, the final ¢eat ~ has two active longitudes separated by 180 degrees in lon-

per 30 minute cadence is 650 ppm, which is near the mean ung|tud_e._ We used an autocorrelation function to confirm this

certainty obtained with our photometric pipeline for thpity ~ Suspicion (see lower panel of Fig. 1), and measured a rota-

cal K2 18" magnitude star. tion period of 15.3 days, following the techniques desatibe
We also tried to produce a light curve in which other astro- " McQuillan et al. (2013).

physical signals would be preserved (e.g., starspot oothti 3. TRANSIT PARAMETERS AND DEPTH VARIABILITY

During the process of detrending each of the 11 segments of ) i ) .

data, we saved the coefficients of the fourth-order polymbmi  In this section we describe the transits of K2-22b as ob-

in time, and used them to reconstruct the signal again afterserved by K2, with particular emphasis on the charactesisti

removing the centroid motion artifact. Since the apertsre i that deviate from the transits of a more typical planet.
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T those cases, we were left with a reduced sample of 60 well
’ ‘ H detected transits. In addition to the best fit transit time gs-
1 timated the formal uncertainty by finding the interval of éisn
T where the standarg? function is within 1 of its minimum
value, where a constant value of 650 ppm is used for the un-
certainties in the flux. The transit times (including unagrt
0.998 ties) obtained in this manner are fit to a linear function, and
theO—-C (‘observed minus calculated’) residuals of that fit are
displayed in Fig_b. A clear excess of scatter (above thedibrm
statistical uncertainties) is detected, with a best-fitcady?
of 480 for 60 transit times. Formal uncertainties, howews,
derestimate the true uncertainties when the model parasnete
are correlated, as could be the case here since we have re-
moved a local linear trend for each transit which is known to
be correlated with the transit time. We further examine this
excess scatter below with simulations of the data train.
1 We now use the new orbital ephemeris to fix the time of
e SEEEE— each transit, and repeat the process but now fitting for the
62 64 66 68 70 72 74 transit depths. These transit depths are significanthediff
BJD - 2456800 ent from one transit to the next, and the depths range from a
maximum of 1.3% to 0.27% which is close to the photometric

FiG. 4.— Zoomed version of Fig]1 where the variability of thensi detectability limit of our time series for individual flux pus.
depths in much easier to see. Each vertical red line repiesenexpected We can also see in Fi@ 5 that the transit depths do not styongl
transit time. : P . .

correlate with thed —C timing residuals. These erratic tran-
sit depth variations are quite reminiscent of those exédbit
3.1. Individual transit times and depths by KIC 1255b (Rappaport et al. 2012; Croll et al. 2014), and
) cover much the same range in depths.

The top panel of Figl]1 shows the full data set from the e checked for periodicities in the measured transit depths
K2 Field-1 observations covering an interval-080 days. It and timing residuals using a Lomb-Scargle periodogram, but
is apparent that there are sharp dips in intensity whoséndept ng significant peak was detected with a false alarm protugbili
are highly and erratically variable. In Fig. 4 we can see aizoo  smaller than 1%. We also attempted to constrain the true size
in on two weeks of observations. The individual transits are of the p|anet by studying the shallowest K2 transits. Wesevi
now quite apparent, and the depth variations are dramigtical jted the discarded transits, and selected the 6 shallowsssc
evident. o _ ~in which the transit observations were complete (no thruste

In order to analyze these variations, we first folded thetligh events). The mean depth of these transits.ist@ 0.03%,
curve with the period obtained from the FFT, after removing which, given the radius of the star (see secfion 5.2), tetes|
any long-period signals. We did this by fitting for local lin-  into an upper bound of.2+ 0.4 R, on the planet radius.
ear trends using®tal of 5 hours of observations right before  Even though the transit depth variations described above
and after each transit. We then fit the folded light curve with gare later confirmed by ground-based observations, there is a
a simple idealized transit profile comprised of 3 straighé!  potential concern that the variability could have been edus
segments: a flat bottom and sloping ingress and egress witlpy the relatively comparable transit and sampling timeszal
the same slope magnitudes, hereafter referred to as thee*thr |n this same regard, it is also possible that some or all of the
segment (symmetric) model”. This is very similar to the sim- excess variations in th®@ —C scatter (see Fidl]5) over those
pler ‘box model’, but with non-zero ingress and egress times expected from statistical fluctuations are due to the redbti
We forced the fit to have a duration of at least 5 minutes on short transit duration compared with the LC integrationetim
the lowest part of the transit, to make sure that the final @it di \We have therefore carried out extensive numerical sinariati
not look like a triangle. This fit gave a mean transit depth of of these effects.

0.5%, and a total duration of 1 hour and 10 minutes. Given The simulations of the depth and transit-time variatiors ar
that the cadence of the observations is approximately 30 min pased on a model that has a simple box transit profile which
utes, the real mean duration of the K2 transits must be clos€is integrated over the 30 minute LC time, and includes a sinu-
to 40 minutes, in agreement with what is expected of an USPsojd (and its first harmonic) to represent the rotating ptatrs
planet orbiting an M-dwarf. This is confirmed by our follow-  activity. The amplitude of the sinusoids and the rotation pe
up ground-based observations with their better temposatre  riod are fixed at 1% and 15 days, respectively. The duration of
lution (see SecLl4). _ _ the model transit is fixed at 50 min (see SEtt. 4). The model

‘With the mean transit profile and a good estimate for the or-js evaluated at the same times as the K2 observations, and
bital ephemeris, we fit each of the 190 individual K2 transits only the same 60 transit windows are analyzed to ensure that
with the same three-segment model, allowing only the tran-the simulations represent a similar dataset to the one msed i
sit time to vary. In the process, we evaluated the robustnesshis paper. There are a total of four different numerical ex-
of the detection of each of the individual transits. In some periments, each one repeated many times, in which we either
cases, the depth is so low that the transit cannot be detectednclude starspots or not, and we either have a constanittrans
whereas on other occasions the transit occurs during aéirus - depth or depths drawn from a Gaussian distribution of a given
event, so there are no data. In rare cases, the transit tonsisyariance, but always with a mean of 0.5%. In all cases a fixed

of only a single flux point, which does not allow for a clear orbital ephemeris is used. White noise of 700 ppm per LC
determination of the transit time or depth. After removitig a

i

1.002

1]

1.000

0.996 1

Relative flux

0.994 f .

0.992}

0.990 |




6 Sanchis-Ojeda et al. 2015

T T T T

T 10F I : 10F .

E | t O : |

% 5y 1 I 3 51 ]

[ L ]

'g g i I 3 L F!-' ]

8 : { s I i ]

o .5 } ] 5F :
g it 3 :

= -10fF . . s q0F

20 40 60 80 02 04 06 08 1.0 1.2 1.4

. . . — e
14 s 1, %
X 1.2 5 1 % I

£ 1.0 & i & 1of -
3 osf¥ 8 3 B3 ;ﬁ! *3 5 |
= 06 - ) %!If $ i © [

e !Ii ¢ [ (] ; 2 5 ]
g 04 T E g & O I
0.2 {1 < !

1 1 1 1 : o- ||_I|

20 40 60 80 02 04 06 08 1.0 1.2 1.4

Time [BJD - 2456800] Transit depth [%)]

FIG. 5.— In depth analysis of individual K2 transits. Upper lefinel: Residuals of the K2 transineswith respect to a linear ephemeris, where the error bars
reflect only the formal uncertainties. The best solution ddisal x2 of 480 for 60 transit times. Our simulations show that thisess of scatter comes from
systematic uncertainties induced by the poor time reswiutbmpared to the duration of the K2 transits. Lower lefte Tidividual transitdepthswith time;
these confirm the erratic variations in the transit depthsped right: Scatter plot showing that there is no significantelation between the timing residuals and
the transit depths. Lower right: the distribution of the 66liwneasured transit depths. This distribution is biasseatds deeper transits, as transits shallower
than 02% were not analyzed due to the low S/N.

sample is added. The simulated datasets are then processed 3.2. Deviation from a standard transit profile

with the same pipeline used as was used in this work for the A t5/4 of the activity corrected data (see sectiof 2.3) about
K2 data. . . . _ .. the period we determined of 9.145704 hours is presented in
The main conclusions from these simulations are: (i) Fig @, The overall crudely triangular shaped transit peofil
The formal uncertainties in the ‘measured’ transit depths jsihe result of a convolution of the intrinsic shape and the
(~0.05%) are indeed underestimates of the actual uncertainy ~ sampling time (see also Sed. 4 &hd 7). The depth of the
ties. The simulations using a constant depth have recoveredg qed profile is 0.6%, and of course, this represents an aver
depths with a scatter of 0.1%. This is likely the result of @ g6 of the highly variable depths. The red curve is the mean
combination of systematic effects induced by the shortdura o ot transit normalized flux (averaged for orbital preaise-
tion of the transits and the white noise terms. The simuatio 1 een-0.5 to -0.25. and from 0.25 to 0.5). Note the clear
show that an actual scatter in the depths greater than 0.159% qitive “hump” in flux just after the transit egress and the
is easily recoverable. The scatter of our K2 depths is 0'2%’smaller, but still marginally significant, bump just priar t

so we conclude that it is real. The ground based observationg.ngress These are significant at the @nd 2e confidence
confirm this. (i) The formal uncertainties also underestien  |imits réspectively.

the true uncertainties of the transit times (defined asthe sc 11 a5e “bumps”, which are not normal features of exoplanet
ter of measured times after removing a best linear trends Th o gt " will be important for understanding the basianet
effectis worse in the presence of starspots, but it doeseotd . the transits (see Sefl. 9). We call these features the “pre
pend on the transit depth variations. The effect can be_largqngress bump” and the “post-egress bump”. Even in the cases
enough to explairall the scatter observed in the K2 timing ok 1255p and KOI 2700b, the other two exoplanets which

analysis and therefore this scattentstsignificant. We have 555041 o have dusty tails, the main distinguishing featéire
added a systematic uncertainty in quadrature to the tinohgs  hair transit profiles is a post-transiepression(Rappaport

3 minutes, chosen to provide a best-fit redugéaf 1. (iii) et al. 2012; Rappaport et al. 2014) which is attributed to a
Our treatment of stellar spots does not induce detectabkiide  {rajling comet-like dust tail. In addition, KIC 1255b exhibits
pected, mostly because we do not have the precision to detecicattering in the dust tail near the head of the dust cloua (se
them. e.g., Rappaport et al. 2012; Brogi et al. 2012; Budaj 2013;
van Werkhoven et al. 2014). By contrast, the transit profile o
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K2-22b has no post-egress depression, and the most promiimpact parameter df = 0.68+ 0.06 (see TablEl4) and a mean
nent bump comeafter the egress, rather than before. These depth of (:z/p/R*)2 = 0.55%, whereR,, can be understood as
features will be crucial to the interpretation of the dustil“t the mean effective radius of the dust grains_

in this system.

3.3. Verification With Independently Processed K2 Data

T T T We have also used the Vanderburg & Johnson (2014) flux
| time series data set for K2-22 to check against the results of
our own pipeline. With the application of a simple high-pass
filter, this independently processed light curve looks lyear
identical to the one shown in the upper panel of Eig. 1. A
fold of the data about the period we have determined yields
a transit profile that is essentially the same as that shown in
Fig.[8, including the appearance of a convincing post-egres
bump, and a somewhat less significant pre-eclipse bump. To
the extent that our pipeline and that of Vanderburg & John-
son (2014) are independent, this is a satisfying test that ou
processing has introduced no artifacts into the lightcurve

1.000 M

Kepler Cadence

0.998 - 7

Relative flux

0.996 4. GROUND-BASED TRANSIT OBSERVATIONS

A total of 12 transits were obtained from the ground using
1-m class telescopes, and the observations are summarized
in Table[1. The first observations were taken with the 1.2-
meter telescope at the Fred Lawrence Whipple Observatory
(FLWO) on Mt. Hopkins (AZ) using the KeplerCam instru-
ment, which has a single 4K 4K Fairchild 486 CCD with
a 23.1x 23.1 field of view. We successfully observed three
different transits with photometry in the Sloan i’ filter.

We also conducted a follow-up transit observation with
the Okayama 1.88-m telescope using the NIR camera ISLE
(Yanagisawa et al. 2006), and adopting a similar observing
scheme to that described in Fukui et al. 2014, we studied the
transit of the target id-band. We only slightly defocused the
stellar images, but due to the faintness of the target ard-ref
ence star, the raw counts were well within the detector&din
range. The typical FWHM of the target star's PSF wa&4
pixels, which corresponds te 3.5".

0.994

1.0005
1.0000

0.9995 |

0.4 0.2 . 0.0 0-2 0.4 We obtained two additional transits with the IAC-80 (80-
Orbital phase cm) telescope at the Observatorio de I18aAin the Canary
. . ; Islands. We used the wide field CAMELOT camera, with a
FIG. 6.— Folded light curve of K2-22b for an orbital period of 850 h . . S
hours. The folded data have been averaged into 3.7-minoge Hihe em- FOV of 104’ x 10.4', with observations taken in the i-band.

pirical out of transit rms variations in the flux are 195 ppns éxplained in No defocussing was applied. Weather conditions were clear
e et i 52 posie bum st afer e fegress nd s and stable hough the two ighis.
ﬁg]rziazonytal lines repregsent)t/he%wean oﬂt-of-tr%ésit r?dzedlf%ux. The black A total of SIX transits were Observed with the 0.6-m TRAP-
horizontal bar indicates the LC time of 29.4 minutes, anegjian indication PIST robotic telescope (TRAnsiting Planets and Planetesl-
of the inherent temporal resolution of the light curve mals Small Telescope), located at ESO La Silla Observatory
(Chile). TRAPPIST is equipped with a thermoelectrically-
cooled 2Kx 2K CCD, which has a pixel scale of 0.65hat
Finally, even though we believe the transit is due to a dusttranslates into a 22« 22 field of view. For details of TRAP-
tail, as a baseline reference model we attempted to fit a stanPIST, see Gillon et al. (2011) and Jehin et al. (2011). The ob-
dard transit profile of a solid planet over a limb-darkened st ~ servations were obtained through a blue-blocking [iitérat
(Mandel & Agol 2002) to our folded light curve. The high has a transmittance of 90% from 500 nm to beyond 1000
distortion of the transit light curve due to the 30 minute sam nm, without any additional defocus due to the faintnessef th
pling precludes obtaining precise transit parametersweut  target star. The procedures for the observation and data+ed
were able to constrain the scaled semi-major axis from thetion are similar to those described by Gillon et al. (2013) an
transit itself to bed /R, = 4.2*315, with the uncertainties es-  We refer to this paper for further details. _
timated from an MCMC analysis. In fact, from the stellar ~ Finally, additional observations were taken in queue mode
properties obetained in sectibnls.2, and Kepler's 3rd lagy, w With OSIRIS@GTC on three different nights (see TdHle 1),
can make a better direct estimatedgR, = 3.3+0.2, which ~ covering three complete transits of K2-22b. A spectroscopi
is compatible with the transit fit. We ran a final transit model time series was taken in staring mode, starting h before
with a Gaussian prior od/R, based on the inferred stellar theingress, and finishirg 1 h after the egress. The observing
density, with mean value of 3.3 and a standard deviation oflogs are summarized in Tallé¢ 1. Even though the GTC data
0.2. This, in turn, allowed us to estimate a mean K2 total
transit duration (first to fourth contact) of 461 minutes, an 28 http://www.astrodon.com/products/filters/exoplanet/
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were taken in low-resolution spectral mode, for the purposeappear slightly asymmetric. From this set of 9 high-quality
of transit timing, we used the data integrated over wavdleng ground-based transit measurements we obtained a weighted
(i.e., an effective white light transit). The spectral degence  total transit duration average of 502 min, slightly longer

of the transits is discussed in detail in SEEt. 7. than the duration obtained from the K2 photometry. This dif-
In all, 15 transits were measured from the ground. A log of ference of 4t 2 minutes, can be explained by the non-zero ca-
these 15 observations is given in Table 1. dence of the ground-based observations, which has not been

Each of the above instruments has a different procedure fortaken into accountin these fits. A final value of48 minutes
reducing the light curves, and we refer to the correspondingis quoted for the total transit duration in TaGle 4.
literature for a more detailed explanation (Okayama: Fekui
al. 2011; TRAPPIST: Gillon et al. 2013; FLWO: Holman et
al. 2006, IAC80: Léazaro et al. 2015, GTC: see ﬁC. 7) All 5. PROPERTIES OF THE HOST STAR
transit light curves were obtained by comparing the fluxes of . . .
the host star to a reference light curve made by combining up 5.1. Imaging and color information
to several comparison stars. They were all adjusted for dif- An early inspection of the SDSS images of the target star,
ferential airmass corrections and a second-order polyalomi K2-22, showed that it is quite cool and likely an M star. The
was fitted to the out-of-transit part of the light curves te re image also indicated the presence of a faint companion at a
move long-term trends. The times of observation for alligh distance~2" in the South-West direction.
curves were transformed into BJD (TDB format, see Eastman We observed the target star and its companion with Hyper-
et al. 2010) to compare them with the K2 observations. Suprime Cam (HSC, Miyazaki et al. 2012) on the Subaru 8.2-

The 15 transit profiles measured from the ground are pre-m telescope on 25 January, 2015 (UT). The sky condition on
sented in Figld7. The profiles were fit with the same simple that night was clear and photometric. The HSC is equipped
three-segment transit model used in the K2 data analyses. Th with 116 fully-depleted-type 2048 4096 CCDs with a pixel
parameters were transit depth, time of transit, transiadur scale of 0.17. We took images of 3 s and 60 s exposures
tion, and ingress time. We also added two parameters to fitthrough g-, i-, and z-band filters (see Hig. 9). The host star
for any fiducial linear trends with time. In several cases a is saturated in i- and z-band with 60-s exposures, while the
transit fit barely represents an improvement over a straight companion star is not clearly seen in the g-band image with 3-
line fit, whereas in some cases a deep transit is detected, cors exposure. We thus use the 60-s exposure images for g-band
firming the depth variations (see Fid. 7). We first scaled the and 3-s exposure images for i- and z-band for the analysis
uncertainties in the flux measurements to be equal to the stanpresented here.
dard deviation of the flux residuals with respect to the best The presence of a stellar companion can be problematic,
fit model. Correlated noise was taken into account using theparticularly when the distance between the stars is smaller
time-averaging method, in which the ratio of the standard de than the pixel size oKepler. We measure the flux ratios of
viation of the time-averaged residuals and the standariddev the companion to the host star in the HSC g-, i-, and z-band
tion expected assuming white noise is calculated over aerang images (see Fifi] 9) by using the DoPHOT program (Schechter
of timescales (Pont et al. 2006; Winn et al. 2008). In our etal. 1993), which performs PSF-fitting photometry while de
case, we obtained the final values of thiparameter as the  blending stars. The background star is situated at a distainc
mean of the ratios with timescales from 10 to 30 minutes (seel.91’, with a position angle of 134 degrees west from north
Table[1), and multiplied the initial uncertainty lywhen es-  (see Tablé13 for the coordinates). We obtain flux ratios of
timating the standarg? function. In those 9 cases where the 4.0+ 0.5%, 86+ 0.5%, and 117+ 0.5% for the g, i, and
transit fitimproves the minimung? by at least 35, an MCMC  Z bands, respectively, where the uncertainties have been in
routine was used to estimate the uncertaintiesin the traasi ~ creased to take into account systematic sources of noise.
rameters. The 9 new transit times obtained from the ground The contribution of the background star points toward a
based observations are summarized in Table 2. We combinegooler and fainter companion. The bright star has been char-
the K2 transit times with the new 9 transit times to obtain the acterized as part of the K2-TESS catalog, in which effective
final orbital ephemeris. The new transit times also show atemperatures are obtained from the colors of the starsq(8tas
high level of scattery? = 30 for 9 O-C determinations). et al. 2014). The temperature reported there for the brighte

The O-C values for all the well measured K2 and ground- targetstar is- 3700 K, which means that both stars are likely
based transits are summarized in Fig. 8 (left panel). We used© be dwarfs stars (see SdctlS.2). The colors used in tht ana
these data to determine a best fit orbital period and its uncer YSiS could have been blended due to the proximity of the com-

tainty (after multiplying by the square root of the redugé panion. We also obtained tlhigrizSDSS magnitudes and the

We repeated the process of fitting the O-C points, but thie tim ZMASdS. msagnitude forlboztglsiars, confirming \5\?/1at thg C.Ol'd
with a quadratic function, to set upper bounds on the deriva-OrS used in Stassun et al. (2014) were correct. We re-derive

tive of the orbital period. The period and period derivative the flux ratios in g, i and z band (5.4%, 6.5% and 12% re-
results are summarized in Table 4. spectively) confirming the measurements obtained using the
The extra source of scatter in the ground-based transit tim-SUParu images. The minimum uncertainties used in the fits

; ; are 0.05 magnitudes to take into account systematic effects
ings could be caused by changes in the shape of the transi#'€ V! ; . . o .
light curve (see Croll et al. 2015). In principle these tim- ~dopting the full line-of-sight extinction oA = 0.17 based

ing variations should be accompanied by transit duration or O the expected distance to the objects, and @log5 due
shape variations, but our light curves are not precise eémoug 0. their red colors and dwarf nature (see Secil 5.2), we ob-
to allow the detection of such correlated variations (sgetri  tained temperatures of 3880150 K for the bright star and
panel of Fig[B). We cannot discard the possibility that part 3190200 K for its fainter companion.

of the scatter is due to the use of a symmetric transit profile,_ 1€ magnitudes and colors of the two stars based on a com-

to compute transit times, when indeed some of the transitsPination of the SDSS, Subaru, and 2-MASS photometry are
summarized in Tablg 3.
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TABLE 1
GROUND BASED TRANSIT OBSERVATIONS OFK2-22B

Date Start End  Epoch Telescope Instrument Number of Mediam t Airmas$ P g0

[UT] or filter data points  between points [min] [ppm]
2015Jan15 07:30 12:45 595 1.2 m FLWO Sloan i’ 136 2.3 891+ 115—+ 125 2800 1
2015Jan17 14:40 18:23 601 Okayama J-band 102 21 .322118—+169 3000 1
2015Jan23 07:13 12:06 616 1.2 m FLWO Sloan i’ 126 2.3 .78 1.15— 124 3500 1
2015Jan27 02:33 05555 626 IAC-80 Sloan i 117 17 2215113128 4070 1.24
2015Jan29 03:15 06:45 634 GTC R1000R 44 4.6 123111153 570 1.13
2015Feb 02 03:24 09:35 642 TRAPPIST Blue blocking 314 11 342»118— 142 5500 1.15
2015Feb 04 02:16 07:06 647 IAC-80 Sloan i 260 11 181+ 111—179 4300 1.00
2015Feb 12 02:32 06:28 668 TRAPPIST Blue blocking 207 11 .602»118— 118 4070 1.52
2015Feb 14 00:10 03:30 673 GTC R1000R 40 5.4 4515 111—112 920 1.46
2015Feb 15 03:24 06:42 676 GTC R1000R 38 5.4 1215 112—207 690 1.26
2015Feb 18 05:22 12:30 684 1.2 m FLWO Sloan i’ 188 2.3 .881+115—+190 2270 1.50
2015Feb23 03:27 07:39 697 TRAPPIST Blue blocking 213 11 504»118—+130 2600 1.38
2015Feb 25 02:27 05:24 702 TRAPPIST Blue blocking 137 11 714 118— 118 3230 1
2015Feb26 04:38 08:48 705 TRAPPIST Blue blocking 202 11 2314>118—+169 2760 1
2015 Mar21 02:00 05:37 765 TRAPPIST Blue blocking 182 11 4315118126 2800 1

aThe airmass range is shownzas— zmin — Zin, Wherezg andz;, represent the airmass at the beginning and at the end ofghg réspectively, anghn
represents the minimum airmass.
b & refers to the flux scatter respect to the best fit model, wisgteapresents the level of correlated noise (see section 4).

TABLE 2 TABLE 4
GROUND BASED TRANSIT TIMES PROPERTIES OFK2-228
Epoch Time of transit (BJD) Uncertainty (days) Parameter Value
595 2457037.8608 0.0007 Orbital Perio& (days) 0381078+ 0.000001
626 2457049.6705 0.0022 Orbital Period (hr) 945872+ 0.000024
634 2457052.7269 0.0008 Transit centet (BJD) 24568111208+ 0.0006
647 2457057.6831 0.0021 Porb/Porb (yr )2 <35x107
673 2457067.5839 0.0015 Total transit duratiof(min) 48+3
676 2457068.7295 0.0005 d/R.D 33402
684 2457071.7778 0.0018 Impact parametet® 0.68+0.06
697 2457076.7327 0.0012 d(AU) 0.0088+ 0.0008
705 2457079.7805 0.0012 Rp (RGB)d «<254+04
See sectiofil4 for details. Mp (M3)® <14
X 17° £1.5°
Mgust (g s1)9 ~2x 101
2, (leading tail only; units oR,)" 0.19-0.48
Agrain (pm)P 0.3-05
Impact parameteh 0.42-0.78
p1/p2 (two-tail model ¢y = £,)" <05

TABLE 3
PROPERTIES OF THE HOST STAR AND COMPANION

@ Derived from the K2 and ground-based observations.
b Based on the mass and radius of the host star given in Thble 3

Parameter (units) Host star Companion
and Keplers & law.

RA (J2000) 11:17:55.856 11:17:55.763 ¢ Derived from the K2 observations using a standard Mandel &
DEC (J2000) +02:37:06.79 +02:37:05.48 Agol (2002) fit to a hard-body transit.
u-mag (SDSS) 197+0.05 2168+0.17 d Based on the shallowest K2 transits.
g-mag((SSIIDDSSSS)) i—gii 882 ig%i 882 € 2-¢ limit based on the Keck RVs.
r-mag . . =i "
i-mag (SDSS) 1881008 17344 0.08 oFtﬁ(lemp?;?]g{.the half angle subtended by the star at the positi
z-mag (SDSS) 105+ 0.05 16344 0.05 g ; i i i _
3 2MASS) 12741 0.05 14874005 p;;élr(:vgzltnagd.tpzeotf/‘%e of estimate made in Appendix D of Rap
E (EZMMAASSSS)) ﬁg?i 882 ig‘sgi 882 h 90% confiden_(;e Iimi_ts based on the models of seﬁlon_ 9. The
TS (K) 3830+ 1‘00 3200+ 1‘20 leading and trailing tails are assumed to have exponertzé s
Ic?ﬁ 4651012 lengths and maximum optical thicknessés, ¢1, p», andp1,

99 ’ ’ respectively.
[Fe/H] 0.03+0.08 006+ 0.20
M. (Re) 0.60+0.07 0274+ 0.05
R« (M) 0.574+0.06 0304+ 0.08
L« (Lo) 0.0639089 0.0103667 5.2. Spectral Studies
Spec Type MOVEL M4V +1
Distance (pc) 225 50 225+ 50 5.2.1. NOT-FIES spectrum

An exploratory spectrum was obtained on 13 Feb 2015
with the Flbre-fed Echelle Spectrograph (Frandsen & Lind-
berg 1999, Telting et al. 2014) mounted at the 2.56-m Nordic
Optical Telescope of Roque de los Muchachos Observatory
(La Palma, Spain). We used the 1.Bled-Redfibre which
provides a resolving power d® = 46000 over the spectral

The magnitudes and colors are taken from a combination
of the SDSS and 2-MASS photometry. The stellar parame-
ters are inferred from the combined analyses of the Keck-
HIRES, IRTF-SpeX, and UH88-SNIFS spectra. See sec-
tion[d for details.
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FiG. 7.— Fifteen transits of K2-22b observed from the groundftpt to the same vertical scale. The transit models are eatically offset by 0.02 for
clarity in presentation. When necessary, the observaiondinned to have a cadence close to 5 minutes. In spite ofahker statistics for some of these, it is
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F1G. 8.— Left panel: Timing residuals after removing the bedirfeéar orbital ephemeris. The uncertainties on the K2 tgmihave been increased to take into
account systematic effects. Right panel: The uncertaintighe transidurationsare too high to allow for a detection of a possible correfati@tween transit
duration and transit time.
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ination from the calibration lamp.

The photospheric parameters of the template stars were ho-
mogeneously derived from the SOPHIE spectra using the pro-
cedure described in Maldonado et al. (2015), which relies
on the ratios of pseudo-equivalent widths of different spec
tral features. Unfortunately, the low S/N ratio preventsd u
from directly applying this technique to the co-added HIRES
spectrum of the target.

Prior to the fitting procedure, the resolution of the tem-
plate spectra was somewhat degraded to match that of the
HIRES spectrographR= 60000) — by convolving the SO-
PHIE spectra with a Gaussian function mimicking the dif-
ference between the two instrument profiles. A corrective
radial velocity shift was estimated by cross-correlatihg t
observed and template spectra. We restricted the spectral
range over which the fit is performed to 5500-6800A and
masked out the regions containing telluric lines. We se-
lected the 5 best fitting templates and adopted the weighted
means of their spectroscopic parameters as the final esti-

FiG. 9.— Subaru/HSC+z image of K2-22 shows a secondary companio Mates for the target star. We found that the target star has
star~ 2" away, with a position angle of 134 degrees west from nortithisn an effective temperature @ty = 3780+ 90K, surface grav-
band, the flux ratio between the faint and bright star is 12%. ity of logg=4.65+0.12 (logip cm 3—2)' and iron abundance
of [Fe/H]= 0.05+0.08 dex. We also set an upper limit of

range 3640-7360A. The FIES data revealed a single-linedl.5kms* on the projected rotation velocitysini. by fitting
spectrum. Although the low signal-to-noise ratio does ot a the profile of several clean and unblended metal lines to the
low us to perform a reliable spectral analysis, a comparisonPHOENIX model spectrum (Husser et al. 2013) with the same
with a grid of stellar templates from (Valdes et al. 2004) and parameters as the target star. Fidure 10 shows the co-added
(Bochanski et al. 2007) confirmed that the host is a cold dwarf HIRES spectrum in the spectal region around the lie,

star. along with the best fitting SOPHIE template.

5.2.2. Keck-HIRES spectra 5.2.3. IRTF-SpeX spectrum

We also acquired five spectra of the host star with the Keck A near-infrared spectrum of the star was also obtained using
Telescope and HIRES spectrometer using the standard setughe updated SpeX (uSpeX) spectrograph (Rayner et al. 2003)
of the California Planet Search (CPS, Howard et al. 2010). on the NASA Infrared Telescope Facility (IRTF). SpeX ob-
Over the course of four nights, (5-8 Feb 2015) we observedseryations were taken using the short cross-dispersed mode
under clear skies and average seeing.@”). Exposuretimes  and the 03" x 15" slit, which provides simultaneous cover-
of less than 5 minutes resulted in SNRs of 5-10 per pixel. age from 0.7 to 2.5m atR ~ 2000. The slit was aligned to
Extensive scattered light and sky emission were unavogdabl capture both the target and companion spectrum. The pair
for exposures on 5 Feb 2015 due to the close proximity of theyas nodded between two positions along the slit to subse-
nearly full moon to the target star.All spectra were taken@is  quently subtract the sky background. Ten spectra were taken
the C2 decker, which is.87" wide by 14’ long, resulting in -~ following this pattern, which provided a final S/N of 100
a spectral resolution of R=60,000. The slit was oriented to per resolving element in thi&-band for the primary, and
minimize the amount of contamination from the companion 25 for the companion. The spectra were flat fielded, extracted
star. _ _ _ wavelength calibrated, and stacked using$ipeXToopack-

We estimated the effective temperatiligg, surface gravity  age (Cushing et al. 2004). An AOV-type star was observed
logg, iron abundance [Fe/H], and projected rotation veloc- jimmediately after the target, which was used to create a tel-
ity vsini, of the host star from the co-added HIRES spec- |yric correction using thetellcor package (Vacca et al. 2003).
trum, which has a S/N ratio of about 20 per pixel at 6000A.  We analyzed the SpeX spectra obtained for both the bright
We used a modified version of the spectral analysis tech-and faint star, and both show strong atomic and weak CO
nique described in Gandolfi et al. (2008), which is based onabsorption, as is expected for dwarf stars. Comparison with
the use of stellar templates to simultaneously derive splect dwarf and giant NIR templates from the IRTF library (Rayner
type, luminosity class, and interstellar reddening fronxflu et al. 2009) rule out the possibility of either componentigei
calibrated, low-resolution spectra. We modified the code to evolved. Metallicity was derived from the SpeX data usirgy th
fit the co-added HIRES spectrum to a grid of templates of procedures from Mann et al (2013), who provide empirical re-
M dwarfs recorded with the SOPHIE spectrograph (Bouchy lations between atomic features and M dwarf metallicity, ca
et al. 2008). We retrieved from the SOPHIE arcBivthe ibrated using wide binarieJe¢ was calculated using the em-
high-resolution R = 75000), high S/N ratioX80) spectra of  pirical calibration from Mann et al. (2013), which is based o
about 50 bright red dwarfs encompassing the spectral rangs&tars withTe¢ determined from long-baseline optical interfer-
K5-M3V. The stars were selected from the compilation of ometry (Boyajian et al. 2012). This analysis yielded a metal
(Lepine et al. 2013). We downloaded spectra with no simulta- licity of 0.004-0.08 and &l of 3880+85 K for the primary;
neous thorium-argon observations, to avoid potentialammat  and a metallicity of 0.06:0.20 and &l of 3290+120 K for

' the companion. Both the metallicity afds determinations

?7 Available afht t p: /7 at 1 as. obs- hp. fr/sophi e/ for the primary star are consistent with those derived frioen t
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' ' ' ' ' ] spread in rotation periods of stars in clusters (e.g., Reine
& Mohanty 2012). However, the observed rotation period of
ol Ll y ‘ | the target star, 15.3 days (see SEci] 2.3), sits slightlyeabo
10 v!!‘\ Ml Al .\W 1(‘\","»‘ Ky “\“ ‘l‘*';’ W ! "‘M W I ‘y“,l,"""\ 1Ok the main period distribution of M dwarfs in the Hyades and
BT T WAl W I [0 Praesepe clusters (Delorme et al. 2011), possibly indigati
‘ ‘ | 1 an older age. On the other hand, McQuillan et al. (2013)
‘ | 1 finds a bimodal distribution of the rotation periods of field
a , \ 1 M dwarfs, likely associated with two populations with diffe
01 v 7] ent median ages. K2-22 belongs to the shorter period (10-25
I ] days), younger stellar population group. Both observation
suggest that the age of the system could be between 1 and a
L ] few Gyrs.
0.0l L L L L The overall best-determined physical properties of the two
6555 6560 655§ o 6570 6575 stars, based on the spectroscopic observations and asyalyse
includingM., R,, L., Test, logg, metallicity, and distance, are

FIG. 10.— HIRES co-added spectrum of K2-22 (black line) encossiay given in TabldB.
the Hx line. The best fitting template spectrun is overplotted withick red

Normalized Flux

line. 6. RADIAL VELOCITIES
_ The five Keck HIRES spectra obtained can also be used
analysis of the HIRES spectra. to place constraints on the mass of the putative planet. The

standard CPS pipeline is used to convert from raw spectra to

5.2.4. UHBB SNIFS spectra two-dimensional spectra. Each of the three HIRES CCDs are

Finally, spectra of both K2-22 and its companion star were independently reduced with flat fields, sky subtraction, and

obtained with the SNIFS integral field spectrograph on the cosmic-ray removal. The pixel columns at each wavelength

UH88 telescope on Mauna Kea during the night of UT 31 are then summed, resulting in flux as a function of wavelength
March 2015. The two stars were spatially resolved in the im- for each pixel. Consistent wavelength solutions are irgshye

age cubes. SNIFS spectra cover 3200-9700A Rith1000,  aligning a carefully chosen set of Thorium-Argon emission
do not suffer from slit effects, and have been precisely-cali lines onto the same pixels at the beginning of each night's
brated by extensive observations of spectrophotomesiicst  observations. ) ) ) )
dards (Lantz et al. 2004; Mann et al. 2011; Mann et al. 2013). The systemic radial velocity of each star is measured using
The wavelength coverage and resolution of SNIFS is morethe A-band and B-band telluric line features. Using the tel-
than adequate for measuring the strength of key moleculaduric lines as the wavelength fiducial, the relative placeme
bands and atomic lines as indicatorsTef and gravity for of the stellar absorption lines is measured, and refereteced
M dwarf stars. SNR> 100 was obtained for the primary. stars of known radial velocity (Chubak et al. 2012). These
The effective temperature of the target star was derived in-radial velocity measurements are made relative the Earth’s
dependenﬂy from the SNIFS Spectrum by Comparing it to barycenter and are accu_ratefﬁﬁ)ﬁ km/S No RV variabil-
Dartmouth Stellar Evolution model predictions in a man- ity in phase with the orbit of the target is detected, and the
ner that has been calibrated to retrieve the bolometrically radial velocities have an rms of 0.3 km/s, compatible with th
determined temperatures of nearby stars with measured anexpected uncertainties. _
gular radii (Boyajian et al. 2012; Mann et al. 2013). Radius We used these five Keck HIRES points to set a formal 1-
and mass were then derived from empirical relations basedUpper limit on the RV amplitude of the host star of 280 m/sec,
on an expanded set of calibrator stars (Mann et al. 2015),yielding a 2-¢ upper limit on the planet mass of 1M,.
with masses obtained from the Delfosse et al. (2000) sam-This is not highly constraining in the context of a small rpck
ple. These yieldTet = 3780+ 60K, R, = 0.55+ 0.03R,, planet, but it does rule out non-planetary scenarios (aisgum
M, = 0.574+0.06M, and logy = 4.72+ 0.05, in quite good that the source of the photometric dips is the brighter star)
agreement with the other determinations of these parameter 7. GTC MULTICOLOR OBSERVATIONS
discussed above. .
Adopting the mean [Fe/H] antL; derived from SpeX and 7.1. Wavelength Dependent Transits
HIRES we derivedr,, M., andL, for the primary star, and we Spectro-photometric observations for 3 complete transits
did the same with the SpeX parameters for the secondary stamwere obtained with OSIRIS on the GTC (see also Jdct. 4).
To this end we utilized empiricalg-[Fe/H]-R,, Tes-[Fe/H]- The GTC instrument OSIRIS consists of two CCD detectors
M., and Te-[Fe/H]-L. relations derived from the Mann et with a field of view (FOV) of 78 x 7.8’ and a plate scale of
al. (2015) sample. Accounting for errors Tag, [Fe/H] and 0.127’ per pixel. For our observations, we used thex 2
the Mann et al. (2015) relations we computed physical pa- binning mode, a readout speed of 200 kHz with a gain of 0.95
rameters that are listed in Talple 3. e-/ADU and a readout noise of 4.5 e-. We used OSIRIS in
We also derived independent estimates of the distance to théts long-slit spectroscopic mode, selecting the grism REO
stars, based on the colors and also on the spectroscopmpara which covers the spectral range of 520-1040 nm with a res-
eters, reaching similar values with different methods awrd f olution of R=1122 at 751 nm. The observations and results
both stars. We conclude that both stars are likely bound andwe present here were taken using a custom built slit &f 12
at a distance of 22% 50 pc. in width, with the target and a comparison star both located
Constraints on the age of the system can be derived fromin the slit. The use of a wider slit has the advantage of re-
the stellar rotation period using gyrochronology (see,,e.g ducing the possible systematic effects that can be intrediuc
Barnes 2007). It has been suggested that the classical relaby light losses due to changes in seeing and/or imperfesgt tel
tionships may not work for M dwarfs because of the large scope tracking (Murgas et al. 2014).
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During the first transit observed with the GTC (29 Jan) we
took as a reference a very close comparison star to the east of M ULTICOLOR (;I-BASBELRI\E/EFIONS SUMMARY
the target. However, for the two last transits (13 and 14 Feb)
we took a reference star with a similar brightness to K2-22 —pze
and located at a distance of 2ffom the target. The posi-
tion angle of the reference star with respect to the targst wa ff;’t‘) 213 gigi 8‘8222 ggig'ggzﬁ; 81?& 8‘8222 gﬁig'%
—79.20. The two stars were positioned equidis_tantly fromthe Fepis 0951004% 083+-003% Q72+004% Q83+ 0.23
optlcal axis, close to the center of CCD#1, while CCD#2 was These transit depths are measured from the data alone, avud @dke into
turned off tQ avoid crossta_lk. . account contamination from the faint companion or airmassections.

The basic data reduction of the GTC transits was per- The calculated Angstrém exponent, is, however, corrected for the small
formed using standard procedures. The bias and flat field dilution factor of the faint companion star.
images were produced using the Image Reduction and Anal-
ysis Facility (IRAFZ) and were used to correct the images al. (2010§] to compute the BJD time using the mid-exposure
before the extraction of the spectra. The extraction andewav time for each of the spectra to produce the light curves ana-
length calibration was made using a Py®AEBcript written  lyzed here.
for GTC@OSIRIS long-slit data. This script automated some ~We constructed light curves over several spectral ranges to
of the steps to produce the spectra such as: extraction bf eacsearch for color dependencies of the transit shape and.depth
spectrum, extraction of the corresponding calibrationand ~ In the case of the white light curve, the flux was integrated
wavelength calibration (using the HgAr, Xe, Ne lamps pro- over almost the entire wavelength range of the observed spec
vided for the observations). All spectra were aligned to the tra, between 570 and 900 nm, but avoiding the blue and red
first spectrum of the series to correct for possible shifthen ~ €nds of the spectra where the SNR is lower. This step is
pixel/wavelength solution during the observations caused  particularly important, because observations at reddeewa
flexures of the instrument. Several apertures were tested du lengths suffer from fringirigl whereas using the data at bluer
ing the reduction process, and the one that delivered the beswavelengths not only did not improve the quality of the light
results in terms of low scatter (measured in rms) in the goint Curves, but increased the occurrence of outliers. Three nar
outside of transit for the white light curve was selectede Th  rower color light curves were created from the raw spectra fo
results presented here were obtained using apertures of 2&ach star, by integrating all counts over the spectral mnge
40, and 44 pixels in width for the three transit observations 570-680 nm, 680-790 nm, and 790-900 nm (see [Eig. 11).
respectively. Final spectra were not corrected for insem  The final light curves used in the analyses were created by
tal response nor were they flux calibrated. Fig. 11 shows thedividing the K2-22 light curves by the comparison star light
extracted spectrum of K2-22. curves. The scatter (std) for the relative white light csrean
be found in Tabl&1.

The white light transit profiles of the three separate GTC
transits were shown earlier in Figl 7. It is obvious that the
depth of the transits change from one night to the next, con-
firming the rapidly varying nature of this object. Note that
between transits 2 and 3, only 27.44 hours had passed and the
transit depth nearly doubled.

0570-680nm 0680-790nm 0790-900nm a

Flux x10' (counts)
o
=3

White light: 570-900 nm

_13 : ; ‘ : = To further investigate the nature of these changes in the

EEvil _ ] GTC transit curves, in Fig. 12 we plot the three color light

8 12} 1 . - -

2o ] curves for each transit separately. Transit 3 (bottom pasel

T et ] the deepest and shows a clearly increasing transit depth to-

3 sl fedirsspoone | ~— wards the blue. The SNR is lower in the other two sets of
19 : / ; ‘ ] color light curves and the transits are shallower, and theiset

is no clear trend in transit depth with wavelength. In order
to interpret quantitatively the color dependence of thetliep
in the third GTC transit, we fit our standard three-segment
- ‘ ‘ ‘ ‘ transit profile model to the data from each of the nights, with
600 700 800 900 1000 . . .
Wavelength (nm) three different transit depths to evaluate how the traregtidl
_ _ _ . changes with color. We also fit each transit with five addi-
FiGc. 11.— Visual explanation of our different choices for dpiiy the GTC tional parameters, to construct a polynomial that reactes s
observations into several different broad color bands.s&tee centered at L p ] S
652.5 nm and 820 nm for the ‘red’ and ‘blue’ colors, and 625 A85 nm, ond order in time from mid-transit and it linearly depends on
and 850 nm respectively, for the 3-color bands. the mean-subtracted airmass and full-width half maximum of
the images of the host star. The total number of parameters
is 21 for each observation, with a total 120, 132 and 114 data
The universal time of data acquisition was obtained using points in each of the three nights. After finding the best-fit
the recorded headers of the spectra indicating the openihg a model, we set the error of the flux measurements of each light
closing time of the shutter in order to compute the time of curve to provide a best-fit standayd value equal to the num-
mid exposure. We then used the code written by Eastman eber of degrees of freedom. We then took correlated noise into
account computing the factors for each light curve and each
night (see sectiofl 4), and multiplying the errors by their co

Flux x10' (counts)
=
(=]

6

af .

2E Filter 1: 570-680 nm | Filter 2: 680-790 nm  Filter 3: 790-900 nm
0

5

Q
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28 |RAF is distributed by the National Optical Astronomy Obsgory,
which is operated by the Association of Universities for &ash in Astron-
omy (AURA) under a cooperative agreement with the Nation#i®e Foun-
dation. 30 http://astroutils.astronomy.ohio-state.edu/time/

29 python environment for IRAF 31 http:/vww.gtc.iac.es/instruments/osiris/osiris.#Rpinging



14 Sanchis-Ojeda et al. 2015

1.005 F E N
F e ] 000
1.000 £ S .
£ s 8 0.995
0.995 [ I
E 2015Jan29 3 =
5 0.990 E E 8 0.990
e o |
S 1.005F o 7 I 1.000
© 1.000F - 4 £
[} E . q O 0.995
2 0995F ) . o
5] E 2015Feb13 >4  Q
© 0990 = = 0.990 =
o B © -
1.005 ¢ 3 @ 1.000 e - --- -
E | o
1.000 S S E
F 570-680 nm E 0.995 \
0.995F 680-790 nm - E \ -
0.990 E 790-900 nm 2015 Feb 14 3 0.990 2015 Feb 14 |
-1 0 1 -1 0 1
Time from midtransit [hours] Time from midtransit [hours]

FIG. 12.— GTC observations split among three color bands. Orieffigpanels we show the raw light curves, which have been amedormalized. The
observations shown on the right hand side have been calrfeztéme, airmass and seeing effects. The first two trangéi®e shallower, and depth variations are
hard to notice, but during the third night, when the whitétiransit is deepest, color variations are clearly obskrve

respondings factor. We use an MCMC routine to obtain pos- tion of n ~ 1.6 and 0001 < k < 0.03. We plot the computed
terior distributions for the transit depths, which are niaaty Angstrom exponent in Fig._13 as a functionay{a for five
ized respectto all the other 18 model parameters (see[Table 5 different power-law exponent§,. As can be seen from the
From the marginalized posterior distributions we compute figure, values ofy in the range of~0-1, as indicated in Ta-
a quantity called the “Angstrom exponentt, which is de- ble[d, correspond to non-steep power-law indiceB of 1-3
fined as-dIno/dIn\ , whereo is the effective extinction  and maximum particle sizes 6f0.4-0.7 um. In turn, these
cross section. Here we take the transit depth (on each nightrorrespond to “effective particle sizes” of Qun to 0.4um,
at wavelengthy, to be proportional to the effective cross sec- where the effective radius is the average grain radius vieigh
tion at A (under the assumption that the dust tail is optically by both the size distribution and the cross section, i.e.,
thin). In order to use the transit depths, we first multiplgtea
individual transit depth by (2 D;) to apply a dilution correc- amax amax
tion, where eaclb; is the flux ratio between the faint com- Qe :/ al T o(a,\) da// al o(@\da (1)
panion and the host star evaluated at the flux weighted center 0 0
of each selected band. Thd3gevalues are obtained from our
SED models (see Se€t. b.1), and have values of 4.4%, 6.6%.,
and 8.9% with increasing wavelength, with uncertainties of
0.2%. We then findv = 0.83+ 0.23, for the transit observed
on February 15. For the other two transits, the values of
are 011+ 0.37 and 013+ 0.55, both slightly positive, but
not statistically significantly different from zero. We nead
no corrections for the wavelength-dependent limb darkgnin
properties, but utilized the quadratic limb darkening Geef
cients of Claret & Bloemen (2011) to estimate that the val-
ues ofa would beloweredby between 0.15 and 0.02, for an
equatorial transit (which is unlikely) and an impact partane
of b=0.7, respectively. For higher impact parameters, up to
0.85 (see Tablgl4), the value @fcould actually beaisedby
up to 0.15, and become even more significantly different from E ; ;
Zero. E i i
0.01 0.1 1 10
7.2. Interpretation in Terms of Dust Maximum radius (zm)

We interpret the value of the Angstrom exponents in terms g 13— The Angstrom exponent computed from Mie scatteringr ov
of Mie scattering (for spherical dielectric dust parti¢iedth a the wavelength range. ®-0.84:m as a function of the maximum particle
variety of different compositions. We computed the Angstro ~ size, for five different indiced;', of the power-law grain size distribution, i.e.,
exponente, over the range 630-840 nm for a set of power-law dN/dac a''. We adopted an illustrative particle material of corundum.
distributions for the dust particle sizes, widlN/dacca™. In
order to guarantee that the total cross section converges, w
also need to specify a maximum grain siagax For the sake
of specificity we adopted an illustrative dust compositién o 8- WHY THE BRIGHTER STAR IS THE SOURCE OF THE TRANSITS
corundum, but the conclusions we draw are the same for a Here we summarize why we are confident that it is the
number of other common refractory materials, and in fact, brighter star that is the source of the observed transitst, Fi
for any material with real and imaginary indices of refrac- the fainter star is redder than the bright star (see Bedt.ib.1

whereo(a, \) is the wavelength dependent Mie extinction
0ss section for a particle of radias

Angstrom Exponent (630-840 nm)
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particular the contribution from the faint star to the tdtak at the point where the particle was released. This orbit has a
increases by a factor of 2 from r to i band and a factor of 4 larger semimajor axis than that of the planet (see Appendix B
from r to z band. If we assume that tfent star is the host,  of Rappaport et al. 2014). In turn, the larger orbit has a fowe
and assume an achromatic mean transit depth, the changes wrbital frequency, and the particles appear to trail bettfired
flux ratio should translate into correspondingly largensia planetin a comet-like tail.
depths toward the red due to the dilution effect. In sedfion 7 An observer viewing this system is effectively moving
we showed simultaneous GTC transit observations in bandscounterclockwise. Thus, the ingress to the transit is sharp
similar to r and a combination of the i and z bands. The tran- the “comet head” moves onto the stellar disk (see Fig. 6 in
sit depth, at least on one occasion, is actually considgrabl Rappaport et al. 2012). The trailing tail would lead to a de-
shallowerin the latter redder band, strongly suggesting that pression upon egress as the tail slowly moves off of theastell
the bright star is the one being transited. disk. In that case, the pre-transit “bump” is caused by fodwa
From another line of argument, we note that the transit scattering by the densest regions of the dust which have not
depths are sometimes as large as 1.3%, and if the fainter stayet reached the stellar disk. This is the case we believe e se
(5% of the flux in g-band) were the source of the transits, it in KIC 1255b (Rappaport et al. 2012; Brogi et al. 2012; Bu-
would have to be attenuated by 24% of its flux. Since the daj 2013; van Werkhoven et al. 2014). If the tail of the planet

transits are highly variable in depth, and the transit peafl is sufficiently short (i.e., compared to the radius of thethos
not that due to a conventional hard-body transit, it is aklmos star) then there would be both a pre-transit and a postitrans
certainly due to a ‘soft’ attenuator such as a dust tail. B¢,  “bump”, the latter of which would dominate over the rela-

fainter star has a radius of OR3,, and therefore an occulting tively shallow post-transit depression (see also Budap201
dust tail would have to either cover the entire star with an op In this case, the pre-transit bump would be somewhat larger
tical depth,r, of ~0.25, or cover25% of the star (i.e., ataill due to the asymmetry in the direction of the tail.
thickness 0f~0.08 R;) with 7 ~ 1. Simulations of the dust A logical first guess as to how to produce a post-transit
tail in KIC 1255b (Rappaport et al. 2012) and this object (see “bump” on the transit curve would be to reverse the direction
Sect[9.P) indicate that the vertical thickness of the chibist of the comet-like tail. However, as we have seen, substan-
only ~0.03R,. This would make the scenario of a dust tail tial radiation pressure forces inevitably lead to a trailtail.
covering over 1/4 of the area of the fainter star highly uelijk Then, the question becomes how to produce a “leading dust
tail” to the planet. One way to have dusty material lead the
9. THE DISINTEGRATING PLANET HYPOTHESIS planet, i.e., moving faster, would be to have it overflow its
9.1. Evidence for a Disintegrating Planet Roche lobe (or, Hill sphere of influence) and fall in toward
the host star. At first consideration this doesn’t seem tdwor
Since a rocky planetin a 9-hour orbit will not be close torfiji
its Roche lobe. Rappaport et al. (2013) showed that the criti
cal density for Roche-lobe overflow is largely a functiontef i

When taken together, all these observational results poin
clearly toward a planet in a 9-hour orbit that is disintegrat
ing via the emission of dusty effluents. The lines of evi-

dence pointing in this direction include: (1) erraticallyda o pia| period, and is nearly independent of the properfes
highly variable transit depths (see S¢ét. 3); (2) transififer . the hosr'i star. In particular, }Iéqn. (g) in Rappaportpet gll@O

shapes from ground-based observations that are likely vari o : P
able (though with lesser confidence that the depth changes,;soubggi?ts that critical density for a planetto be filling icRe

see Sectd.]4 arid 7); and (3) an average transit profile from
the K2 data that exhibits clear evidence for a post-transit (113hr

“bump” and also weaker evidence for a pre-transit “bump” Perit =
(Sect[3:R). The first of these is highly reminiscent of the di
integrating planet KIC 1255b (Rappaport et al. 2012), while where the ri ;

: ; ; ght-hand value is for a 9-hour planet. It seems
]Ehe vanablg tbransg sthgpes Srilalso d?telcteq Irt] KIC 125501y nlikely that a planet with this low a mean density would
rom ground-based studies (R. Alonso et al. private communi po isintegrating via dusty effluents. Turning the problem
cation; Bochinski et al. 2015). The transit profile of K2-22b 5 ,n “we can ask what fraction of the Roche-lobe radius
with a post-transit "bump’, is different from the transitoer 14 he occupied by a planet with a mean density in the
files of KIC 1255b and KOI'2700b which show a post-transit »46 of 5.8 g/cc, which might be more appropriate for a dust
depression as opposed to a post-transit bump. The first tWo, ivier (see, e.g.. Rappaport et al. 2013). Itis then evitien
of the above listed features point to obscuration by dusty ef (- jensities which are-3-5 times higher than their critical
fluents coming from a planet, while the third property needs yogities their radii are not even factors-a times smaller
to be explained in this same context. In the following sec- than their, Roche lobes
tions we explore the significance and the interpretatiomef t Therefore. we come to the conclusion that planets with

transit profile. rocky compositions in a 9-hour orbit are underfilling their
I . . Roche lobes by only a factor ef2. This is more than suffi-
9.2. Quantitative Model for the Leading Dust Tail cient to prevent the planet from directly overflowing its Rec

A dust tail emanating from a planet, as inferred in the caseslobe. However, the potential difference between the planet
of KIC 1255b and KOI 2700b, trails the planet as is illustcate  surface and the Roche lobe is about half the potential differ
in Fig. 6 of Rappaport et al. (2012; see also the middle panelence to infinity. Thus, if the mechanism that drives off the
of our Fig[T%). Such dust tails are the way they would be seendust or the heavy metal vapors that condense into dust, e.g.,
in the reference frame of the planet, and note that the motionvia a Parker-type wind (Rappaport et al. 2012; Perez-Becker
of the planet is implicitly in the opposite direction frometh & Chiang 2013) imparts the full escape velocity of the planet
tail. In this case we would say that the tail “trails the pldne  or more, then the material can certainly reach the surface of
The reason for this is that the radiation pressure actingpen t its Roche lobe.
dust forces it into an eccentric orbit with its periastrocdted If the material reaching the Roche surface feels a subatanti

2
) g/cm’ ~ 1.5 g/cm® 2)
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FIG. 14.— Calculated values ¢f, the ratio of radiation pressure to grav-
itational forces, as a function of particle size. The blue green curves
(nearly superposed) are for KIC 1255b and KOI 2700b, resmbgt The
red curves are values gffor EPIC 201673175, for different materials. For
KIC 1255b and KOI 2700b we adopted= 1.65 andk = 0.01 for the real and
imaginary parts of the index of refraction. The solid redveuis for the same Trailing Tail
indices. The dot-dashed curve is for the same real index kihtkw= 0.02,
while the dotted, dashed, and dot-dot-dashed curves acdisgkly for iron,
corundum and forsterite, respectively. The horizontathldotted line indi-
cates the value g8 = 0.02 below which most dust particles would go into a
leading tail. Planet --> #~

radiation pressure, it will still be blown back into a contige
tail. By “substantial” we mean that, the ratio of radiation
pressure forces to gravitational forces, exceeds a cefdiie
such ag3 2 0.05. For sufficiently small values ¢f, however,
particles initially directed toward the host star (whicleses
reasonable since the gas or dust emission should commenc
on the heated hemisphere) will largely fall toward the htzst s
until the grains are pushed into orbit by coriolis forcese3é Host Star
particles will form a “leading tail” in the sense that the oot
will be in front of the planet.

The values of5 for the particles are computed according to

N L.o _ 3L.(c(a,\) 3) Trailing Tail Leading Tail
" 4xcGM, .~ 16mcGM, pa R e

whereL, andM.,, are the luminosity and mass of the host star,
ais the particle radiusg is the particle cross section at wave-
length A, () is the dimensionless cross section in units of
na? averaged over the stellar spectrum (see, e.g., Kimura et
al. 2002), andu andp are the mass and material density of
the dust grains. Since, for low-mass main-sequence stars th
luminosity scales roughly ad#, we find that for a fixed ma-
terial in the grainsg scales as

B

FIG. 15.— Simulated dust tails. The dust particles are launghitdsome-
what more than the escape speed from the planet withir? &80e centered
M3 (5(a. \ on the direction of the host star. The particle sizes areashuia Monte Carlo
B * <U(a7 )> (4) means from a power-law distribution, and the valug3dbr each patrticle is

a calculated from the system parameters (see text). Therg0adO0 particles
. . in each simulation, and each one is assumed to have an exjadiyetecay-
We evaluate the dimensionless spectrum-averaged cross seig cross section (see App. C of Rappaport et al. 2014) withac¢onstant of
tion with a Mie scattering code (Bohren & Huffman 1983) for 10*s. Only radiation and gravitational forces are includede Tblor coding

different assumed material indices of refraction (see |@tol is proportional to the logarithm of the dust particle dgnsiith white-red the
largest to blue-purple the lowest. The dust tails are shawthe rest frame

a.|.. 2014). Plots Oﬁ_(a) fOI’ several different assumed COMPO-  of the orbiting planet (implicitly moving downward in theaine). The top
sitions are shown in Fig._14. They are also compared againspanel is a view of the orbit and dust tail from the orbital paed clearly
representatived(a) curves for KIC 1255b and KOI 2700b. shows both a leading and a trailing tail. The bottom paneliew from the
The latter two systems ha\(ﬁa) curves that are essentially orbital plane as the dust emitting planet crosses the disikedfiost star. The
. middle panel results from arbitrarily multiplying each @ahted value of3

a factor of 2 higher than for K2-22b, largely due to the lower py a factor of 4, the net effect of which is to eliminate thedieg tail.
luminosity per unit mass of the latter host star.

Expression[{4) raises the interesting prospect that for low
mass stars, the value @fwill be sufficiently small that out-
flowing particles passing through their Roche lobes will be
immune to radiation forces and act much in the same way as
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FIG. 16.— Schematic transit profiles for a range of dust tail peat@rs.
0 is the orbital phase of the planet, afid is the half angle subtended by
the host star as seen from the planitp panel Trailing dust tail only. The
exponential tail lengthy, is color coded and is expressed in units of the radius
of the host star. No forward scattering is included. Note tiosvshorter the
tail length, the smaller is the post-transit depressibtiddle panel Same
as for the top panel, but in this case a contribution from &discattering
has been included. There is now a noticeable pre-transiphdue to the
forward scattering, but only for the case of short dust tailthere a barely
perceptible post-transit bump; it is typically suppresbgdhe post-transit
depression.Bottom panel Here, there is both a trailing and a leading dust
tail. The exponential scale lengttfs of both dust tails are assumed to be the
same, but the leading tail is taken to have twice the dustityeps at every
corresponding angular distance, as the trailing tail. &g ltail lengths there
are no pre- or post-transit bumps due to forward scatteasghey are pulled
below the discernible level by the corresponding depressiaused by direct
attenuation from the tails. By contrast, for the case of stadrlengths, i.e.,
< 0.2Rstar, there is both a pre- and a post-transit bump, with the latérg
slightly larger.
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Roche-lobe overflowing material.

We next carried out a large number of simulations of dust
particles ejected from a planet and initially moving in vari
ous directions with different speeds. For most of our simu-
lations, we took the direction of the particles to be uniftyrm
distributed within a cone of 30radius and centered in the
direction of the host star. The velocities were somewhdt arb
trarily taken to be one half the escape speed from the surface
of the planet’'s Roche lobe to infinity in the absence of the hos
star, i.e.,,/GM,/2R_ whereM; is the planet's mass ari is
its Roche-lobe radius. This is the minimum that can be con-
templated for a Parker-wind type outflow. For each dust grain
a radiusga, is chosen from an assumed particle size distribu-
tion via Monte Carlo methods. We considered a power-law
differential size distribution for the dust grains with apgé of
-2, as illustrative, with the maximum and minimum sizes in
this distribution taken to be Am and 1/20um, respectively.
The luminosity of the host star is taken to be that of a main-
sequence M-K star of 0.6l (see Tabl€]3). For purposes of
the numerical calculations of the particle dynamics onlg, w
used a simple analytic fit to the plots shown in [Eigl. 14 of the

form: ) .
o(a, A [ RES:)
B a 1+czat ©®)

where thec's are constants to be fit, and which depend.on
M., and the dust composition.

The results of our particle dynamics simulations are shown
in Fig.[13. The top panel represents the trajectories ofa p
ticles regardless of their size or corresponding value dfhe
dust density is assumed to decay exponentially in time, &ith
time constant of 19sec. Note that there is a forward moving
“leading tail” in addition to a bifurcated trailing tail. Einner
of the two trailing tails arises from particles with smallves
of 3 that are launched with a substantial velocity component
in the forward direction. In the bottom panel of Figl 15 we
see the two tails from the perspective of an observer viewing
an equatorial transit; there are far more particles in thed-e
ing tail. For comparison, we show in the middle panel a case
where the computed value gfwas arbitrarily multiplied by a
factor of 4; all other parameters remained the same. Note tha
the result is a purely trailing dust tail as one would have in a
solar system comet. This latter exercise ensures thatell th
particles have & that exceeds a critical value ©f0.02, guar-
anteeing that the particles will go into a trailing tail. Tihet-
tom line is that dust-emitting planets around luminoussstar
should have predominantly trailing tails while the reveisse
true for low-luminosity stars.

In all of these calculations, we have ignored possible ram
pressure forces on the dust grains due to a stellar wind from
the host star. For a justification of why this may be a good
approximation, see Appendix A of Rappaport et al. (2014).

9.3. Model Transits
9.3.1. Idealized Transit Models

The transit profiles expected for a planet with a trailing
comet-like tail are already sufficiently complicated comguh
to a conventional hard-body planet transit. They includghsu
issues as the attenuation caused by the (unknown) absorp-
tion profile, typically characterized by an exponentiallsca
lengtf?; possible forward scattering which is influenced by

32 For a discussion of why the dust tail may fall off approxinhatexpo-
nentially, including the effects of dust sublimation on méscale of hours,
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L L B star as seen from the planet. In that case, the effectivdangu

1 scattering pattern from a single grain is somewhat larggan th
that of the angular size of the host star (i-€1,7°). In the bot-
tom panel of Fig_Tl6 the transit profiles are for the case where
there isboth a trailing and a leading dust tailThe exponen-
tial lengths of both dust tails have been taken to be the same
(i.e.,£1 =15), but the leading tail is taken to have twice the op-
tical thickness everywhere as the trailing tail. For lafgjgere
are no pre- or post-transit bumps, as they are pulled belew th
discernible level by the corresponding depressions caoged
the tails. By contrast, for the case of short tail lengthes,, i.
{ < 0.2R,, there is both a pre- and a post-transit bump, with
the latter being slightly larger.

9.3.2. Model Fit to the K2-22b Transit

Finally, we have attempted to fit a simple two-tail dust
-100 -50 0 50 100 model to the observed transit profile of K2-22b. Once the
Orbital Phase (degrees) model and its free parameters were selected, we computed the
FiIG. 17.— Best fitting model transit profile. The black histognapresents scat;ermg_pattern for the dust p_aruolgs (tal.(en to be. ohasi
the observed transit (see FIg. 6). The red curve is the bésgfinodel. The gle fixed size throughout both tails) via a Mie scatteringeod
green and blue curves represent the direct absorption awdri scattering (Bohren & Huffman 1983). Then the scattering pattern was
components, respectively. Note how the forward scattertngses the peaks  conyolved numerically via a 2D integral with the radiation
on either side of the transit (see also Budaj 2013). - ! . - - h
profile coming from the host star (including limb-darkening
In turn, this net effective scattering profile was convolued
the grain size and composition (which may be changing along1D with the assumed exponential tails to produce the seatter
the tail as different materials sublimate at differentsgteon- ing pattern as a function of orbital phase. The attenuatfon o
volution of the scattering phase function with the finiteang the beam from the host star was simply computed by placing
lar profile of the host star; and another convolution with the a double-sided exponential profile in front of a limb-darén
density profile of the tail. When adding the possibility offtbo  stellar disk in different longitudinal locations (i.e., asunc-
a trailing and leading tail, as we have postulated in thiskyor tion of orbital phase) and at different vertical locatiooget
the situation quickly becomes even more complicated. In ana best estimate of the impact paramétéin units of the stel-
attempt to keep the numbers of free parameters to a minimuml|ar radius). The sum of the absorption and forward scatjerin
we have adopted the following seven-parameter model: an ex-contributions was then added and convolved withKlepler
ponential attenuation profile of the tail in both directipeach long cadence integration time.
with its own scale lengtlY; a relative density between the two We first explored a wide range of parameter space, espe-
tails, p1/p2; the size of the dust graing; and an overall nor-  cially focusing on the physically interesting parameteos:
malization factor that yields the correct mean transit dept the impact parameters, 2, p1/p2, the exponential scale
In addition to these parameters associated with the dust tai lengths and ratios of optical thickness of the two tailspees
there is also an impact parameter for the transiting plamet,  tively, anda, the grain size. We also considered models with
the time of orbital phase zero. We assume that the hard bodya power-law distribution of grain sizes, but these produced
of the planet itself does not make a significant contribution  no better fits than using a single grain size. To simplify the
the transit profile. search, we fixed; = ¢, under the assumption that the dust
We illustrate in Fig[Ib what some of the possible transit sublimation time and the speed away from the planet is sim-
profiles might look like with just two of these parameters ilar in the two tails. However, we alloweg, /p, to be a free
varying. First, we consider only @ailing dust tail, and we parameter since the amount of dust in the two tails could be
vary the exponential scale length) (n units of the host star's  quite different. From this broad search, we were able to draw
radius). These transit profiles are shown in the top panel ofseveral interesting conclusions. (1) The best fits, by only a
Fig.[18. The tails’ exponential scale lengthjs color coded  small margin, are found for the single (leading) tail models
to help in distinguishing the different curves. No forward i.e., no trailing tail is needed. (2) For single-leading tadd-
scattering is included in this case. Note how the shdirter els, the impact parameter is constrained to 42 & b < 0.78
the smaller is the post-transit depression. The latterineso  and 019< /, < 0.48R, (both 90% confidence limits). (3) For
quite noticeable whefifor the tail becomes greater than about two-sided tail models the allowed ratio of optical thickses
30% of the radius of the star. In the middle panel of Eig. 16 is constrained to bgi/p2 < 0.5 (assumingy = ¢2). (4) The
the contribution from forward scattering by relativelydar  best-fitting single grain-size models hav& & a < 0.5um.
particles ¢0.5m) has been included. In all cases there is The final parameter search and error estimation were done
a noticeable pre-transit bump due to the forward scattgring with an MCMC routine. These results are summarized in Ta-
but only for the case of short dust tails (i.e., snfalis there ble[d.
a perceptible post-transit bump; it is typically suppresisg The overall best-fitting model is fob = 0.65 and/; =
the post-transit depression as the dust tail is in the peoges 0.32R,. The results are shown in FigJ17. The black his-
moving off the stellar disk. The grain sizes assumed here argogram is the same average transit profile as is shown iiFig. 6
sufficiently large so thad/2ra, the characteristic Mie scat- The red curve is the overall fit to the transit profile, includ-
tering angle, is comparable with the angular size of the hosting the convolution with the LC integration time. The ovéral
model transit profile is comprised of two components: the di-
see Appendix C of Rappaport et al. (2014). rect attenuation of the flux from the host star (green curve)

1.000 [

0.998

Relative flux

0.996 Observed Transit
I Final model
Forward scattering

0.994 [~ Attenuation
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and the forward scattering from the dust tail back into the on the outer track.
beam directed toward the observer (blue curve). Note how Additionally, any orbiting dust grains which are moving
the forward scattering produces small bumps both before andquickly may catch up, and collide, with other more slowly
after the transits, with the larger bump following the egres  orbiting dust. Again, the relative speeds of any collidingd
o . particles on the inner track would likely be of order a kih s
9.4. Inferred Dust Sublimation Timescale and would not necessarily destroy the dust, whereas the re-

The dust sublimation timescale depends on the equilibriumVverse is true for the outer-track dust grains.
temperature Toy), the mineral composition, and the size of ~ We can make a crude estimate of the collision frequency
the dust grains (see, e.g., Kimura et al. 2002; Appendix C Of @ dust grain that is orbiting the host star. Take the mean
of Rappaport et al. 2014l for the dust grains in K2-22b  grain number density along the observer’s line of sightryri
is necessarily somewhat uncertain, ranging betwe&B00 a typical transit to bey, and the collision cross section to be
K and 2100 K, depending on exactly how it is computed (to ¢- In that case, the collision mean free patttis 1/(noo).
within unknown factors of order unity). However, if we take |f we take the radial thickness of the dust tail that is cagisin
Teq= 1700 K as a typical grain equilibrium temperature, then the transits to belr, then Ar ~ 1/(noo) if both the optical
the lifetime of a 1 micron grain composed of Fe, SiO, or Cross section for extinction and the collision cross secaie
fayalite is a matter of a few tens of seconds. On the otherapproximately equal (i.e., the geometric cross sectiomapp
hand, minerals such as enstatite, forsterite, quartz,anthe ~ Priate for larger particles), and if the optical depth of thest
dum, would have sublimation lifetimes of 1/2, 3, 15, and 30 cloud during transits is of order unity. (The latter is nezey
hours, respectively. SiC and graphite could last for a very Since the dust tail is thin in the vertical direction and asve
much longer time than any of these. (All the dust parame- only a small fraction of the disk of the host star (see middle
ters for the above estimates, including the heat of sublima-panel of Fig[Ib). Using the above expression, we can esti-
tion, are taken from the conveniently tabulated values of va Mate the mean collision timego, for particles orbiting in the
Lieshout et al. 2014). Thus, there is no one “expected” dustdust disk A
sublimation timescale that we can anticipate. If on the othe Teoll 1 Arvom No b
hand, we believe that the dust tail is only a few degrees of 2r d Ve (N)
the orbit in length (see Tablé 4), and thate 0.05, then the
“inferred” lifetime is ~ 1 hour (see Eqgn. (4) and (6) of Rap-

(6)

wherevy, andvye are the mean orbital speed in inertial space
- and the mean relative speeds of the particles in a dust didk, a
paport et al. 2014 for an explanation), and therefore thé¢ dus (n) is the mean density in dust grains around the azimuth of

gﬁg‘gﬁ%‘ﬂ%ﬂ nngltggtarvt\els;n;brlﬁ a(re]ns(t:gtll'tceluosri cf)?];s?rrg% tﬂg‘?xge the dust disk. These factors are extremely uncertain, bar as
y illustrative example, if we také\r /d = 0.05, Vorp/Vrel = 10,

the actual tail length depends on a combination of num_erousau,]dno/<n> ~ 100, thenre is of order several timeByp.
(uncertain) parameters such as the particle sizes (anédnde . . .

the size distribution), the parametgrthe actual equilibrium devs\{[?(?telz %Eir:gtio?lfis(ijéjr?’t? p_?rztleciléasc(t)ﬁ?é gce)”;gga%gtngr% Tﬁé
temperature, and so forth. Nonetheless, we can say that min- y :

: ; - : dust disk where the dust is slowed down by the collisions and
gggsg%ggg enstatite or forsterite do seem consistentiveit the density builds up. In principle, these regions of enkdnc

density could be approximately fixed in the rotating frame of
the planet and host star. However, since we see only a single
) ) . o transit-like feature during an orbital period, we concltiolat

We note that there is an interesting possibility for the dust such pile-up of dust is not significant anywhere, with the-pos
streaming from the planet to interact with dust that hasaglye  sible exception of near the planet where the dust densiheis t
been orbiting for a substantial while — provided that thdisub  highest.
mation lifetime will allow the dust to survive for a sufficity A careful examination of what the effects are of dust-dust
long time. The time required for orbiting dust in a trailing collisions in this system or, for that matter, KIC 1255b and
dust tail (i.e., ‘outer-track orbits’ with 052 3 = 0.02) to KOl 2700b are much beyond the scope of this paper, and we

meet up again with the planet is approximately/(23) (see  |eave that study to another work.
Eqn. (4) of Rappaport et al. 2014); for K2-22b this amounts to

10—-25P,, (or ~4—-10 days). For particles with < 0.02 the 10. SUMMARY AND CONCLUSIONS

orbits likely lie inside the planet’s orbit (‘inner-trackluts’) We have re ; ; Al
: b ' . ported the discovery in the K2 Field-1 data of
with radii between-94% and 98% ofl. This leads to synodic 5 e\ planet that is likely the third example of a planet dis-

orbital periods for those dust particles of betweetd and 30 jyieqrating via the emission of dusty effluents. The plaset i
Porn, fairly similar to the outer-track orbits. Thus, any orbit- i, 51 yitrashort 9.1457 hour orbit about an M star. The ev-
ing dust that might collide with newly emitted dust must last jjence we presented for the presence of a dust tail includes
for 4-10 days. The dust grains on the inner-track orbits haveerratically and highly variable transit depths rangingniro
speeds in the rest frame of the planet that range freikm () 1404 10 1.3% in both the K2 data as well as in follow-up
st (prograde), while the corresponding range of outer-track ground-based observations from five different observesori
orbits is 0- 25 km $* (retrograde). Thus, the inner track par- The folded orbital light curve from the K2 data exhibits aecle
ticles would catch up to, and collide with, newly emitteddus post-egress ‘bump’ and a much less significant, but plagisibl
grains with only a few km 2 relative velocity. By contrast, pre-ingress ‘bump’, that are not found in conventional hard
the outer track particles could collide with newly emittagstl body transits. There is no post-egress depression in the flux
at relatively high speeds of more than 10 km.sAt such as was seen in KIC 1255b or in KOI 2700b. On at least one
speeds, a collision would deposit a mean energybg&V per observation with the GTC, the transit depths were distnctl
atomic mass unit within the dust grain. This seems likely to wavelength dependent with the transit25% shallower at
completely destroy most dust particles that happen todmlli 840 nm than at 630 nm. While this goes in the same direc-

9.5. Dust-on-Dust Collisions
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tion as limb-darkening effects (see, e.g., Knutson et @720
Claret & Bloemen 2011), we argue that the magnitude of the COMPARISO-LAOBFLDFIJgTY PLANETS
limb-darkening effect explains only a small fraction of wha

is observed. Furthermore, the variable behavior of thereolo
dependent transit depths strongly suggests an origin it dus

Parameter (units) EPIC 201687 KIC 1255  KOI 27001

i i i i - Porb (hr) 9.146 15.68 21.84
scattering. This requires relatively non-steep powerqaw Doerpth %) 013 0o1a 0031-0.053
ticle size distributions withi’ ~ 1 to 3 with maximum sizes in Variability highly highly slowly
the range of 3-0.7 ym. . . d/R. 33+02 43+04 59+0.4

The host star is an M star withe ~ 3800 K. There is a 0. (deg) 17 13 10
companion star 1’9away with T ~ 3300 K. We infer a dis- Pre-bump weak yes

. . - . Post-bump yes no no
tance to the system of 22550 pc, which, in turn, implies a f1a (deg) g 10-15 24
projepte_d physical separatiqn of the two stars\deO_AL}. 9:2:, /0. <05 ~077-11 ~2.4
At this distance, the companion star may have been incilenta  Thost (K) 3830 4300 4435
to the formation of the planet, but perhaps was instrumental  Teq (K)° 2100 2100 1850
in driving it toward the host star via Kozai-Lidov cycles tvit f/.lmax . 0-2%5 %Clj 8‘%
tidal friction (Kozai 1962, Lidov 1962; Kiseleva et al. 1998 aust (1079 S)‘ :
Fabrycky & Tremaine 2007). ;F\Q/elsults ]from tgls work. (et al. (2012): Brogi et al. (2012) &ud
[ ; [ alues from Rappaport et al. ; Brogi et al. ; &8u

The minimum transit depth gf 0.14% sets an upper limit (2013) van Werkhoven et al. (2014).
to the size of the underlying hard-body planet of R for Values from Rappaport et al. (2014).
an assumed radius of the host star @70t 0.06R,. This 4 Approximate exponential tail length in degrees of orbitahge.

is consistent with the low surface gravity that is required t = Tog = Tes/R. /d.
drive off metal vapors that could condense into dust (Rappa'with other known astrophysical collections of dust suchnas i

port et Iall< IZO%Zth P(ejrezt-Be(_:tI;er & Chiang 2013). I?ffacltézit the ISM (e.g., Mathis et al. 1977; Bierman & Harwitt 1980),
Seems likely 1T the dust-emitting scenario we report Tor K.z- Solar-system comet tails (e.g., Kelley et al. 2013), lo .(e.g

22b is correct then Mars, Mercury, or even lunar sized bodies,, .. . ;
with surface gravities of 1/6 to 1/3 that of Earth are to be pre Ergl?gggtzghiloboe?anaé? glo ?i%)ég)nd the Earth's atmosphere (e.g
ferred. ! . . ; ; ;
. . . The host star K2-22 shows photometric modulations with

W(ej_ﬁ?d tth?t thetSUSt ta'fl &fl CKzl'gghaSéVé? g%%ebr.tlei that an amplitude of approximately 1% and a timescale of 15 days.
arle cIJIS' mcd r?T i 0S€ 0 dio s tor'l' -0 g )2 It is interesting to note that the other two host stars tondisi
ahea '?g. tl.JS ail (as oppostel 0 al rf“ m?hofne)t'kgghjl( ) 8tegrating planets also display photometric modulatiortaat
characteristic (e.g., exponential) scale length for several percent level, likely associated with star spdthas
thatis< 1/2R.. The former requires dust transported to about been suggested that stellar activity may play an importat r

it'rvel(mifee(t:?iSepl)la(r)]\(/eet;fflz)?/\(/jslui?slrll?ghc%gIlrgggo?hg];ége hgﬁ: sti:;]tgnug in modulating the process that generates the dust (K_awahara
y ' y going et al. 2013; Croll et al. 2015). The large spot modulatioms fo

orbit that is faster than that of the planet. It is also neagss : P ; .
i 2 , the host stars of the candidate disintegrating planetgjiges+
to haves (the ratio of radiation pressure forces to gravity) be tive and warrants further investigation.

< 0.02 which would be the case for very low luminosity host ™2 “\ve summarize in Tabld 6 some comparative prop-
stars in combination with very smalf(0.1.m) or very large erties of the three known ‘disintegrating planets’. Hojlgfu

> . . 1 . - . .
gBulléL?é)sS;isfioprgrgcgg% E)Siﬁgtil(z)lr%lﬁ/)ér Tgsvsvg?ﬂt:sr ;gﬁtdta'ls further patterns of similarity will emerge as more of thebe o
y jects are discovered.

a short dust-grain sublimation time gfan hour. . Discoveries of new disintegrating planets in the upcomin
Mass IOS.S rates in the form (l)f h'_%h_'z mgtenal_ fro_m this K2 fields could be potentialIygquite?n'l?portant. If foung,ﬂee ’
planet are likely to bec 1.5 x 10" g ™ implying a lifetime o giqates are likely to orbit brighter stars than the htasts
of 20-70 Myr, for planet masses in the range of the moon's 4f the examples discovered to date. It would also be inter-
to Mercury's mass. . ___esting to discover them orbiting a richer variety of hoststa
The scenario described above for explaining the variousggpecially since we have inferred from K2-22b that the low lu
features of the transit light curve and its variability i$@0- ingsity of the host star plays an important role in determin
tirely self-consistent. The requirement for particlesmteea g the trajectories of the dust flowing from these very spleci
leading tail is5 5 0.02um which implies particle sizes of €i- - pjanets. Future follow-up observations with ground-based

thera0.1pmoraz 1um. Atthe sametime, the post-transit igascopes, both in photometric and spectroscopic modes, a
bump requires a forward scattering peak that is comparable t jie|y to provide us with further information about the pro-

the angular size of the host star. This corresponds to artic cess that generates the dust emission, and give us better in-

sizes of~ 1/2um. Finally, the color dependence of the tran- gjghs into the relevant physical processes in these egtrem
sits observed with the GTC implies a non-steep power-law qvironment systems.

size distribution with a maximum size ef1/2um. Thus,
larger particles could account for all three of these oleserv
tional pieces of evidence—but only if a substantial fractio ~ We thank Joshua Pepper and Smadar Naoz for helpful com-
of the particles are large (e.gv 1um). This requirement for ~ ments and an anonymous referee for suggestions that greatly
such large particles seems somewhat unusual in comparisoimproved the presentation of the material. We thank Allyson
Bieryla and Dave Latham for helping us with the FLWO ob-

33 We note that Bochinski et al. (2015) were able to measure 3 difia SG_I‘VB.'[IOI’]S of the ObJeCt' We a.‘re gratefu' to I.Evan .SInUKOﬁ’
ference in transit depths in KIC 1255b between g’ and z’ baadd thereby Erik Petigura, and lan Crossfield for observing this target
concluded that the dusty effluents in this object containedraponent of  with Keck/HIRES. We thank Yi Yang for helping with the
larger grains in the range ofZ5—1.m. HSC images, and Takuya Suenaga for volunteering his time
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to do so. The help from the Subaru Telescope staff is greatlylLaboratory (JPL) funded by NASA through the Sagan Fel-
appreciated. We acknowledge Tsuguru Ryu for his supportlowship Program executed by the NASA Exoplanet Science
on the Okayama transit observations. T.H. is supported bylnstitute. This article is partly based on observations enad
Japan Society for Promotion of Science (JSPS) Fellowshipwith the Nordic Optical Telescope operated by the Nordic Op-
for Research (No. 25-3183). I|.R. acknowledges supporttical Telescope Scientific Association and the Gran Telesco
from the Spanish Ministry of Economy and Competitiveness pio Canarias operated on the island of La Palma by the IAC at
(MINECO) and the Fondo Europeo de Desarrollo Regional the Spanish Observatorio del Roque de los Muchachos. This
(FEDER) through grant ESP2013-48391-C4-1-R. We extendresearch has been supported by the Spanish MINECO grant
special thanks to those of Hawaiian ancestry on whose sanumber ESP2013-48391-C4-2-R. The Infrared Telescope Fa-
cred mountain of Mauna Kea we are privileged to be guests.cility is operated by the University of Hawaii under contrac
Without their generous hospitality, the Keck observatiomrs NNH14CK55B with the National Aeronautics and Space Ad-
sented herein would not have been possible. This work wasministration. FM acknowledges the support of the French
performed, in part, under contract with the Jet Propulsion Agence Nationale de la Recherche (ANR), under the program
ANR-12-BS05-0012 Exo-atmos.

REFERENCES

Aigrain, S., Hodgkin, S.T., Irwin, M.J., Lewis, J.R., & Rale S.J. 2015,
MNRAS, 447, 2880

Armstrong, D. J., Kirk, J., Lam, K. W. F., et al. 2015, A&A, 57819

Armstrong, D. J., Santerne, A., Veras, D., et al. 2015. af%603.00692

Barnes, S. A. 2007, ApJ, 669, 1167

Batalha, N. M., Borucki, W. J., Bryson, S. T., et al. 2011, Ap29, 27

Bierman, P. & Harwit, M. 1980, ApJ, 241, L105

Bochanski, J. J., West, A. A., Hawley, S. L., & Covey, K. R. Z08J, 133,
531

Bochinski, J.J., Haswell, C.A., Marsh, T.R., Dhillon, V&Littlefair, S.P.
2015, ApJ, 800, L21

Bohren, C. F., & Huffman, D. R. 1983, New York: Wiley, 1983.

Borucki, W.J., Koch, D., Basri, G., et al. 2010, Sci, 327, 977

Bouchy, F., Queloz, D., Deleuil, M., et al. 2008, A&A, 482, 25

Boyajian, T.S., von Braun, K., van Belle, G. et al. 2012, AfQ7, 112

Brogi, M., Keller, C. U., de Juan Ovelar, M., Kenworthy, M.,Ale Kok, R.
J., Min, M., & Snellen, I. A. G. 2012, A&A, 545, L5

Budaj, J. 2013, A&A, 557, A72

Chubak, C., Marcy, G., Fischer, D.A., Howard, A.W., Isaade., Johnson,
J.A., & Wright, J.T. 2012, arXiv: 1207.6212

Claret, A. & Bloemen, S. 2011, A&A, 529, A75

Croll, B., Rappaport, S., & DeVore, J. 2014, ApJ, 786, 100

Croll, B., Rappaport, S., & Levine, A. M. 2015, MNRAS, 449,084

Crossfield, 1. J. M., Petigura, E., Schlieder, J. E., et al52@\pJ, 804, 10

Cushing, M.C., Vacca, W.D., & Rayner, J.T. 2004, PASP, 182, 3

Delfosse, X., Forveille, T., & Ségransan, D. et al. 2000, A&34, 217

Delorme, P., Collier Cameron, A., Hebb, L., et al. 2011, MNRA13, 2218

Eastman, J., Siverd, R., & Gaudi, B. S. 2010, PASP, 122, 935

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

Foreman-Mackey, D., Montet, B. T., Hogg, D. W., et al. 2015,JA806, 215

Frandsen, S., & Lindberg, B. 1999, Astrophysics with the N2

Fukui, A., Narita, N., Tristram, P.J., et al. 2011, PASJ, B3]

Fukui, A., Kawashima, Y., lkoma, M., et al. 2014, ApJ, 790810

Gandolfi, D., Alcala, J. M., Leccia, S., et al. 2008, ApJ, 68303

Gillon, M., Jehin, E., Magain, P., et al. 2011, in Europeagdital Journal
Web of Conferences, Vol. 11, European Physical Journal\feb o
Conferences, 6002

Gillon, M., Anderson, D. R., Collier-Cameron, A., et al. 2)A&A, 552,
AA82

Holben, B., Eck, T. F., Slutsker, I., et al. 1998, Rem. Semsirén., 66, 1

Holman, M. J., Winn, J. N., Latham, D. W., et al. 2006, ApJ, 6b215

Howard, A.W., Johnson, J.A., Marcy, G.W. 2010, ApJ, 721,7146

Howard, A. W., Sanchis-Ojeda, R., Marcy, G. W., et al. 2018tuxe, 503,
381

Howell, S.B., Sobeck, C., Haas, M., et al. 2014, PASP, 128, 39

Husser, T.-O., Wende-von Berg, S., Dreizler, S., HomeierReiners, A.,
Barman, T., & Hauschildt, P.H. 2013, A&A, 553, 6

Jackson, B., Barnes, R., & Greenberg, R. 2009, ApJ, 698, 1357

Jehin, E., Gillon, M., Queloz, D., et al. 2011, The Messenyé5b, 2

Jenkins, J.M., Caldwell, D.A., Chandrasekaran, H., et@L02 ApJ Lett,
713,L87

Kawahara, H., Hirano, T., Kurosaki, K., Ito, Y., & Ikoma, MO23, ApJ,
776, LL6

Kelley, M.S., Lindler, D.J., Bodewits, D., et al. 2013, loay 222, 634.

Kimura, H., Mann, |., Biesecker, D.A., & Jessberger, E.K020Icarus, 159,
529

Kiseleva, L. G., Eggleton, P. P., & Mikkola, S, 1998, MNRA®(3 292

Kovacs, G., Zucker, S., & Mazeh, T. 2002, A&A, 391, 369

Kriiger, H., Horanyi, M. & Gin, E., 2003a, GeoRL, 30.1058

Kriger, H., Geissler, P. & Horanyi, M. et al. 2003b, GeoRL,22M1

Knutson, H.A., Charbonneau, D., Noyes, R.W., Brown, T.MG#&liland,
R.L. 2007, ApJ, 655, 564.

Kozai, Y., 1962, AJ, 67, 591

LaCourse, D. M., Jek, K. J., Jacobs, T. L., et al. 2015, MNRAE2, 3561

Lantz, B., Aldering, G., Antilogus, P., et al., 2004, SPIE92146

Lazaro, C., Arévalo, M. J., & Almenara, J. M. 201®jnINew A, 34, 139

Lépine, S., Hilton, E. J., Mann, A. W, et al. 2013, AJ, 145210

Lissauer, J.J., Marcy, G.W., Bryson, S.T., et al. 2014, Aetl,[784, L44

Lidov, M. L., 1962, PlanSS, 9, 719

Liou. K.N. 2002, An Introduction to Atmospheric Radiatid®econd
Edition, Academic Press, San Diego, CA

Lund, M. N., Handberg, R., Davies, G. R., Chaplin, W. J., &&wrC. D.
2015, ApJ, 806, 30

Maldonado, J., Affer, L., Micela, G., et al. 2015, A&A, 577182

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

Mann, A.W., Gaidos, E., & Aldering, G. 2011, PASP 123, 1273

Mann, A.W., Gaidos, E., & Ansdell, M. 2013, ApJ, 779, 188

Mann, A. W., Feiden, G. A., Gaidos, E., Boyajian, T., & von 8naK.
2015, ApJ, 804, 64

Mathis, J. S., W. Rumpl, & Nordsieck, K. H. 1977, ApJ, 217, 425

McQuillan, A., Aigrain, S., & Mazeh, T. 2013, MNRAS, 432, 120

Miyazaki, S., Komiyama, Y., Nakaya, H., et al. 2012, ProclESB446,
84460Z

Montet, B. T., Morton, T. D., Foreman-Mackey, D., et al. 20ApJ, 809, 25

Mullally, F., Coughlin, J. L., Thompson, S. E., et al. 201538, 217, 31

Murgas, F., Pallé, E., Zapatero Osorio, M. R., et al. 2014AA863, AA41

Ofir, A. 2014, A&A, 561, AA138

Pepe, F., Cameron, A. C., Latham, D. W., et al. 2013, Nat®, 377

Perez-Becker, D., & Chiang, E. 2013, MNRAS, 433, 2294

Pont, F., Zucker, S., & Queloz, D. 2006, MNRAS, 373, 231

Rappaport, S., Levine, A., Chiang, E., et al. 2012, ApJ, 152,

Rappaport, S., Sanchis-Ojeda, R., Rogers, L. A., Levine&AVinn, J. N.
2013, ApJ, 773, L15

Rappaport, S., Barclay, T., DeVore, J., Rowe, J., Sancfega&R., & Still,
M., 2014, ApJ, 784, 40

Rayner, J.T., Toomey, D.W., Onaka, P.M., Denault, A.JhiB&rger, W.E.,
Vacca, W.D., Cushing, M.C., & Wang, S. 2003, PASP, 115, 362

Rayner, J. T., Cushing, M. C., & Vacca, W. D. 2009, ApJS, 188, 2

Reiners, A., & Mohanty, S. 2012, ApJ, 746, 43

Rowe, J.F., Bryson, S.T., Marcy, G.W., et al. 2014, ApJ, 74,

Sanchis-Ojeda, R., Rappaport, S., Winn, J. N., et al. 2003, A74, 54

Sanchis-Ojeda, R., Rappaport, S., Winn, J. N., et al. 20pd, A87, 47

Schechter, P.L., Mateo, M., & Saha, A. 1993, PASP, 105, 1342

Schlaufman, K. C., Lin, D. N. C., & Ida, S. 2010, ApJ, 724, L53

Stassun, K.G., Pepper, J.A., Paegert, M., De Lee, N., & Ssu@jeda, R.
2014, arXiv: 1410.6379

Telting, J. H., Avila, G., Buchhave, L., et al. 2014, Astramische
Nachrichten, 335, 41

Vacca, W. D., Cushing, M. C., & Rayner, J. T. 2003, PASP, 183, 3

Valdes, F., Gupta, R., Rose, J. A,, Singh, H. P., & Bell, D.QD& ApJS,
152, 251

van Werkhoven, T. I. M., Brogi, M., Snellen, I. A. G., & Kelle€. U. 2014,
A&A, 561, 3

Vanderburg, A., & Johnson, J. A. 2014, PASP, 126, 948


http://arxiv.org/abs/1503.00692

22 Sanchis-Ojeda et al. 2015

Vanderburg, A., Montet, B. T., Johnson, J. A., et al. 2015] /4490, 59 Yanagisawa, K., Shimizu, Y., Okita, K., et al. 2006, ProclE5B269,
van Lieshout, R., Min, M., & Dominik, C. 2014, A&A, 572, 76 62693Q
Winn, J. N., Holman, M. J., Torres, G., et al. 2008, ApJ, 688,6L



