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ABSTRACT

Observing sites at the Fast- Antarctic plateau are considered to provide exceptional conditions
for astronomy. The aim of this work is to assess its potential for detecting transiting extrasolar
planets through a comparison and combination of photometric data from Antarctica with time

series from a midlatitude site.

During 2010, the two small aperture telescopes ASTEP 400 (Dome C) and BEST II (Chile) to-
gether performed an observing campaign of two target fields and the transiting planet WASP-18b.
For the latter, a bright star, Dome C appears to yield an advantageous signal-to-noise ratio. For
field surveys, both Dome C and Chile appear to be of comparable photometric quality. However,
within two weeks, observations at Dome C yield a transit detection efficiency that typically re-
quires a whole observing season in Chile. For the first time, data from Antarctica and Chile have
been combined to extent the observational duty cycle. This approach is both feasible in practice
and favorable for transit search, as it increases the detection yield by 12-18%.

Subject headings: Astronomical Instrumentation, Extrasolar Planets
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1. Introduction

To obtain a better understanding of our Uni-
verse, improved observing conditions have con-
stantly been sought by astronomers. While the
limiting factors can be many and diverse, the selec-
tion of an observing site particularly impacts the
quality of the astronomical data recorded. Among
the most important constraints are the fraction
of clear skies, the level of atmospheric seeing and
scintillation, the accessibility of a wide spectral
range, and a low sky brightness due to emission,
scattered light, and light pollution.

Optimal conditions are generally achieved high
above the atmosphere, i.e., using air-borne or
space observatories. However, such projects are
limited by extensive costs, and technical consider-
ations impose further constraints. Therefore, the
search for excellent observational sites on ground
is being pursued with unwaned interest. Over the
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last few decades, high-altitude sites such as in the
Chilean Atacama desert or the mountain tops of
Hawaii have generally been recognized to provide
the best observing conditions for large ground-
based observatories.

In recent times, Antarctica is expected to pro-
vide a number of advantages for astronomy (see,
e.g.,Indermuehle et al.l2005;[Saunders et al.l2009;
Burton [2010; [Fossat et all 2010), and therefore
sites at the East Antarctic plateau such as Dome C
are currently being considered for future large-
scale observatories (Burton et al!|2005; [Cui 2010;
Ichikawal 2010; |Abe et al) 120134). In particular,
time series observations are considered to bene-
fit from a high duty cycle and low photometric
noise. These are of key importance for detecting
and characterizing transiting extrasolar planets.

First, more and/or smaller planets are expected
to be found at Dome C due to an increased pho-
tometric precision (Rauer & Deeg [2010). Two
conditions are considered important in this re-
spect: Less systematic noise due to stable envi-
ronmental conditions (in particular, the lack of
day/night temperature variations; Pont & Bouchy
2005), and less scintillation noise due to a low level
of atmospheric turbulence. The latter is expected
to be 2—4 times smaller at Dome C compared to
temperate sites (Kenyon et all|2006).

Second, the Antarctic winter allows for an
almost continuous time series to be obtained
(Caldwell et all 2004; [Pont & Bouchy 2005), al-
though the total amount of usable dark time
is not increased compared to midlatitude sites
(Kenyon & Storey [2006).  However, observa-
tions can cover large planetary orbits better
than temperate sites with diurnal interruptions.
Rauer et all (2008) showed that planets with or-
bital periods of up to two weeks are covered
well within one observing season at Dome C;
in contrast, a similar performance with midlat-
itude sites could only be achieved if three sta-
tions were combined into a network. While
Rauer et _al! (2008) relied on observing times mod-
eled from weather data and astronomical dark
time, |Crouzet et all (2010) obtained statistics di-
rectly from the 10 cm Antarctic Search for Transit-
ing ExoPlanets (ASTEP) South telescope. They
estimated the transit yield and compared it to
an analogous instrumental setup at La Silla: The
ASTEP South 2008 campaign is expected to yield

a number of planet detections comparable to
a modeled observing season at La Silla. How-
ever, if the ASTEP South observations were ex-
tended over the whole winter season, the expected
yield would be larger at Dome C. In addition,
Abe et all (2013H) recently obtained an unprece-
dented ground-based duty cycle while monitoring
the transiting planet WASP-19b from Dome C.

While these previous studies indicate an ad-
vantage for transit search at Dome C, this still
needs to be confirmed on the basis of exten-
sive photometric data. For example, the study
of [Kenyon et al! (2006) derived the scintillation
noise from measurements of atmospheric turbu-
lence profiles above Dome C; however, this will
only yield an advantage if it forms the domi-
nant component in the noise budget for bright
stars. [Crouzet et all (2010) used observing statis-
tics from Dome C, but modeled the photometric
quality in Antarctica and Chile from instrument
characteristics.

This study aims to address two open ques-
tions: First, whether transiting planets can be
better photometrically characterized or detected
from Antarctica in comparison to midlatitude
sites. Second, if a transit survey from Antarc-
tica together with a midlatitude site is feasible
and promising in practice. In order to obtain a
first comparison based on photometric data, a co-
ordinated survey has been performed both from
Dome C and Chile.

The paper is outlined as follows. It first intro-
duces the instruments used (Section [2]), the obser-
vations (Section[3), and their analysis (Section HI).
Section [0l presents the scientific results regarding
the photometric quality (i.e., limiting the radius
of detectable transiting planets), while Section [0l
focuses on the observational phase coverage (lim-
iting the orbital period found by transit surveys).
Section [7] summarizes the paper.

2. Telescopes

The most important specifications of ASTEP 400
and BESTII are summarized in Table [I] and de-
scribed in the following text.

2.1. ASTEP 400

The ASTEP project comprises two small tele-
scopes at Dome C, Antarctica: ASTEP South



Table 1: Instrument Specifications

ASTEP 400 BESTII
FOV 1°0 x 1°0 197 x 1°7
Aperture 400 mm 250 mm
CCD FLI ProLine 16801 FLI IMG-16801E2
CCD Size 4k x 4k Px 4k x 4k Px
Pixel Scale 079/Px 1”5/Px
Gain g 1.53e~ /ADU 1.98e¢~ /ADU
Overhead ' 20.8s 145s

T Average time between two exposures, including readout
and processing time.

(Crouzet et all 2010, not considered here) and
ASTEP 400 (Fressin et al. [2006; [Daban et al.
2010; [Crouzet et all 2011)). Their main scientific
objectives are first, to assess the photometric qual-
ity of Dome C and second, to search for transit-
ing planets (Fressin et all[2006). The two ASTEP
telescopes are operated by an international consor-
tium under the responsibility of the Observatoire
de la Cote d’Azur.

The ASTEP 400 telescope (simply refered to as
“ASTEP” in the following text) was installed at
Dome C during the summer campaign 2009/2010
and achieved first light on 25th March 2010. It
has an aperture of 40cm and is being operated
on an Astrophysics AP3600 mount that was mod-
ified to operate down to —80°C. A thermalized
enclosure contains two CCDs, correction lenses,
and a dichroic mirror. The latter is used to for-
ward the blue part (A < 550nm) of the light beam
to the guiding camera (SBIG ST402M), while the
red part (A 2 550nm) is reflected to the main fo-
cus with the science camera (FLI ProLine 16801);
its sensitivity peaks at A ~ 650nm (Abe et all
2013h). The 4k x 4k Pixel CCD covers a FOV
of 120 x 1°0, thus providing an angular resolution
of 0”9/Px.

2.2. BESTII

The Berlin Exoplanet Search Telescope II
(BESTII; [Kabath et all 2009a) is a small aper-
ture telescope operated by the Institute of Plan-
etary Research of the German Aerospace Center
(DLR), Berlin. Its prime scientific focus is to
support the CoRoT space mission (Baglin et all
2006) with photometric follow-up observations of
transiting planetary candidates (Deeg et all2009;
Rauer et all 2010; [Csizmadia et al) 2011)). In ad-

dition, surveyed target fields are regularly an-
alyzed for stellar variability (Karoff et al. 2007,
Kabath et all2007,12008, 2009a.b; [Pasternacki et al.
2011; [Fruth et all 2012, 12013; [Klagyivik et al.
2013).

BESTII is located in the Chilean Atacama
desert at the Observatorio Cerro Armazones,
i.e., in immediate neighborhood of the future
site for the European Extremely Large Telescope
(E-ELT), and operated in robotic mode. It con-
sists of a 25 cm-aperture Baker-Ritchey-Chrétien
reflector and a 14 cm-aperture guiding refractor.
The main instrument is a 4kx4k CCD (FLI IMG-
16801E2), i.e., BESTII and ASTEP 400 use the
same CCD chip. BESTII has a pixel scale of
1”5/Px and a FOV of 1°7 x 1°7. Observations are
obtained without any filter, and the CCD sensi-
tivity also peaks at A ~ 650 nm.

3. Observations

The performance of a transit search at Dome C
can best be evaluated using a photometric survey.
For that, five target fields, named Exol-Exo05,
have been selected by the ASTEP team for tran-
sit search from Antarctica in 2010. BEST II joined
the campaign for two target fields, which are de-
scribed in Section Bl In addition, the planet
WASP-18b was observed with both telescopes in
order to compare the photometric quality using a
known transit signal; its observations are covered
in Section

3.1. Target Fields Exo02 and Exo3

A first target field, Exo2, was observed with
ASTEP from 14th July until 2nd August 2010
for a total of 16 nights, while BESTII pointed
at the field for six nights between 29th July and
4th August 2010. Observations with both tele-
scopes have been obtained during four nights, but
overlap only for 28 minutes on 29th July. The sec-
ond field, Ex03, was observed with a slightly larger
timing offset between the two telescopes: ASTEP
observed the field for 16 nights between 24th July
and 8th August 2010, BESTII for 12 nights dur-
ing 5th to 21st August 2010. The data contain two
nights with observations from both sites without
overlap. Table 2] compares the number of frames
and nights obtained with each telescope, and Fig-
ure [Tl shows the corresponding time series.



Table 2: Details of Exo2 and Exo3 Observations.

.......... Nprames.......... ...........NNights...........
ASTEP BESTII total ASTEP BESTII togetherf
Exo02 5,895 391 6,286 16 6 18
Exo03 3,418 437 3,855 16 12 26
total (both fields) 9,313 828 10,141 25 18 37
............ Ny oo ....Ny with 0 < 0.0l mag....
ASTEP BESTII both# ASTEP BESTII both¥
Exo02 37,619 90,330 9,124 2,318 8,229 745
Exo3 57,346 134,222 49,698 1,838 6,436 1,779
total (both fields) 94,965 224,552 58,822 4,156 14,665 2,524

fnumber of nights with ASTEP and/or BEST II observations
fnumber of stars observed with ASTEP and BEST II

NOTE.—The table gives the number of frames (Nrrames ), nights (Nights), and light curves (N« ) obtained with each telescope
in each target field. The latter quantity is given both as the total and the number of high-precision (¢ < 0.01 mag) light curves.
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Fig. 1.— Joint BESTII/ASTEP field observations in 2010. Times of observations are shown for the fields
(a) Exo2 and (b) Ex03. ASTEP time series are marked blue, BEST II observations red. For comparison,
gray shaded areas indicate the maximum astronomical visibility of each respective field and site (i.e., target
at least 30° above the horizon, Sun below —8°, Moon phase ¢ < 0.9).
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Fig. 2.— Sky position and orientation of the fields (a) Exo2 and (b) Exo3. The FOV of BESTII (1°7 x 1°7)
is marked red, while the ASTEP FOV (1°0 x 1°0) is shown in blue.



BESTII can cover the FOV of ASTEP in a sin-
gle pointing: Figure [2] shows a sky map with the
relative positions and orientations of both fields for
each telescope. The ASTEP center coordinates for
the target field Exo3,

(at, 0)Exo3 = (15746™113042, —64°53/327/52),

coincide with the BEST II observations. However,
the Exo2 field was observed with ASTEP at a dif-
ferent pointing than initially announced: BEST IT
observed at coordinates

(o, §)BESTIL — (16h04™323414, —65°50/35"31),

which are offset by 1°11 from the final ASTEP
pointing at

(v, §)ASTEP — (15h54m 483499, —65°54/04735),

i.e., BESTII observations only cover ~ 35% of the
Exo?2 field.

Both fields have been observed at airmasses
of X = 1.0-1.3 with ASTEP (circumpolar) and
1.3-2.0 with BESTII. This translates into slightly
worse observing conditions in Chile: The scintil-
lation index o reaches at most 1.5 of its zenith
value 0¥ at Dome C, but varies from 1.5-2.8 6% in
Chile (with o7 o< X5, [Young [1967).

3.2. WASP-18b

The transiting hot Jupiter WASP-18b (Hellier et al.

2009) was monitored intensively with ASTEP dur-
ing its first observing season to test the quality of
the instrument. With a depth of ~1% and a
magnitude of V' = 9.3mag, the primary transit
should be well visible. In addition, the target
was selected to test whether ASTEP can measure
phase variations and secondary eclipses: With a
period of 0.94 days, WASP-18b is placed among
the fastest orbiting exoplanets known, and thus
highly irradiated. In the optical, phase variations
due to reflection are expected in the order of a few
100 ppm.

During the southern winter 2010, ASTEP ob-
served WASP-18b for 66 nights (including 34 con-
tiguous nights from 8th June to 11th July). In
order to compare with measurements from a mid-
latitude site, BESTII also monitored WASP-18b
for 19 nights between 12th August and 7th De-
cember 2010.

4. Data Analysis

4.1. Data Reduction

The scientific images from each telescope
have been calibrated and reduced using stan-
dard photometric procedures. In order to allow
for a homogeneous comparison, the custom-built
BEST/BEST I pipeline was adapted to work with
ASTEP data. It is described in detail in pre-
vious publications (e.g., [Kabath et al! 2009a/h;
Pasternacki et all2011; [Fruth et all[2012, [2013).

The processing steps include raw image calibra-
tion (bias, dark, flat) on a nightly basis, image sub-
traction (Alard & Lupton [1998; |Alard [2000), sim-
ple unit-weight aperture photometry with back-
ground subtraction, noise reduction by mean light
curve subtraction plus removal of higher order sys-
tematics (Tamuz et all 2005), astrometric match-
ing (P4l & Bakos 12006) with the UCAC3 catalog
(Zacharias et all [2010), and a zero-order magni-
tude calibration to the R2MAG band of UCACS.

Exo02 and Exo03. Table[2lists the number of
light curves in each data set. The ASTEP data set
contains 57,346 light curves on Exo03, and 37,619
on Exo02. Due to the larger FOV, the BEST II data
include more light curves than ASTEP: 134,222 for
Exo03, and 90,330 for the (slightly different) Exo2
pointing.

WASP-18b. As part of this study, only one
night of ASTEP data covering a WASP-18b tran-
sit was reduced as a test case for the joint data
analysis. In addition, all nights of BESTII ob-
servations on WASP-18b were reduced using the
same pipeline. Image subtraction was not applied
to either data set, since it proved not to increase
the photometric quality for this uncrowded field.
The BESTII observations on WASP-18b cover
six full and three partial transits of WASP-18b,
but only include one photometric transit event of
WASP-18b. The most important photometric pa-
rameters (such as the aperture radius) were opti-
mized in both reductions with respect to the tran-
sit to signal-to-noise ratio (S/N).

4.2. Data Combination

As|Rauer et al! (2008) showed, the combination
of data from Antarctica and Chile can potentially
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Fig. 3.— Distance d to nearest BESTII object
for each star in the Exo3 data set. The red line
denotes the limit of 2”7 that is used for matching.

extend the observational phase coverage signifi-
cantly. In order to assess whether the duty cy-
cle of ASTEP could reasonably be extended with
BESTII time series, light curves from both tele-
scopes have been combined. This procedure is de-
scribed in the following text, while Appendix [A]
presents a case-by-case comparison of photomet-
ric parameters. The feasibility of a transit search
in joint data will be addressed in Section 6.2

The first step comprises a light curve match
using the equatorial coordinates of each reduc-
tion. For each ASTEP light curve, the angular
distance d to the nearest BESTII star has been
calculated; it is plotted versus the magnitude in
Figure [ for field Exo3 as an example. The fig-
ure shows a clear distinction between stars that
are matched within d <« 2" and those that do not
have a counterpart, i.e., with d > 2. Therefore,
the limit d = 2” is used as the criterion for a suc-
cessful match. In target field Exo2, 9,124 stars
meet this criterion (i.e., 10.1% of all BESTII, and
24.3% of all ASTEP stars; see Table [2). For field
Exo3, the overlap is much better; here, 49,698
stars are matched (37.0% of BESTII, and 86.7%
of all ASTEP stars). In total, joint observations
are obtained for 58,822 field stars.

Since the BESTII/ASTEP observing strategy
does not aim at a precise calibration for absolute
magnitudes, two light curves of the same star may
show significantly different base levels in two re-
ductions (Figure 2] in Appendix [A)). In a second

step, each matched light curve ¢ is thus adjusted
using a mean magnitude shift, i.e., the value

Am; =mP —m, (1)

is subtracted from all BESTII measurements
(with mf‘/B denoting the mean magnitude of the
ASTEP/BESTII time series).

BESTII and ASTEP use the same CCD chip
and both observed the fields Exo2 and Exo3 in
white light. Thus, the photometric systems are ex-
pected to be very similar. However, a dichroic mir-
ror in the optical path of ASTEP 400 only reflects
wavelengths longward of ~550nm to the scien-
tific instrument, while the whole spectrum is used
with BESTII. Thus, blue stars are expected to
appear somewhat brighter when being observed
with BESTII. In Appendix [AJ] the correlation
between Am and catalog colors is evaluated quan-
titatively; it confirms the expected color depen-
dency between both optical designs. However, the
differential amplitude is rather low, so that its in-
fluence upon the combined data is considered neg-
ligible.

4.3. Photometric Noise

The noise level of a flux measurement f delimits
the transit depth and hence, the planetary radius
that can be measured. It is governed by three
main factors: First, the signal itself is produced
by photons arriving at random and thus follows a
Poisson distribution, i.e., the corresponding pho-
ton noise oy, is proportional to f~1/2. Second, un-
certainties in the background flux level estimation
and noise from the calibration process add up to
a constant absolute error A fi,g in each pixel, thus
yielding a relative noise component ong o 1/f.
Third, correlated noise is proportional to f and
thus yields a constant relative noise level o,.. The
combined relative photometric error ¢ can be de-
scribed analytically (after INewberry 1991, Equa-
tion (12)):

1 1 Afog\”
or |02+ —+nP |1+ =5 ~<ﬂ>,
g-f Ngky f

(2)
whereby A fie and the stellar flux f are given in
ADU, g denotes the CCD gain factor, and n5’
and ngy., specify the number of pixels in the stel-
lar aperture and the background annulus, respec-
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tively. This expression is used to determine o,
and A fi,g by fitting to (f, o) of a large set of light
curves (e.g. Figure [)).

The parameter o, quantifies remnant system-
atic trends in the data that are typically due to
multiple factors including both technical issues
(e.g., telescope tracking, calibration uncertainties)
and environmental constraints (e.g., clouds, scin-
tillation). Since it gives a photometric noise limit
that cannot be decreased by increasing the flux f
(e.g., through binning or by using a larger tele-
scope), o, is most interesting for comparing the
two observing sites.

4.4. Transit Detection Yield

This study aims at a quantitative comparison
of the expected planet detection yield based on
a thorough assessment of the photometric noise
budget and observational duty cycle obtained from
each site. The model used for that builds on the
theoretical framework of [Beatty & Gaudi (2008),
but uses some simplifying assumptions; it is de-
scribed in detail in Appendix [Bl By considering
a single planetary radius 7,90 and a small range
[po, p1] of orbital periods p, the number of detec-
tions is approximated as

Naet = NN« fpo -« ft, (3)



whereby fpo gives the fraction of stars that pos-
sess a planet in the considered period range with
radius rp0, and Ng/n denotes the number of light
curves with sufficient S/N to detect a transit in a
given data set. The value Ny, is calculated by
comparing the observed photometric quality with
the expected transit depth in a Monte Carlo sim-
ulation, which makes use of the Besangon model
(Robin et alll2003) to characterize the underlying
sample of N, stars in each target field.

The parameter f; defines a probability that is
constrained by timing factors, i.e., it integrates
the geometric transit probability py(p) together
with the observational window function pyi, over
[po,p1] (Equation (BG])). Since at least three or
more transits are usually to be recorded for a
detection, the term pyi, is approximated by the
phase coverage pc3(p) of three or more transit
events from real observing times.

Since the two ASTEP fields have been moni-
tored for only a relatively short period of time,
the detection yield is being investigated for or-
bits of p € [1,10]days. For this range, the prob-
ability for a star to host a Jupiter-sized planet
has been estimated by other ground-based sur-
veys. Here, fpo = 043% (M, = My, p <
11.5days; ICumming et alll2008) is taken as a rep-
resentative example. It agrees well with the occu-
rance rate as determined by the two transit sur-
veys from space, which both found 0.4% for hot
Jupiters with periods of p < 10days; CoRoT with
M, = 0.45-2.5 M ; (Guenther et al.|2012), Kepler
with r, = 8-32rg (Howard et alll2012).

5. Photometric Quality

The photometric quality of Dome C is be-
ing analyzed for the following two science cases.
First, Section [B.I] evaluates the noise level for
time scales of single nights, which is important,
for instance, to monitor and characterize individ-
ual transit events. Second, Section analyzes
the photometric noise budget of whole time series,
which is most relevant for the detection yield of a
transit survey.

5.1. Individual Nights
5.1.1.  Target Fields Exo2 and Exo3

In order to estimate the limiting noise levels of
single nights, the value o, was obtained by fitting
Equation @) to individual nights for each large
data set and telescope. The results are summa-
rized in a histogram (Figure Bl). It shows that a
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Fig. 5.— Histogram for systematic noise compo-
nents o, in individual nights of Exo2 and Exo3
data. Values have been obtained through fitting
as in Figure @l but for each night individually.

rather similar nightly noise component o, is en-
countered at each site, typically ranging at ex-
cellent values of 1.5-3mmag. However, the me-
dian of ¢, over all nights is 2.28 mmag for ASTEP
and 2.60 mmag for BESTII data, thus indicating
a slight advantage for the Antarctic site.

5.1.2. WASP-18b

Figure [6] shows a comparison of a WASP-18b
transit recorded with BEST IT and ASTEP. While
the BEST II light curve is the best out of six with a
full transit (28th August 2010), the ASTEP night
(4th July 2010) was selected without any require-
ment except for the planet to transit. Note, how-
ever, that the statistical significance of the follow-
ing case study is limited since environmental con-
ditions can vary largely between individual nights.

Table [ shows the number of measurements N
and the photometric standard deviation o for
data points inside and outside the transit event,
respectively (ephemerides from [Southworth et al!
(2009)). Out of transit, the noise level of unbinned
ASTEP data, 1.87mmag, is 27% lower than un-
binned BEST IT measurements (2.57 mmag). Dur-
ing the transit, ASTEP yields, with 1.66 mmag, a
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measurements (gray), data binned to phase intervals of 0.01 (= 13.6 min) are shown in red (BESTII) and
blue (ASTEP), respectively. For better visibility, the BEST II light curve was shifted in flux by —0.02.

19% lower noise level than BESTII (2.05 mmag).
Assuming only white noise, the transit depth un-
certainty ogep can be calculated using

Uﬁep = Ugut /]VOUt + Ui2n/Nin' (4)

This yields an average transit depth of 0.92% +
0.02% for ASTEP, and 0.91%+0.05% for BESTII,
which corresponds to an S/N of 50 and 21, respec-
tively. This difference is mainly determined by
the ASTEP mean cadence being four times shorter
than for BESTII (36s and 1525, respectively).

A Dbetter noise level in the ASTEP time se-
ries is also encountered when binning the data to
phase intervals of 0.01 (= 13.6 min; cf. red and blue
points in Figure [B]). However, binning yields sig-
nificantly larger noise levels than expected from a
purely Gaussian noise distribution] and hence, a
smaller overall S/N. Using this comparison, both
transits are thus considered to contain unfiltered
stellar variability and/or remnant systematic noise
in the order of ~ 0.3-0.6 mmag. Consequently, the
S/N drops significantly to 24 (by 52%) for binned
ASTEP and to 14 (by 34%) for binned BEST II
data.

1Gaussian noise would yield opin = Gunbinned * vPbins
whereby npi, denotes the average number of data points
per bin; see also Table 3l

Table 3: WASP-18b transit.
ASTEP BESTII ASTEP BESTII

(unbinned) (binned)

Nout 387 67 24 14
Nin 88 36 8 8
Tout /mmag 1.87 2.57 1.27 1.65

047t (1a8)t
Oin/mmag 1.66 2.05 0.77 1.26

0.50)  (0.97)1
S/N* 49.8 21.3 23.8 14.1

TExpected value if corresponding unbinned ¢ was Poisson
noise only (for comparison).

*Using Equation ().

5.2. Transit Search

Since transiting planets are searched in time
series spanning multiple nights, the overall light
curve noise level determines the detection limit.

In the same way as for single nights, the limit-
ing noise component o, has thus been calculated
for each data set (Table[]). The overall photomet-
ric quality of both fields is excellent: As the rms
plots in Figure @ show, a precision in the order
of ~2-4mmag is obtained with each telescope at
the bright end of the magnitude range. Thus, the
very good noise levels of individual nights (Sec-
tion [ELTXT]) are largely sustained with both instru-
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Fig. 7.— Fraction fg/n(rpo) in fields (a) Exo2 and (b) Exo3 of light curves that provide a photometric
noise o sufficient for the detection of a transit signal. The results are calculated as a function of the tested
planetary radius r,o and shown for the two binned scenarios, i.e., (1) ASTEP (blue, dotted) and BESTII
data (red) each binned to 30 min intervals, and (2) ASTEP data (blue, solid) binned to the same photon
noise level opy, as the corresponding BESTII data set (red). The upper panels display the corresponding
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stars N, (right y-axis) that have to be observed for one detection (i.e., using Equation [B) with Nget = 1,
an average value of f; = 0.05 and the planet fraction fpo = 0.43% (Cumming et al! l2008)).

Table 4: Photometric noise levels and exposure
times AT of joint BESTII/ASTEP observations.

FIELD  DATA SET AT or A fog

Exo2 ASTEP 70s  3.4mmag 16.1 ADU
BESTII 120s  2.4mmag 12.6 ADU

Exo3 ASTEP 70s  2.8mmag 24.5ADU
BESTII 90s 4.3mmag 15.9ADU

NOTE.—The limiting noise o, (unbinned) and the back-
ground flux Afy,, are determined by fitting Equation (2))
to each rms plot (T, o).

ments over the whole observing season.

Since the photometric quality obtained in the
data sets Exo2 and Exo3 is promising to find tran-
siting planets, both the individual and the com-
bined time series have been searched for transit
signals. This yielded a number of planetary can-
didates that have first been subject to a range of
photometric false alarm tests. For candidates that
passed them, follow-up observations have been
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planned. Since they are still ongoing, the results
on this transit survey will be presented once it is
concluded. The work here, however, aims to com-
pare the two sites in terms of their potential for
transit search, since the actual yield is strongly re-
lated to the underlying target fields and the two
telescopes that obtained them. In this section,
the influence of the photometric quality on transit
search is thus assessed in a more general context
by estimating the detection yield using the model
described in Section 41

The photometric precision largely depends on
the amount of light collected within a period of
time. As such, it depends upon the exposure time,
telescope aperture, CCD sensitivity, and cadence
between two adjacent measurements. The result-
ing systematic difference is addressed in two sce-
narios, which are summarized in Table Bl In the
first scenario, BESTII data are binned into inter-
vals of Atélh)] = 30min in order to keep a reason-
able sampling of 2 3 data points during a transit.
Since ASTEP collects more light than BEST II due



Table 5: Binning parameters for Exo2 and Exo3.

BINNING ASTEP BESTII

SCENARIO 1 ....... same Opp ...
— Exo02 9.0min; 4.5 30min; 6.1
— Exo03 6.1min; 2.7 30 min; 4.8
SCENARIO 2 ...... same Atpig ««-...
— Exo02 30min; 15.1 30 min; 6.1
— Exo3 30 min; 10.4 30 min; 4.8

NoTE.—The table gives the binning interval Aty;, and
the average number ny;, of measurements per bin for
each data set and investigated scenario.

to its larger aperture and smaller readout time, a

shorter binning interval Att(>2n)1 is used for ASTEP
such that it achieves the same photon noise level
oph as BEST II within 30 min (see Appendix [C] for
details). In a second scenario, ASTEP data are
as well binned to intervals of 30 min in order to
compare the actual instrument performance.

The number Ng/n of light curves suitable for
transit search is calculated as a function of plane-
tary radius r,g for each scenario. The results are
compared based on the fraction fs/n = Ng/n/Nx,
since the stellar count N, itself depends on the size
of the FOV; as such, it is driven by the project
design and not a site characteristic. Furthermore,
the two angular resolutions yield a different degree
of contamination (see Appendix [A2]); however, its
influence on the results is largely reduced by ex-
cluding stars from the simulation that deviate by
more than 0.5mag from catalog values (see Ap-
pendix [B).

Figure [ displays the results in each target
field and binning scenario. For Exo2 (Figure [Th),
BEST I yields a better fraction fg/n than ASTEP
for large planets (rpo > 0.6 ry; by 184-299% larger
with the same photon noise level, and by 46-72%
with the same binning interval). ASTEP yields
values of fg/n similar to BESTII only for very
small planets (rpo < 0.37;). For Exo3 (Figure[Tb),
the ASTEP fg,y is up to 79% better than BESTII
if both data sets are binned to 30 min. However, if
the comparison is made at the same photon noise
level, the fraction fs,y is up to 107% higher for
BESTII, whereas ASTEP again yields a larger
fraction for very small radii (by 4-25% larger for
rpo < 0.47;). However, as can also be seen in Fig-
ure [ about five million stars would have to be
monitored in order to obtain a reasonable detec-
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tion probability in this regime of small planets, so
that either project does not provide a sufficient
precision for detecting Neptune-sized planets in
these two data sets.

Overall, the transit detection efficiency of
ASTEP and BESTII can be considered well com-
parable; a significant advantage to detect smaller
planets from Antarctica is not evident from these
two data sets. Environmental conditions that are
expected to yield smaller noise levels at Dome C
(such as scintillation) can thus not form the dom-
inant term in the overall noise budget for bright
stars. Instead, remnant systematic trends are
more likely to have limited the photometric preci-
sion at both sites in this data set.

6. Duty Cycle

In addition to the photometric precision, the
transit detection yield is constrained by the obser-
vational duty cycle. This section investigates its
influence on the detection yield for the two inves-
tigated large data sets. For that, the timing pa-
rameter f; serves as the most important quantity,
since it is directly proportional to the detection
yield and can readily be computed from the ob-
servational phase coverage pc3(p) (Equation (BG]).
In the following text, Section [6.Ilfirst describes the
efficiency for each individual site, while Section [6.2]
focuses on the potential advantage of combining
data from Antarctica and Chile for transit search.

6.1. Individual Time Series

Figure B displays the observational coverage
pes(p) of three or more transits for both fields and
projects. It shows that ASTEP data cover orbital
periods up to 2-3days completely, while the ad-
ditional BESTII observations are confined to pe-
riods of less than a day. For ASTEP, this yields
ft = 0.0463 for the field Exo2 and f; = 0.0438
for Exo3 (see also Table [l), while the BESTII
observations alone are far too sparse to provide
a reasonable phase coverage (f; ~ 0.001). The
Antarctic site thus provides a performance within
16 nights that typically requires a whole observing
season at a midlatitude site. (BESTII typically
achieves values of f; = 0.04-0.05 during a whole
campaign covering 30—40 observing nights.)



Orbital period [days] Orbital period [days]

<> 0 1 2 3 4 5 6 7 8 9 10 <> 0 1 2 3 4 5 6 7 8 9 10
2 100T T T S 100 T —r T T T
E L ASTEP 4 E L ASTEP 4
5 L ‘ BEST 1l 4 5 L BEST Il 4
o 80F both  e— . 80 both  e—
@ L u ] % L 1
: T 1 5 0 f
£ eof l 4 £ eof ‘ .
M r 7 M r 7
»e L | ] »e L " ]
s 40r & B £ 4or w B
s o e by |
FIRT R :
s L e 18 ])\M , F | ]
g of WL N ‘ - 14 ot (LN I NATWAI
°© 0.00 0.02 0.04 0.06 0.08 0.10 °© 0.00 0.02 0.04 0.06 0.08 0.10

Semi—Major Axis [AU] Semi—Major Axis [AU]

(a) Exo02 (b) Exo03

Fig. 8.— Phase coverage p.3(p) of three or more transits for the two ASTEP fields as a function of possible
orbital periods p. The coverage is shown in red for the BEST II data, and in blue for ASTEP. The violet line
gives the orbital coverage that is obtained using the joint time series. The lower axis gives the corresponding
semi-major axis for a solar-mass star. See Figure [Il for a graphical representation of the corresponding
observational window functions.

JD-2455000
395 400 05 410
B Y L B R L B T e — T 5
13.20 it SR i i i { -
I
o AR | B
13.30F ‘ ”""l‘ hf; i i P TR * ! "'—:
L L L " | L " L 1 L L " " | L ' L L | n L 4
g ARADN AARAAN WA
= WYY Y YWY Yo
407 408 4(;9 4;0 41l 1 412
(a) Short periodic variable (Ex02_026332)
JD—-2455000
400 405 410
N D T Ty
. AR

399 410 an 412
(b) Eclipsing binary (Ex02.028863)

Fig. 9.— Examples of two joint BESTII/ASTEP light curves. The upper plots show the whole light curve,

while the lower plot enlarges interesting sequences (gray shaded). Blue points indicate ASTEP measurements,
BESTII data appear in red.

12



6.2.
6.2.1.

The combination of ASTEP and BESTII data
(Section [2)) yields very homogeneous light curves
for bright stars (m < 15mag), i.e., the mag-
nitude range that is most interesting for transit
search. However, a case-by-case comparison in
Appendix [A.2] shows that significantly different
photometric noise levels can be encountered be-
tween the two telescopes for fainter targets; as is
discussed there in more detail, the difference in an-
gular resolution is considered the dominant cause
for this effect.

Most importantly, a transit search is also feasi-
ble in the combined time series: Adding BESTII
to ASTEP data (~ 10% more points) again yields
very precise light curves, i.e., the fraction of stars
with mmag-precision does not decrease (4.4% for
ASTEP alone, and 4.3% for matched time series;
see Table[2). Detection yield simulations for com-
bined time series also indicate that the high pho-
tometric quality is sustained after adding BEST IT
data: They show that the fraction fs,n of light
curves with suitable S/N to detect Jupiter-sized
planets remains constant for Exo3, and even in-
creases by 18% for Exo02. Altogether, the data
from the two projects can thus be reasonably com-
bined to extend the observational duty cycle.

Joint Time Series

Feasibility of Combination

6.2.2. Ezxamples

Figure[ gives two examples of a joint ASTEP/
BESTII light curve. Two variable stars have been
selected in order to compare the variation: A
short-periodic pulsator (& Scuti type, Figure [Oh)
and an eclipsing binary (EA type, Figure @b).

The first case, Figure Bh, shows how BESTII
time series can fill small gaps between two Antarc-
tic nights and thus yield an almost continuous
duty cycle. Furthermore, both the amplitude and
photometric precision are in very good agreement.
The second case, Figure @b, highlights an im-
portant and anticipated advantage of joint obser-
vations from Antarctica and a midlatitude site:
Since only one eclipse event was observed with
ASTEP, no period could be derived for this eclips-
ing binary from ASTEP time series alone. The ad-
ditional BESTII observations, however, uncover
a second event, so that the period can be con-
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strained. Again, the amplitudes of both events
are in good agreement.

6.2.8. Implications for Transit Search

For transit search in general, the phase cov-
erage is extended towards larger orbital periods
if ASTEP time series are complemented with
BESTII data. Since the detection yield is di-
rectly proportional to the timing probability f;,
this value allows assessment of the effect quanti-
tatively.

In addition to the phase coverage of the actual
time series, the prospects of joint observations are
examined further in a case study; its aim is to
suggest an optimized observing strategy for future
campaigns. The cases studied are shown in Fig-
ure[I0land indicated with letters both in the figure
and the text. They include four scenarios that are
based on actual ASTEP observing dates of target
field Exo2 (ag—da), four on those of Exo3 (az—d3),
and four fully hypothetical scenarios (e1, ea, fi,
fz). A brief description of all cases is given in the
following list.

(a) First, they include the time series as ob-
tained by ASTEP in the 2010 season for the
fields Exo2 (ag) and Exo3 (a3), which are
used as a minimum reference for compari-
son.

(b)

Second, joint observations of ASTEP and
BEST I are reviewed.

(c) Third, BESTII time series have been shifted
back in time by 1, 2, ... days in order to in-
vestigate how much could be gained from an
improved scheduling of joint observations;
the case with the largest value f; is shown

for each field.
(d)

Fourth, the maximum increase that BEST IT
observations could possibly yield is evalu-
ated by assuming an optimal duty cycle in
Chile during nights with observations from

Antarctica.

(e—f) Finally, ASTEP observations are also re-
placed by an optimal time series that could
be obtained between two full Moons, i.e.,
about twice as long as the actual observa-

tions. Cases cover the months of July (eq, f7)



Table 6: Impact of additional BEST IT observations on the ASTEP planet detection yield.

REAL ASTEP TIME SERIES

FIELD Aobs Aobs + Bobs Aobs + Bi}éiSde Aobs + Bmax

Exo02 (a2) 0.04630 (bs) 0.05189 (+12%) (c2) 0.05223 (+13%) (d2) 0.06144 (+33%)

Exo03 (a3) 0.04381 (bs) 0.05173 (+18%) (c3) 0.05207 (+19%) (ds) 0.05527 (+26%)
MAXIMAL ASTEP TIME SERIES

MonTH Amax Amax + Bmax

July (e1) 0.08629 (f1) 0.09650 (+12%)

August (e2) 0.07198 (f2) 0.08563 (+19%)

NoTE.—For each case studied, the table gives the timing fraction f: (Equation (Bfl)) that is proportional to the planet
detection yield (Equation (@3)). Cases include real ASTEP (Agps) and BESTII (Bobs) time series, shifted time series (Bshifted),
as well as hypothetical scenarios (Amax, Bmax); see the text for a detailed description. In addition, the table shows the relative
improvement of f; compared to the reference case (bold) of ASTEP observations alone.

|

(c2) (d2) (c3)
Exo02

Exo03

]

(ds3) (e2) (f2)

Full month runs

Fig. 10.— Case study for joint observations of ASTEP and BEST II, based on actual observations of field
Ex02 (as—d2), Exo3 (ag—d3), and fully hypothetical time series (e—f). Axes and colors as in Figure Il For

case descriptions, see the text.

and August 2010 (eq, f3), whereby the two
cases (e) only include observations from
Antarctica, and (f) complement these with
an optimal duty cycle from Chile.

The impact of these different scenarios on the
planet detection yield is quantified in Table[Gl For
each case, it gives the timing factor f; and the rel-
ative increase of the ASTEP detection yield due
to additional BEST IT observations.

The actual ASTEP observations of fields Exo2
and Exo3 alone yield timing factors f; of 0.044-
0.046 (a). If BESTII data are added (b), the fac-
tor f; increases by 12-18% to 0.052 for both fields.
The slight offset between ASTEP and BESTII
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time series seems to have a negligible impact,
as a shift would at most have increased f; by
0.00034 (c). However, if more observations were
taken from Chile and scheduled optimally with
ASTEP (d), f: could be raised significantly up
to 0.055-0.061, i.e., the detection yield could be
increased by 26-33% compared to ASTEP alone.

A relative increase of 12-19% due to addi-
tional observations from Chile would even be en-
countered if ASTEP and BESTII observed the
two fields continuously during one month (cases e
and f): the factor f; raises from 0.086 to 0.097 for
July, and from 0.072 to 0.086 for August, respec-
tively. As expected, the impact of complementary
BEST I observations increases with the length of



observing interruptions experienced during noon
in Antarctica.

7. Summary and Discussion

This study presents first joint observations
from Antarctica and Chile: The known transit-
ing planet WASP-18b and two target fields were
monitored together with ASTEP and BESTII in
2010. For the two target fields, ASTEP measure-
ments span 25 nights and include 94,965 stars,
while BESTII obtained 224,552 light curves dur-
ing 18 nights; joint observations are available for
58,822 stars. Their comparison aims at a first
quantitative evaluation of the potential for tran-
sit search at Dome C that is solely based on real
photometric time series. Particular attention was
paid to the photometric precision and observa-
tional phase coverage, which are both expected to
yield advantageous conditions for transit searches
in Antarctica.

For a single transit of WASP-18b, ASTEP
yields an unbinned, out-of-transit standard devia-
tion of 1.9 mmag. The data from Antarctica thus
show a smaller noise level compared to 2.6 mmag
achieved with BEST II. However, the difference
is not in the order of a factor 2—4 as expected
from a smaller scintillation noise (Kenyon et al
2006), indicating that unfiltered stellar variability
and/or systematic effects still contribute signifi-
cantly to the noise budget of either light curve.
An analysis of the two large data sets from both
telescopes showed that their photometric quality
as well is excellent, reaching a precision of 2-
4 mmag for bright stars from both Antarctica and
Chile over each observing campaign. However, the
photometric precision is very similar: A simula-
tion shows that BEST IT and ASTEP overall yield
a well comparable detection yield for a range of
planetary radii. An advantage to find significantly
smaller planets from Antarctica is thus not evident
from these first data. Whether the limiting noise
component is an inherent site characteristic or can
be further decreased will become more apparent
while the experience with the ASTEP 400 system,
its unique environment, and the data reduction
grows through continued operation. In this re-
spect, it would also be most interesting to directly
compare the photometric quality with another
Antarctic site, e.g., with data from one of the
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Antarctic Survey Telescopes (AST3; [Li & Wang
2013) at Dome A.

In contrast to the photometric quality, the long
polar night yields a clear advantage for transit
search in Antarctica. Within two weeks of ob-
servations, ASTEP yields a detection for planets
at short periods that can only be achieved dur-
ing a whole season from Chile. For the first time,
light curves from Antarctica and Chile were com-
bined in order to extend the observational duty
cycle. A case-by-case comparison showed that the
photometric systems of ASTEP and BEST II com-
pare well and such a combination is practicable to
the precision needed for transit search. If BESTII
observations are added, the yield increases by 12—
18%. Furthermore, a case study has shown that
a similar relative increase is even encountered if
the duty cycle of ASTEP was extended further,
and could be increased up to 26-33% if BEST II
observations could be obtained in parallel to each
night with observations from Antarctica.

Thus, such network observations can indeed
increase the detection yield significantly com-
pared to time series obtained from Antarctica
alone. Note that a key advantage of the com-
bination Chile-Dome C is its large longitudinal
separation (166°), and slightly less favorable con-
ditions are expected from combining a Chilean
site with another Antarctic observatory such as
Dome A (148°) or Dome F (110°).
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A. BESTII/ASTEP Case-by-Case Comparison
A.1. Photometric Systems

In order to evaluate differences in both photometric systems quantitatively, catalog colors have been
obtained for matched stars: (B — R) from USNO-B1.0 (Monet et al!2003) is used in the blue, and (J — K)
from 2MASS (Skrutskie et al! M) in the red part of the spectrum. For each star, they are compared
with Am (Equation (), which is expected to increase as a function of both. Figure [[1] shows the analysis
for the stars in target field Exo3. A linear fit to the data yields

Am[(B—R)] = (—0.266+ 0.006) mag+ (B — R) - (0.030 = 0.005)
Am[(J - K)] = (—0.404+0.011) mag+ (J — K) - (0.20 £ 0.02) .

The smaller number of matched stars in Exo2 show a very similar relation.

(A1)
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Fig. 11.— Magnitude difference Am between BEST IT and ASTEP (Equation () in field Exo3 as a function
of stellar colors. The left plot uses (B — R) from the USNO-B1.0 catalog (Monet et al!l2003), the right plot
(J — K) from 2MASS (Skrutskie et all2006). Black dots represent individual stars; the background color
indicates their number density. A linear fit based on Equation (A7) is shown by the white dotted line. (Only
stars with 777 < 15mag are shown and used for the fit, since fainter stars exhibit large color uncertainties.)

A.2. Magnitudes and Photometric Precision

The light curve combination allows a comparison of ASTEP (indicated with “A” in the following) and
BESTII (“B”) photometry for each matched star individually: The left panel of Figure [[2] shows the mean
magnitudes 7 and P that are used for the base level adjustment (Equation (I)). The middle panel shows

both standard deviations, i.e., the pairs (¢/*,07), and compares them to the respective o-fits of Figure @

10 3
When UZA and of are being compared without accounting for systematic differences between the two
instruments, the majority of stars shows lower overall photometric noise levels in BEST II data compared to
the respective ASTEP measurements. However, the deviation increases with the magnitude difference |[Am)|
between BESTII and ASTEP, as the color coding of Figure [[2 indicates; potential interpretations of this
effect are being discussed in the following text.

Different exposure times AT4,p (Table M) and telescope apertures D 4 ;B alone cannot explain it, since

that would yield
o8B Dj g ATy ATy
Y= == — = 1.4065 - 4/ for BESTII/ASTEP A2
O'A DB ga ATB ATB or / ( )

K2

for identical photometric systems (with gain factors ga,p), i.e., a noise ratio that is independent of the
stellar magnitude. Therefore, two alternative hypotheses have been investigated: Differences between the
photometric systems or the angular resolution of both telescopes.
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Fig. 12.— Direct comparison of ASTEP and BESTII photometry for each matched star ¢ in data sets

(a) Exo2 and (b) Exo03. Left panels show mean magnitudes (7', m?); the red line denotes m* = m®.

Light curve standard deviations (af‘, oB) are shown in the middle, while right panels compare the shifted
BEST I noise level 08" = ¢B . 10704Am: with g2, In the middle and right plots, the red line denotes the
expected relationship between o4 and o for m* = WP using the rms fits o4 (M) and ¢ (M) (red lines
in Figure ). For comparison, the black dashed line shows the expected dependency from photon noise only
(Equation ([A2))). The absolute magnitude difference |Am| (Equation () is shown in blue as indicated in
the color bar.

First, the magnitude difference Am between both systems shows a slight color dependence. Hence, the
noise level is also expected to vary with the stellar color: With the assumption of photon noise only, i.e.,
o = 1.0857-6f oc f~1/2 it follows that o /o oc 10°-22™:, However, the derived color dependency of Am
(Equation (&) is too small to explain differences up to an order of magnitude between o and o*: With
Am > —0.5mag, it follows that only o? > 0.8 - 0.

Second, the BESTII pixel scale is larger (1.5”/Px compared to 0.9”/Px for ASTEP 400). Therefore,
BESTII fields are more affected by crowding, i.e., more stellar apertures overlap each other than in the
ASTEP data. In turn, this yields a systematic magnitude difference mp < m 4 and hence, negative differences
Am for contaminated stars. In addition, overlapping apertures yield an underestimation of brightness

variations such that -
dm = dmy - 100407 =70) (A3)

whereby T and dm; refer to the target’s mean magnitude and variation, respectively, and 7 and dm denote
the corresponding values for the whole aperture, i.e., including the target and contamination. To test the
relevance of crowding in the two data sets, a shifted value 02" was calculated from the initial photometric
noise o2 of BESTII using Equation (A3) and the assumption that magnitude differences Am; are solely
caused by contamination. The right panel of Figure compares o7 " with the corresponding (unshifted)

ASTEP noise 0. Tt shows that the large majority of BESTII light curves with initial values of 07 < o1
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distribute smoothly around the noise dependency that is expected from the photometric quality of both data
sets.

Thus, the analysis suggests that crowding introduces significant systematic differences to absolute and
relative brightness measurements, although the pixel scale of BESTII is only 1.7 times larger compared to
ASTEP. This is particularly important for fainter stars (m = 15mag) in both fields, which are, however,
less interesting for transit search. Also note that this bias is taken into account for the calculation of the
detection yield by excluding stars with mean magnitudes that deviate significantly from their respective

catalog value (Appendix [B]). For bright stars, the photometric precision of both instruments compares well
(see Figures M and [12]).

B. Detection Yield Calculation

The calculation of the estimated detection yield Nget in this study is based on the general description

0 Naw, dn_ df(ry,p)
. — pu(r1,b) 1? G P)
rp dp dM, dr dl db dM, dry, dp

: pdct(M*;T; T;Dap)v (Bl)

given by Beatty & Gaudi (2008). Therein, 7, [, and b specify Galactic coordinates
(

p. The function pget descrlbes the probability that a planetary system around a star of mass M, at distance
r presents a detectable transit. It comprises the probability p, for a transit geometry (see, e.g., Barnes
2007, Equation (8)), observational coverage pyin of the transit, and the probability ps/n of a sufficient
signal-to-noise ratio (S/N), i.e.,

, dM the present day

mass function, and Tp P ) the probability that a star will possess a planet of radius r, and orbital period
Tp

pdet(M*a/ra Tpup) = pS/N(M*a/ra Tpvp) pq(p) 'pWil’l(p)' (B2)

In order to estimate Nget for a given data set by using Equation (BIl), we made some reasonable assumptions.

First, the calculation can be simplified by assuming a single planetary radius of interest (r, = rp0), and
by neglecting the period dependency of the probability ps/n for a system to show a detectable transit, i.e.,

PS/N(M*J“, Tps D) ”PS/N(M*W) +6(rpo). (B3)

The latter assumption can be made since the number of transits covered with ASTEP/BEST II observations
is typically constrained to a small range of ~ 2—4 events, so that averaging individual transits does not yield
a significant difference in the detection sensitivity within the relevant period range.

Second, the probability df (p)/dp that a star possesses a planet of radius 7,9 is approximately constant if
the period range [po,pi1] is small (e.g., for hot Jupiters). Thus, it can be estimated with a mean value fyo,

ie.,
P d
o= [ L2 dp =) 2 (B1)

Finally, integration of Equation (Bl yields Equation (@), whereby

dn
NS/N—////p* r,1,b) % cosb —— VR - ps/N(My,r) dr dl db dM, (B5)

describes the number of stars in the field with a sufficient S/N to detect a transit, and the timing factor

1
P1— Do

fi= / " Pg(p) - Pwin(p) dp (B6)
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encompasses the observational coverage pwin(p) folded with the geometric probability p,(p). The latter is
calculated using Kepler’s third law, and the approximations e = 0, 7, = re, My > My, and 7, > 7p, thus
yielding

Te + Tpo
pg(p) =~ pTg;p (B7)

(with p in years, r and rp in astronomical units).

The calculation of Ng,n requires more knowledge than is usually available a priori: Since the stellar
radii determine the transit depth, any comparison between the achieved precision and the precision that is
actually necessary for transit detection requires information about the stellar population in a given field.

The modeling of stellar fields and its link to observational data now presented follows the approach of
Bayliss & Sackett (2011).

First, the Besancon model of the Galaxy (Robin et al.[2003) is used to assess the stellar content of target
fields. For each pointing, stars are simulated within the magnitude range R € [10,17], and the results
are compared and adjusted to catalog data. For the target fields of this study, the total number difference
between model and star catalog is minimal for a low interstellar extinction (parameter a,, = 0.0-0.1 mag/kpc),
and the R band of the GSC2.2 catalog (Lasker et all[2008) showed the best agreement with the Besancon
results from a group of several catalogs tested (e.g., UCAC3, USNO-A2, NOMAD; for a direct comparison
with GSC2.2, see also [Reylé et all (2010); ICrouzet et all (2010) use the same combination in a very similar
context).

Second, each ASTEP/BESTII star is matched with the GSC2.2 catalog (within 2” radius), and the
median difference §m between instrumental magnitudes m; and the GSC2.2 R band is calculated. Since the
same catalog as in the first step is used, shifted magnitudes 7; + dm match the Besancon catalog reasonably
well, and the stellar content can be compared homogeneously.

Third, each simulated star i is assigned a photometric noise level o5™ that is typical for its magnitude m$™
in the given data set. For that, each light curve is binned to a typical transit time scale of 30 minutes, and the
corresponding standard deviation o is calculated. The noise 5™ is then determined as a random value
following the oP-distribution of all light curves with similar brightness, i.e., having |mi +dm — mfim‘ <
0.04mag. In order to limit the effect of crowding and other systematic factors, only stars which differ by
less than 0.5 mag from their corresponding catalog magnitude (i.e., with |[m; 4+ dm — m§*| < 0.5mag) are
included in the determination of o§'™ (see also Appendix [A.2).

With o$™ at hand, it is possible to estimate if the photometric precision of star i allows the detection of
a transiting planet with radius rp9. In the following,

2
oS < ¢ §F with 6F = <TL°) (B8)

Tx

is used as a simple criterion for sufficient S/N. As in Equation (B3]), the period dependency on the detection
threshold is considered small. Tests to detect artificial transit signals in BEST II data using the Box-fitting
Least Squares algorithm (BLS; [Kovacs et all|2002) yielded an approximation of ¢ =~ 0.64. Note that since
both o5™ and c refer to photometric data binned to 30 minutes, the simulation also enables comparing the
detection yield between data sets that are obtained with a different time sampling.

The stellar radii r, for §F in Equation (BS)) are derived from the masses M, (Besangon output) using the
power law (Cox 12000)
logg (r+/re) = 0.917log;, (M,/Mg) — 0.020 (B9)

for the main sequence. Other luminosity classes are disregarded for possible detections, as planetary transits
for these are generally well below the threshold of the surveys investigated in this work. The simulation
is repeated five times for each star and yields Ng/n = fs/n - Ny, i.e., the number of dwarf stars for which
Equation (BS) holds, whereby N, denotes the total count of simulated Besancon stars.
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C. Photon Noise Adjustment Through Binning

This section describes how photon noise opy, can artifically be equalized between photometric time series
that have been obtained under different instrumental conditions. If npi, photometric measurements are
binned, the number of detected electrons is

Ne=npin- f 9, (C1)

whereby ¢ denotes the gain factor (in e~ /ADU) and f the flux of a single exposure measured in ADU. The
value N, determines the photon noise and is directly accessible from the photometry. Using the magnitude
definition and opn = Ne Y 2, the condition og‘h = ofh is obtained, if

nit = 9B 1004@ms—bma) B (C2)
ga

The index A/B identifies ASTEP/BEST II parameters, and dm = median(m$** —m;) denotes the magnitude
shift applied during data reduction (m;] = my; + om for each observation j) in order to adjust the mean
instrumental magnitudes (7;) to the corresponding catalog values (m$*). For the two large data sets of
this study, Equation (C2)) yields nii = 0.74nZ _for field Exo2, and n{t = 0.55n,  for Exo3, respectively.
With Atl()lir)l = 30min for BEST II data, these ratios are realized using an ASTEP binning interval of 9.0 min
for Exo02, and 6.1 min for Exo3, respectively.

An alternative way to equalize the photon noise levels is to take the different characteristics (telescope size,
exposure time, CCD gain) directly into account by using Equation (A2). This approach yields comparable
results (n{;‘in = 0.67 nfin for field Exo2, and n{;‘in = 0.50 nfin for Exo3, respectively). However, it does not
reflect any additional instrumental effects (e.g., due to differences in the optics), whereas the chosen approach
directly relates to the photometric signal and is thus considered to yield a more accurate comparison.
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