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(Optikai) csillagászat mért mennyiségei

• Égi irányok - koordináták 

• Fényesség - pontszerű és kiterjedt objektumok 

• Színkép - folytonos és vonalas spektrumok 

• Sokaságok vizsgálata - égboltfelmérések 

A pontosság növelése, “régi” technikák újszerű alkalmazásai új 
fizikai jelenségek felfedezéséhez vezethet!



FOTOMETRIAI FEJLŐDÉS

Nagyságrendi ugrások: 

1 magnitúdó: Mirák, (szuper)nóvák 

0,1-0,01 magnitúdó: geometriai és fizikai 
(pulzáló, eruptív és kataklizmikus) 
változócsillagok 

0,001 magnitúdó (1 mmag): fedési 
exobolygók - forró jupiterek 

0,1-0,001 mmag: Nap típusú csillagrezgések, 
exoholdak, exoföldek, ??????
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A Kepler célja Föld típusú, lakható 
bolygók felfedezése a fedési módszerrel 

Szimultán észlelt több mint 150 ezer 
csillagot 

95 cm-es belépő nyílású Schmidt-
távcső, látómezeje mintegy 100 
négyzetfok, 42 CCD-ből álló mozaikkal 

Fotometriai pontosság: 

 A zaj  < 20 ppm 6,5 órányi 
mérés után egy 12 magn. Nap 
típusú csillagra  

 => 4-szigma detektálás egy 
exoföld tranzitja esetén. 

Heliocentrikus pálya, 2009-2013

Credit: Hans Deeg

Kepler-űrtávcső





Heliocentric orbit, 1 week/yr lag 
behind Earth



Rövidperiódusú bolygók gyakorisága



2014. február 26.: 715 új bolygó többes rendszerben











A K2 misszió



A K2 misszió

● Bolygófedések, csillaghalmazok, fiatal és idős 
csillagok szeizmológiája, aktív galaxismagok, 
szupernóvák 

● Ekliptikai területek 
● 300 ppm pontosság 
● 40-80 nap hosszúságú runok 
● Senior Review 2014 február
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Abstract

We propose to observe trans-Neptunian objects (TNOs) with the Kepler space telescope along the 
ecliptic fields (K2 Mission).  The aim of the proposed program is to follow the brightest TNOs in 
K2 fields for a time interval of about 40 days each. This will provide us a completely new view of 
TNOs, uncovering the shape distributions, albedo variations, and moons - even small ones - around 
the targets, based on a data set which is unprecedented in all senses. These data would help us to 
learn more about the formation, structure and evolution of our own Solar System.  K2 pointings 
offer an unprecedented opportunity, since the 60-130 deg planned elongation coincides with the 
lowest apparent speed (stationary point) of the TNOs orbiting at 30-50 AU. By capitalizing on this 
unique and fortunate fact we elaborate and suggest an observing mode that would require one pixel 
block to cover each slowly moving object's path. This approach fits nicely to the observing strategy 
of  the  K2 Mission  and the  project  would  compete  for  pixel  sets  like  any other  proposal.  We 
recommend to  adopt  this  observing  mode that  open up new vistas  in  studying our  own Solar  
System.

Introduction

Trans-Neptunian objects are believed to represent one of the most primordial populations in the 
Solar System. More than 1500 TNOs have been detected so far revealing a rich orbital structure and 
intriguing physical properties. Concerning dynamical classes, most TNOs are found in the Classical 
belt or main Kuiper belt, at 32 to 50 AU distance from the Sun in resonant as well as non-resonant 
orbits with Neptune. In addition, there exists a halo of objects on high inclination and high 
eccentricity orbits beyond 50 AU: the scattered disk and detached objects (SDOs). The known 
TNOs represent only a few percent of the estimated 30,000 TNOs brighter than V=24 mag.

TNOs are the frozen leftovers from the formation period of the outer Solar System (Morbidelli et al. 
2008). The current total mass in the Kuiper Belt is estimated to be around 0.03–0.3 Earth masses 
(Trujillo et al. 2001), but there is evidence that a much larger mass (10-40 MEarth) was originally 
present at the time of formation (Kenyon and Luu 1998). The ensemble of these bodies is analogous 
to the debris disks observed around others stars. However, in those exo-solar debris disks we can 
only detect a cloud of tiny, short-lived dust particles, while most of their mass is likely in the form 
of  undetectable,  from  meter  to  thousand  kilometer sized planetesimals, similar to the trans-
Neptunian objects in our Solar System. Our trans-Neptunian region is the only place where we can 
observe the individual objects of a debris disk.

Although  there  are  several  methods  to  observe  and  characterize  these  bodies,  observation  of 
brightness variation, i.e. a light curve due to rotation has proved to be a very important tool that can 
help to answer many questions about the formation and physical properties of TNOs (Sheppard et 
al., 2008), including the following ones: 

1. How did small and large TNOs form in the Solar System? The currently observable size-density 
relationship of TNOs is unable to explain the formation of large TNOs by merger/coagulation of 
smaller ones.
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Fig. 1.— The K2 target pixel masks covering parts of Leo IV.
The three RR Lyrae stars are indicated. The insert shows high-
resolution deep imagery obtained by combining data from the
William Herschel Telescope, the Isaac Newton Telescope, and the
Southern Astrophysical Research telescope, collected by Moretti et
al. (2009). Red circles represent the apertures used in the reduction
of the K2 data (see Figure 2).

Lyrae stars in Leo I, and we know one candidate in M31
too (Brown et al. 2007). These low occurrences are likely
just lower limits: we now know that about 50% of RRab
stars are modulated in the Milky Way (Jurcsik et al.
2009; Benkő et al. 2014). But in order to determine
the accurate occurrence rates and modulation periods
of Blazhko stars, one usually requires several weeks of
intensive observations, and thus unambiguous detections
have not yet been made. Also, data from Kepler re-
vealed that continuous observations are the key to detect
any cycle-to-cycle variations—another feature that ear-
lier studies lacked (Szabó et al. 2010). Therefore we set
out to gather the first extended, uninterrupted observa-
tions from extragalactic pulsating stars with the help of
K2.

2. OBSERVATIONS AND DATA REDUCTION

Leo IV fell into the field-of-view of the first scientific
campaign (C1) of the K2 mission and was observed be-
tween May 30 and August 21, 2014, corresponding to
Barycentric Julian Day (BJD) 2456808.18–2456890.33.
We requested to observe the 3 RR Lyrae variables and
the 16 brightest giant stars in the galaxy through the
K2 Guest Observer proposal GO1019 in long cadence
mode, with an integration time of 29.4 min. We
estimated the maximum brightness of the RR Lyrae stars
to be around Kp = 21 � 21.2 mag in the Kepler pass-
band, leading to a precision of a few tenths of a magni-
tude per long cadence data point. At that time the much
fainter SX Phe star (V = 23.0 mag) seemed to be beyond
the capabilities of Kepler so we did not include it in the
proposal, although the recent experiences with the simi-
larly faint TNO, 2002GV31, suggest that we could have
detected its variation too (Pál et al. 2015). In this paper

TABLE 1
Summary of the K2 observations of the RR Ly targets in

the dwarf galaxy Leo IV.

Object Mask R.A. Decl. V ID
(px) (J2000) (J2000) (mag)

210282472 15⇥14 11h32m55.8s �0�33029.400 21.46 V2
210282473 15⇥13 11h32m59.2s �0�34003.600 21.47 V1
210282474 14⇥14 11h33m36.6s �0�38043.300 21.52 V3

Note. — IDs refer to the identifications given by Moretti et al. (2009).

we focus on the three RR Lyrae stars from the sample.
The summary of their observation parameters is shown
in Table 1.
For all of the tasks described below we employed exclu-

sively the utilities shipped within the FITSH8 (Pál 2012).
FITSH is a lightweight image reduction and anal-
ysis software package, a collection of standalone
binary programs that are utilized through vari-
ous UNIX shell scripts. The accurate photometric
time series for these three extragalactic Leo IV RR Lyr
targets have been obtained as follows. The image scale
of Kepler is 3.9800/px, and the point spread functions are
at least 3–5 pixels wide that leads to confusion of nearby
sources. Although Leo IV is sparse enough to be resolved
even with Kepler, two out of the three RR Lyr targets
were extremely close to bright background galaxies (i.e.,
nearly within a pixel, see Figures 1 and 2), accurate pho-
tometry can only be done by involving image subtrac-
tion techniques. Since the pointing jitter of Kepler in
the K2 mission was in the range of a pixel, the indi-
vidual frames had to be adjusted to the same reference
system before performing any kind of di↵erential image
analysis. In order to precisely estimate the shifts and ro-
tations between the (subsequent) frames, we involved ad-
ditional K2 frames since the raw K2 data do not include
a frame-by-frame centroid coordinate. These additional
14 fields were the target pixel files of EPIC 201424914,
201430029 and the 12 stamps having an identifier be-
tween 210282475 and 210282486, all from the GO1019
proposal (where EPIC refers to the K2 Ecliptic Plane
Input Catalog). These 3 + 14 stamps were combined to
a single image and the foreground stars were used to ob-
tain precisely the transformation between these images
(Figure 1).
Since the K2 mission observes along the ecliptic plane

in an approximately 10�-wide area, the background of
these observations also varies gradually due to the in-
creasing amount of zodiacal light throughout the cam-
paign. Hence, prior any di↵erential analysis, the back-
ground must also be subtracted. Luckily, the fields con-
taining the 3 RR Lyr targets as well as the additional
14 stamps were not crowded, and the background can
simply be determined by considering the median of all
observed pixel values.
After the frames were registered to the same reference

system and the background was subtracted accordingly,
we chose every 20th image to obtain median-averaged
master frame used as a reference for image subtraction.
Since the number of stars having a good signal-to-noise
ratio in these frames were insu�cient and the instrument

8 http://fitsh.szofi.net/



Extragalactic RR Lyrae stars with K2 3

210282472 210282473 210282474

Fig. 2.— Image stamps showing the vicinity of the K2 extragalac-
tic RR Lyrae targets 210282472, 210282473 and 210282474. The
first row shows the stamps on the master median-combined image
used in the process of di↵erential photometry. The second row
shows stamps created as the average of a roughly dozen di↵eren-
tial images taken at the brightest phase of the RR Lyr oscillations.
The photometric aperture with an r = 1.5 px radius used in the
procedure is shown as a red circle. Stamps in the third row show
the respective SDSS DR9 images. All of these stamps cover an
area of 6400 ⇥ 6400 on the sky, equivalent to 16⇥ 16 Kepler pixels.

does not show any significant variation in its point-spread
function, we did not perform any cross-convolution be-
tween the adjusted images. This procedure also simpli-
fied the evaluation of the photometry and hence it was
not necessary to perform photometry on convolved aper-
tures (Pál 2009). Therefore, the final fluxes were ob-
tained as the sum of the flux in the subtracted frame
and in the master frame, i.e., F

i

= F
i,subtr

+ F
master

.
For these flux estimations we used simple aperture pho-
tometry with an aperture radius of r = 1.5 px (Figure
2). However, we must note that the reference flux on the
master frame can only be estimated with an additional
systematic uncertainty in the case of the confused sources
(210282472 and 210282473). Namely, we compared the
peak pixel values on the stellar sources with the fluxes
obtained using an aperture of r = 1.5 pixel. The ratio
of these two numbers aid the estimation of the reference
flux in the case of the confused sources as well and we
found that the systematic uncertainty of this method is
in the range of 2-3% for these sources. Due to the nature
of the di↵erential photometry, this kind of systematics
yields a systematic amplification in the variability ampli-
tudes. The random errors in the photometric fluxes have
been estimated using the photon noise derived from the
instrumental gain of 113.3 e�/ADU as well as the stan-
dard deviation of the background pixels near the target
sources. Due to the di↵erential processing, this latter
component also includes the photon noise of the nearby
confusing sources.

TABLE 2
K2 photometric data of the RR Lyr stars in Leo IV.

Object Time Brightness Error Type
(BJD) (R mag)a (mag)

210282472 2456810.28292 20.865 0.062 raw
210282472 2456810.30336 20.659 0.048 raw
210282472 2456810.32379 20.974 0.058 raw
. . .
210282473 2456810.28292 21.247 0.069 raw
210282473 2456810.30336 21.188 0.069 raw
210282473 2456810.32379 21.240 0.076 raw
. . .
210282474 2456810.28292 21.821 0.122 raw
210282474 2456810.30336 21.585 0.093 raw
210282474 2456810.32379 21.565 0.085 raw
. . .
210282472 2456810.28292 20.886 0.062 proc
210282472 2456810.32379 20.995 0.058 proc
210282472 2456810.34422 21.004 0.054 proc
. . .

Note. — Table 2 is published in its entirety in the electronic
edition of the Astrophysical Journal Letters. A portion is shown
here for guidance regarding its form and content.
a Magnitudes shown here are transformed to USNO-B1.0 R sys-
tem, see text for further details. Indices “raw” and “proc” corre-
spond to raw and processed (sigma-clipped and Fourier filtered)
data, respectively.

3. LIGHT CURVE ANALYSIS

Once the raw light curves were obtained, we removed
the outliers from the light curves with a sigma-clipping
algorithm. We subtracted an initial Fourier fit from the
light curves, clipped the residual at the 3� levels three
consecutive times and then restored the original signal.
Finally, we applied Fourier filtering to remove the

slow variations. The photometry of these faint targets
is very sensitive to the variations in the background flux
level. Even the best raw light curves we extracted con-
tained additional variations up to 0.1�0.2 magnitudes in
the last 10-20 days of data. However, a simple high-
pass frequency filter would remove any modula-
tion signal along with the low-frequency noise.
So instead we removed all low-frequency compo-
nents below 0.5 d�1 that were stronger than 10
mmag and were not connected to any potential
modulation frequencies. The final light curves are
displayed in the left panels of Figure 3. The right panels
show the folded light curves, along with the binned phase
curves.
The increasing background from the zodiacal light low-

ered the photometric accuracy of individual data points
towards the end of the campaign. The accuracy of a
single LC point was similar for EPIC 210282472 and
210282473: 0.050-0.055 mag at the beginning and 0.078–
0.092 mag during the last days of the measurements.
The errors are somewhat higher for the unblended star
EPIC 210282474, starting from 0.087 mag and reaching
0.107 mag at the end of the campaign. 210282472 and
210282473 also appear to be brighter than 210282474 by
0.50 and 0.34 magnitudes, respectively. As mentioned,
the main component of this di↵erence comes from the un-
certainty of the zero-point determination for the confused
sources. Similar di↵erences appear in the peak-to-peak
amplitudes that are lowered to 0.4 and 0.6 magnitudes
for 210282472 and 210282473, compared to 0.94 magni-
tudes for 210282474. In contrast, Moretti et al. (2009)



4

 20.4

 20.8

 21.2

 21.6
 6810  6820  6830  6840  6850  6860  6870  6880  6890

U
S

N
O

 R
 [

m
a

g
]

BJD-2450000 [d]

EPIC 210282472 - Leo IV V2

 20.4

 20.8

 21.2

 21.6

 22
 6810  6820  6830  6840  6850  6860  6870  6880  6890

U
S

N
O

 R
 [

m
a

g
]

BJD-2450000 [d]

EPIC 210282473 - Leo IV V1

 20.8

 21.2

 21.6

 22

 22.4

 6810  6820  6830  6840  6850  6860  6870  6880  6890

U
S

N
O

 R
 [

m
a

g
]

BJD-2450000 [d]

EPIC 210282474 - Leo IV V3

 0  0.25 0.5 0.75  1  1.25 1.5

puls. phase (P=0.70986 d)

 0  0.25 0.5 0.75  1  1.25 1.5

puls. phase (P=0.61903 d)

 0  0.25 0.5 0.75  1  1.25 1.5

puls. phase (P=0.63058 d)

Fig. 3.— Light curves of the three RR Lyrae stars. Left panels: light curves after outlier removal and Fourier filtering. Note the variable
amplitude of EPIC 210282473 in the middle panel. Designations from Moretti et al. (2009) are also indicated. The right panels show the
folded light curves (pink dots and lines) and the binned phase curves (black points). We used 75 bins per pulsation period for each star.

found the amplitudes to be quite similar: 0.64, 0.73, and
0.65 magnitudes in V band, respectively. All these di↵er-
ences between EPIC 210282474 and the other two stars
indicate that the confusing sources contribute consider-
ably to the measured flux levels of EPIC 210282472 and
210282473 increasing their brightnesses and low-
ering the amplitudes and photon noise levels we
measure. Nevertheless, the zero-point uncertainty only
changes the overall amplitudes but does not distort the
shape of the light curves, therefore has no further e↵ect
on the astrophysical content of the data.
For all of these three objects, photometric magni-

tudes have been transformed into USNO-B1.0 R system
(Monet et al. 2003). This procedure has been performed
similarly as it was done by Pál et al. (2015). The raw
and processed photometric data series are displayed in
Table 2. Note that the photometric errors shown in this
Table do not include the aforementioned zero-point un-
certainty.
We carried out a standard Fourier analysis with the

Period04 software (Lenz & Breger 2005), using multi-
frequency least-squares fits and consecutive prewhiten-
ings. The identified frequency components are listed
in Table 3. We detected modulation triplets (nf1 har-
monics and corresponding nf1 ± f

m

sidepeaks, where
n = 1, 2, 3 . . . ) in the Fourier spectra of EPIC 210282473
and 210282474. We note, however, that in the latter
case the length of the data is insu�cient to properly re-
solve the side-peaks, and their distances correspond to
the length of the data instead of the modulation period.
We could also identify the characteristic signal of the

spacecraft attitude correction maneuvers, at f
corr

= 4.08
d�1 and its harmonics, but with signal-to-noise ratios be-
low 4. Apparently, very faint objects su↵er less from the
attitude changes of K2 than bright targets. Other signif-
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Fig. 4.— Fourier transform of the light curve of EPIC 210282473.
The top panel shows the original spectrum. Significant modulation
sidepeaks are visible in the middle panel after prewhitening with
the main peak and its harmonics. The insert shows the triplet

around the position of the main peak (dashed line). The
bottom panel shows the residual after the side peaks have been
prewhitened as well. The red solid and blue dashed lines are the 3
and 4 SNR levels, respectively. The f

corr

label marks the position
of the marginally detected spacecraft attitude correction frequency.
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WASP-47: A HOT JUPITER SYSTEM WITH TWO ADDITIONAL PLANETS DISCOVERED BY K2

Juliette C. Becker1,2, Andrew Vanderburg2,3, Fred C. Adams1,4, Saul A. Rappaport5, Hans Martin
Schwengeler6

ABSTRACT

Using new data from the K2 mission, we show that WASP-47, a previously known hot Jupiter
host, also hosts two additional transiting planets: a Neptune-sized outer planet and a super-Earth
inner companion. We measure planetary properties from the K2 light curve and detect transit timing
variations, confirming the planetary nature of the outer planet. We performed a large number of
numerical simulations to study the dynamical stability of the system and to find the theoretically
expected transit timing variations (TTVs). The theoretically predicted TTVs are in good agreement
with those observed, and we use the TTVs to determine the masses of two planets, and place a limit
on the third. The WASP-47 planetary system is important because companion planets can both be
inferred by TTVs and are also detected directly through transit observations. The depth of the hot
Jupiter’s transits make ground-based TTV measurements possible, and the brightness of the host star
makes it amenable for precise radial velocity measurements. The system serves as a Rosetta Stone
for understanding TTVs as a planet detection technique.

Subject headings: planets and satellites: detection — planets and satellites: dynamical evolution and
stability — techniques: photometric

1. INTRODUCTION

Due to their large sizes and short orbital periods,
hot Jupiters (roughly Jupiter-mass planets with pe-
riods between 0.8 and 6.3 days; Steffen et al. 2012a)
are among the easiest exoplanets to detect. Both the
first exoplanet discovered around a main sequence star
(Mayor & Queloz 1995) and the first known transiting
exoplanet (Charbonneau et al. 2000; Henry et al. 2000)
were hot Jupiters. Until the launch of the Kepler space
telescope in 2009, the majority of known transiting ex-
oplanets were hot Jupiters. Hot Jupiters allow for the
determination of many planetary properties, including
their core masses (Batygin et al. 2009) and atmospheres
(Charbonneau et al. 2002). For these reasons, transiting
hot Jupiters were and continue to be the subject of many
follow-up studies (Kreidberg et al. 2014).
One such follow-up study is the search for additional

planets in the system revealed by small departures from
perfect periodicity in the hot Jupiter transit times (called
transit timing variations or TTVs). TTVs were pre-
dicted (Holman & Murray 2005; Agol et al. 2005) and
searched for (Steffen & Agol 2005; Gibson et al. 2009;
Steffen et al. 2012a), but very little evidence for TTVs
was found until the Kepler mission discovered smaller
transiting planets on longer period orbits than the hot
Jupiters detected from the ground (Holman et al. 2010;
Lissauer et al. 2011).
The lack of transit timing variations for hot Jupiters
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implies a dearth of nearby planets in these systems.
While systems exist with a known hot Jupiter and
a distant (! 200-day period) companion (Butler et al.
1997; Knutson et al. 2014; Endl et al. 2014) or a warm
Jupiter (orbital period 6.3 - 15.8 days) and a close-
in planet (for example, KOI 191: Steffen et al. 2010;
Sanchis-Ojeda et al. 2014), searches for close-in, compan-
ions to hot Jupiters (as in Steffen et al. 2012b) have not
yet been successful.
This apparent scarcity supports the idea that hot

Jupiters form beyond the ice line and migrate inwards
via high eccentricity migration (HEM), a process which
would destabilize the orbits of short-period companions
(Mustill et al. 2015). Studies of the Rossiter-Mclaughlin
effect have also found the fingerprints of high eccentric-
ity migration (Albrecht et al. 2012). However, statistical
work has shown that not all hot Jupiters can form in
this way (Dawson et al. 2015), so some hot Jupiters may
have close-in planets. Additionally, HEM may not ex-
clude nearby, small planets (Fogg & Nelson 2007).
In this paper, we present an analysis of the WASP-47

system (originally announced by Hellier et al. 2012) that
was recently observed by the Kepler Space Telescope in
its new K2 operating mode (Howell et al. 2014). In ad-
dition to the previously known hot Jupiter in a 4.16-day
orbit, the K2 data reveal two more transiting planets:
a super-Earth in a 19-hour orbit, and a Neptune-sized
planet in a 9-day orbit. We process the K2 data, deter-
mine the planetary properties, and measure the transit
times of the three planets. We find that the measured
TTVs are consistent with the theoretical TTVs expected
from this system and measure or place limits on the plan-
ets’ masses. Finally, we perform many dynamical simu-
lations of the WASP-47 system to assess its stability.

2. K2 DATA

Kepler observed K2 Field 3 for 69 days between 14
November 2014 and 23 January 2015. After the data
were publicly released, one of us (HMS) identified addi-
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Figure 1. Phase-folded short cadence K2 light curve overlaid with our best-fit transit model (red curves), and binned points (purple
circles). In the top panel (WASP-47 c), the grey circles are bins of roughly 30 seconds. In the middle and bottom panels (WASP-47 b and
WASP-47 d), the grey squares are the individual K2 short cadence datapoints.

tional transits by visual inspection of the Pre-search Data
Conditioned (PDC) light curve of WASP-47 (designated
EPIC 206103150) produced by the Kepler/K2 pipeline.
We confirmed the additional transits by analyzing the K2
pixel level data following Vanderburg & Johnson (2014).
A Box-Least-Squares (BLS; Kovács et al. 2002) peri-
odogram search of the processed long cadence light curve
identified the 4.16-day period hot Jupiter (WASP-47 b),
a Neptune sized planet in a 9.03-day period (WASP-
47 d), and a super-Earth in a 0.79-day period (WASP-
47 c).
Because of the previously known hot Jupiter, WASP-

47 was observed in K2’s “short cadence” mode, which
consists of 58.3 second integrations in addition to the
standard 29.41 minute “long cadence” integrations. K2
data are dominated by systematic effects caused by
the spacecraft’s unstable pointing which must be re-
moved in order to produce high quality photometry.
We began processing the short cadence data following
Vanderburg & Johnson (2014) to estimate the correla-
tion between K2’s pointing and the measured flux (which
we refer to as the K2 flat field). We used the resulting
light curve and measured flat field as starting points in
a simultaneous fit of the three transit signals, the flat
field, and long term photometric variations (following
Vanderburg et al. 2015). The three planetary transits
were fit with Mandel & Agol (2002) transit models, the
flat field was modeled with a spline in Kepler’s pointing
position with knots placed roughly every 0.25 arcseconds,
and the long term variations were modeled with a spline

in time with knots placed roughly every 0.75 days. We
performed the fit using the Levenberg-Marquardt least
squares minimization algorithm (Markwardt 2009). The
resulting light curve7 shows no evidence for K2 pointing
systematics, and yielded a photometric precision of 350
parts per million (ppm) per 1 minute exposure. For com-
parison, during its original mission, Kepler also achieved
350 ppm per 1 minute exposure on the equally bright
(Kp = 11.7) KOI 279.
We measured planetary and orbital properties by

fitting the short cadence transit light curves of all
three planets simultaneously with Mandel & Agol (2002)
transit models using Markov Chain Monte Carlo
(MCMC) algorithm with affine invariant sampling
(Goodman & Weare 2010). We fit for the mean stellar
density, and for each planet, we fit for the orbital period,
time of transit, orbital inclination, and Rp/R∗. We held
the linear and quadratic limb darkening coefficients fixed
at values given by Claret & Bloemen (2011) that are ap-
propriate for WASP-47, and restricted the orbits to be
circular (as suggested by the dynamical simulations in
Section 4). Our best-fit model is shown in Figure 1 and
our best-fit parameters are given in Table 1. Our mea-
sured planetary parameters for WASP-47 b are consistent
with those reported in Hellier et al. (2012).
We also fitted for the transit times and transit shapes

of each transit event in the short cadence light curve
simultaneously (due to the relatively short orbital pe-

7 The short cadence light curve is available for download at
www.cfa.harvard.edu/~avanderb/wasp47sc.csv
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