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ABSTRACT
Wide-field photometric surveys in search of transiting extrasolar planets are now numerous and

have met with some success in finding hot Jupiters. These transiting planets have very short

periods and very small semimajor axes, facilitating their discovery in such surveys. Transiting

planets with longer periods present more of a challenge, since they transit their parent stars less

frequently. This paper investigates the effects of observing windows on detecting transiting

planets by calculating the fraction of planets with a given period that have zero, one (single),

two (double), or �3 (multiple) transits occurring while observations are being taken. We also

investigate the effects of collaboration by performing the same calculations with combined

observing times from two wide-field transit survey groups. For a representative field of the 2004

observing season, both XO and SuperWASP experienced an increase in single and double transit

events by up to 20–40 per cent for planets with periods 14 < P < 150 d when collaborating

by sharing data. For the XO Project using its data alone, between 20–40 per cent of planets

with periods 14–150 d should have been observed at least once. For the SuperWASP Project,

50–90 per cent of planets with periods between 14–150 d should have been observed at least

once. If XO and SuperWASP combine their observations, 50–100 per cent of planets with

periods less than 20 d should be observed three or more times. We find that in general wide-

field transit surveys have selected appropriate observing strategies to observe a significant

fraction of transiting giant planets with semimajor axes larger than the hot Jupiter regime.

The actual number of intermediate-period transiting planets that are detected depends upon

their true semimajor axis distribution and the signal-to-noise ratio of the data. We therefore

conclude that the investment of resources needed to investigate more sophisticated photometry

calibrations or examine single and double transit events from wide-field surveys might be a

worthwhile endeavour. The collaboration of different transit surveys by combining photometric

data can greatly increase the number of transits observed for all semimajor axes. In addition,

the increased number of data points can improve the signal-to-noise ratio of binned data,

increasing the chances of detecting transiting extrasolar planets.

Key words: methods: observational – planetary systems.

1 I N T RO D U C T I O N

Many groups have searched for transiting extrasolar planets, for

example, VULCAN (Borucki et al. 2001), STARE (Brown &

Charbonneau 1999), OGLE (Udalski et al. 2002), SuperWASP (Pol-

lacco et al. 2006), HAT (Bakos et al. 2004), XO (McCullough et al.

2005) and TrES (Alonso et al. 2004), and have been successful at

�E-mail: scfleming@astro.ufl.edu

detecting so-called hot Jupiters (Udalski et al. 2002; Alonso et al.

2004; Bouchy et al. 2004; Konacki et al. 2004; Torres et al. 2004;

McCullough et al. 2006; Bakos et al. 2007a; Cameron et al. 2007),

etc. These planets are characterized by extremely short periods and

small semimajor axes, increasing their photometric detectability.

Planets orbiting in the Habitable Zone (HZ) of main-sequence stars

have periods significantly longer than the orbital periods of hot

Jupiters and lower geometric transit probabilities. Ground-based,

wide-field photometric surveys typically examine a region of sky for

only a few months, and therefore the maximum number of HZ planet
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transits observable per year is only one or two. These transits are

not sufficient to unambiguously measure the actual period. How-

ever, combined with radial velocity follow-up and further photom-

etry measurements, it might be possible to use these transits as the

starting point for detecting transiting ‘Temperate’ Jupiters.

Because follow-up telescope time is competitive and expensive,

only those targets with many detected transits and very well-defined

periods are usually considered for spectroscopic follow-up. In this

paper, we define a ‘single transit event’ as a transiting companion

for which only one transit was observed or detected, likewise, a

‘double transit event’ is one where only two transits were observed

or detected. Some of the single or double transit events could be

intermediate-period transiting companions, or they could be short-

period companions where additional transits were not detected. In

this paper, we make a distinction between an ‘observation’ and a

‘detection’. An ‘observation’ means a telescope was observing a

star while a transit was occurring, while a ‘detection’ means that

in addition, the signal-to-noise ratio of the data is sufficient for

data-reduction software to detect the event. Detecting a transiting

planet depends on details like the photon noise of the data, the

number of transits observed, the severity of red noise and choice of

algorithm to correct it and quality of the photometric calibration.

For example, observations can be made during poor weather, while

detections depend sensitively on weather conditions. This paper

therefore investigates the prospects of observing an intermediate-

period planet (defined in this paper as 14 < P < 730 d), an essential

first step in detecting such planets via transit surveys. Our definition

of an intermediate-period planet encompasses the HZ for most F–M

spectral-type, main-sequence stars. Detection probability is the most

important quantity in real wide-field transit search operations, since

it helps determine the yield and the speed at which the discoveries

will be made.

The probability of not observing a given transiting planet is deter-

mined solely by the times of observations. Given a set of dates for

which observations were taken, it is possible to estimate as a func-

tion of period the probability of observing a transiting planet exactly

once, exactly twice, at least three times, or missing it entirely, by

effectively integrating over all possible values of orbital phase. As-

suming that each measurement has equivalent signal-to-noise ratio

and that all measurements are internally consistent (i.e. measured

relative to the same reference), then even measurements without a

transit event can be useful. Given a sufficient number of measure-

ments, enough period/phase combinations can be ruled out to yield

a set of discrete solutions for the period and phase. Combined with

the expected number of transits observed using the numerical tech-

nique presented here, it is possible to estimate how likely the single

or double transit event might be an intermediate-period companion

and hence worthy of further follow-up. The results of this analy-

sis are particularly relevant to single or double-transit events with

extremely high signal-to-noise ratios, such as eclipsing binary stars

for ground-based telescopes or gas giant planets for space-based

missions like Kepler and CoRoT, where the signal-to-noise ratio is

sufficient to allow very precise modelling of a single transit to be

performed, minimizing potentially expensive follow-up time and

resources.

Section 2 briefly discusses some of the scientific motivation for

detecting and studying HZ gas/ice giants. Section 3 estimates the

transit probabilities for intermediate-period planets and describes

how an upper limit on the period can be estimated for single and

double transit events. Section 4 describes the numerical technique

used, while Sections 5 and 6 present the results for the projects

analysed individually and collectively. Section 7 addresses some of

the assumptions used in our technique, and Section 8 summarizes

and concludes.

2 S C I E N T I F I C M OT I VAT I O N

Planets with intermediate-length periods offer insights to several

questions regarding extrasolar planetary science. Data from the

many radial velocity surveys in progress already shows there is an

observed lack of gas and ice giants with periods between 14 d and

a few years (Butler et al. 2006). The lack of planets at these orbital

distances offers an important testbed for planetary migration theory.

The cause of these planets halting migration before reaching the hot

Jupiter regime and their relative frequency is a question that can be

addressed through a partnership of theory and observation.

Extrasolar gas/ice giants with these intermediate-length periods

have the potential to exist in the HZ of their parent star (which we

refer to as ‘Temperate Jupiters’ in this paper). One of the benefits

of transiting extrasolar planets is that it is possible to use precision

timing of the transit to search for other planets, satellites, or ring

systems (e.g. Sartoretti & Schneider 1999; Doyle & Deeg 2004).

Due to the close proximity of hot Jupiters to their parent stars,

large natural satellites are not dynamically stable over significant

periods of time (Barnes & O’Brien 2002). However, if Temperate

Jupiters have systems of natural satellites then they could represent

potentially habitable worlds outside our solar system, in addition to

HZ planets.

A necessary first step in studying HZ natural satellites is to ob-

serve how many HZ gas/ice giants exist and what their properties are

like. While radial velocity surveys have already detected extrasolar

planets potentially in their parent star’s HZ, transiting HZ planets

offer the capability of directly measuring the planet’s radius, albedo

and chemical composition. Depending on the natural satellite’s or-

bital parameters, it is possible to measure its radius and mass, as

well as estimate its structural composition. It could be that some of

the first terrestrial worlds discovered in the HZ of a main-sequence

star are found as natural satellites of Temperate Jupiters rather than

as HZ planets. Indeed, transiting HZ natural satellites of gas and ice

giants might be more easily detectable and more readily studied in

the near future because the parent planets act as signposts for when

and where to search. Robinson et al. (2007), for example, have dis-

covered two gas giant planets orbiting with semimajor axes between

1–2 au in nearly circular orbits, and are examples of stars that might

have habitable natural satellites.

The detection of a transiting Temperate Jupiter would offer in-

teresting studies in its own right. It is possible to measure a tran-

siting planet’s orbital inclination relative to our line-of-sight. When

combined with m sin(i) planet mass measurements from radial ve-

locity, the extrasolar planet’s mean density can be derived. Already

this has been done for several extrasolar planets with some surpris-

ing results, including planets with larger-than-expected radii and

gas giants with very massive solid cores. Fig. 3 of Bakos et al.

(2007b) offers an example of the wide range of transiting extrasolar

planet mean densities. However, all known transiting planets are

hot Jupiters that reside in extreme environments with very strong

radiation fields. Detecting a transiting extrasolar planet with these

‘intermediate periods’ would allow tests of planetary atmosphere

models without examining only extrasolar planets in strongly ir-

radiated environments. It is also possible to detect the chemical

composition of transiting planet atmospheres via high-resolution

differential spectroscopy (Charbonneau et al. 2002; Vidal-Madjar

et al. 2003, 2004), producing many interesting results applicable

to planetary atmosphere models and interior structure theories. Hot
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Jupiters feature unique effects due to their extreme temperatures,

including atmospheric escape (e.g. Liang et al. 2003; Vidal-Madjar

et al. 2003). The detection of a transiting Temperate Jupiter would

allow for the first chemical composition measurements of a non-

extreme atmosphere outside our own system.

Wide-field photometric surveys will detect many other interest-

ing objects besides extrasolar planets, including many types of vari-

able stars. Diluted eclipsing binaries in particular can be difficult

to distinguish from transiting planets. Grazing or blended eclips-

ing binaries offer a chance at testing the detection capability of a

transit survey, since their transit depths can be similar to that of

transiting extrasolar planets. In addition, the number of low-mass

detached eclipsing binaries is not numerous, despite their use in

determining the stellar mass–radius relationship (López-Morales &

Clemens 2004), the importance of which affects nearly all fields of

astrophysics, including extrasolar planet searches. They are also ex-

cellent tests for stellar evolution models (Lastennet & Valls-Gabaud

2002) and as nearby extragalactic distance indicators (Wyithe &

Wilson 2001). The radii of known eclipsing low-mass binaries and

brown dwarfs have generally been larger than models predict, for

example, Bayless & Orosz (2006), and in the case of a brown dwarf–

brown dwarf binary, the smaller brown dwarf was found to have

(somewhat surprisingly at the time) a greater effective temperature

(Stassun, Mathieu & Valenti 2006), meaning that more systems are

needed to derive better models of the atmospheres of low-mass stars

and brown dwarfs.

3 I N I T I A L D E T E C T I O N

3.1 Probabilities of a transit

The probability of observing a transiting planet is greater for hot

Jupiters than those with longer periods since they transit their parent

stars more frequently and have a greater geometric probability of

being favourably inclined for observation. Following Borucki &

Summers (1984), the geometric probability of an inclination leading

to a transit is given by

Pt = R∗
a

, (1)

where R∗ is the radius of the star, a is the planet’s orbital radius,

and the orbit is assumed to be circular. This is only the probability

of the planet transiting and not of actually detecting the transit.

Other factors such as the signal-to-noise ratio of the data determine

the detectability of a transit. Jovian planets in the HZ of a star

will therefore have a lower geometric probability of transiting their

parent star, making them an intrinsically rarer find.

The determination of the exact boundaries of the HZ is a very

complex matter involving climate theories, stellar evolution, atmo-

spheric models and planetary orbital parameters. For simplicity, in

this work we assume that the present-day HZ of a star is such that

the star’s bolometric irradiance at the surface of the planet is equal

to that of the Sun’s at the Earth, that is, the HZ is centred around a

distance given by

aHZ = 1 au

√
L

L�
, (2)

where L is the bolometric luminosity of the star and L� is the solar

bolometric luminosity. More detailed studies of the HZ can be found

in Kasting, Whitmire & Reynolds (1993), Turnbull & Tarter (2003),

Jones, Sleep & Underwood (2006), and references therein. Gould,

Ford & Fischer (2003a) used the above assumption to show that

Table 1. Geometric probabilities (Pt) of transits and orbital periods (P) for

planets in the HZ of select spectral-type stars. M∗ is the primary star’s mass,

L is the star’s bolometric luminosity, R∗ is the star’s radius and aHZ is the

distance to the centre of the HZ for that particular star.

Spectral type M∗a log L
L�

b
R∗a aHZ Pt P

(M�) (R�) (au) (per cent) (yr)

O5 60 5.7 12 710 0.0080 2400

B0 17.5 4.3 7.4 140 0.025 400

B5 5.9 2.9 3.9 28. 0.065 61

A0 2.9 1.9 2.4 8.9 0.13 16

A5 2.0 1.3 1.7 4.5 0.18 6.7

F0 1.6 0.8 1.5 2.5 0.28 3.1

F5 1.4 0.4 1.3 1.6 0.38 1.7

G0 1.05 0.1 1.1 1.1 0.46 1.1

G5 0.92 −0.1 0.92 0.89 0.48 0.87

K0 0.79 −0.4 0.85 0.63 0.63 0.56

K5 0.67 −0.8 0.72 0.40 0.84 0.31

M0 0.51 −1.2 0.60 0.25 1.1 0.17

M2 0.40 −1.5 0.50 0.18 1.3 0.12

M5 0.21 −2.1 0.27 0.090 1.4 0.059

M8 0.06 −3.1 0.10 0.028 1.7 0.019

aAllen & Cox (2000). bCox (2000, p. 389).

presently astrometry offers the best means of detecting HZ planets

orbiting massive stars, primarily A and F spectral types. Astrometric

detection signals depend directly on the size of the planetary orbit,

and the HZ for more massive stars is located at a greater distance.

Complementary to that, the method of transit photometry is more

sensitive to planets with small semimajor axes since the probability

of a planet transiting is inversely proportional to its semimajor axis.

The transit depth is also larger for stars with smaller radii. Therefore,

transit photometry is best able to detect HZ planets around less-

massive stars, especially G, K and M dwarfs. In fact, Gould, Pepper

& DePoy (2003b) have shown that although present transit searches

are most sensitive overall to planets orbiting G-type stars, they are

best able to detect HZ planets around M-type stars.

The geometric transit probability and the approximate semimajor

axis of a planet in the HZ for various spectral types are calculated

using equations (1) and (2), respectively, and shown in Table 1.

It also contains the period of a Jupiter-mass planet in a circular

orbit via Kepler’s Third Law and the stellar parameters found in

the table. As mentioned in Section 7, the assumption of circular

orbits means these geometric probabilities are approximate lower

limits. The values presented in Table 1 are only representative but

are sufficient for demonstrating geometric transit probabilities of

HZ planets.

For most spectral types, the probability of detecting a transiting

HZ planet via a single-site transit survey is small because the orbital

periods are greater than the duration of a typical observing inter-

val for a field (nominally ∼90 d). Even if such a survey observes

continuously the planet may never transit during the three-month

observing interval. Collaboration amongst projects or multisite ob-

servatories at different longitudes can expand a typical observing

interval from two to three months for a given field out to more than

six months, increasing the chances of observing an intermediate-

period transiting planet. This will be discussed more in Section 6.

For the purposes of this paper, I explore period ranges from 1 to

730 d (this includes the HZ range for stars that are the focus of

radial velocity and transit surveys, that is, mid-F through M spec-

tral types). ‘Intermediate-period’ generally refers to periods ranging

from 14-730 d in this paper, unless stated otherwise.
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3.2 Information from the light curve

Efforts are underway to detect the transits of intermediate-period

planets already known by radial velocity measurements (Seagroves

et al. 2003). Indeed, several planets have been shown not to transit.1

HD 17156b with a period of 21.2 d is an example of a planet that was

found by Barbieri et al. (2007) to transit after it was discovered via

radial velocity (Fischer et al. 2007). Another approach is to perform

wide-field searches photometrically and confirm candidates with

radial velocity follow-up. A Jupiter-sized planet around a G2 V

star produces a transit depth of approximately 1 per cent, which is

detectable using small-aperture telescopes.

Most transit detecting algorithms, including the BLS method

(Kovács, Zucker & Mazeh 2002), could detect single transit events

that might be intermediate-period companions. However, since there

is no periodicity shown and the light curve is ill-defined, the period

cannot be tightly constrained based solely on the light curve. Once

such a detection is made there are a few properties that can be

approximated. First, the spectral type of the parent star needs to be

determined and the stellar mass estimated, for example, by obtaining

medium-resolution spectroscopy of the target star. Once the spectral

type of the parent star is known, the radius can be estimated via the

stellar mass–radius relationship R∗ = kMx
∗, where k = 1 and x = 0.8

for F–K main-sequence stars (Cox 2000, p. 355). Provided the spec-

tral resolution is high enough, it is possible to distinguish diluted,

double-lined eclipsing binaries at this point. Finding low-mass, de-

tached eclipsing binaries has several applications, as discussed in

Section 2.

The depth of the transit can be approximated by taking an average

of the transit data points. Once the depth is approximated, it is

possible to calculate the radius of the planet using the relationship

Rp = R∗
√

d, where Rp is the radius of the planet, and d is the depth

of the transit.

Assuming a circular orbit for simplicity, limits on the transit du-

ration can be obtained by measuring the time between the measure-

ments before and after the transit has occurred. This constraint will

depend on the observing window of the data, that is, on the number

and length of gaps in the photometry. Section 7 discusses the effects

of eccentricity on the transit duration and the effect it has on our

results. Using Kepler’s Third Law, the equation for the transit dura-

tion (Dt), and the constraint on Dt, it is possible to solve the system

of two equations and obtain an initial value for the period, P (see

Seager & Mallén-Ornelas 2003, for details on analytic solutions to

transit equations). The transit duration is given by

Dt = P

π
arcsin

{
R∗
a

√
(1 + Rp/R∗)2 − [(a/R∗) cos i]2

1 − cos2 i

}
, (3)

where i is the orbital inclination to our line-of-sight and a is the

orbital semimajor axis. Kepler’s Third Law for a circular orbit is

given by

P2 = 4π2a3

G(M∗ + Mp)
, (4)

where G is the Gravitational Constant and M∗ and Mp are the masses

of the star and planet, respectively. Solving for a in equation (4) and

substituting into equation (3) with i = 90◦, it is possible to obtain a

relationship between Dt and P:

Dt = P

π
arcsin

{
(R∗ + Rp)(4π2)1/3

[G(M∗ + Mp)P2]1/3

}
. (5)

1 See http://www.ucolick.org/∼laugh/ for an up-to-date list.

Figure 1. Transit duration versus period for a Jupiter mass planet in a cir-

cular orbit around various spectral-type stars.

Assuming Mp � M∗, it is possible to evaluate equation (5) for

P using the upper-limit estimate on Dt. The ability to constrain the

orbital period is dependent upon the signal-to-noise ratio of the data,

the observing window and the error on the estimates of the other

parameters. For analysing initial light curves of targets from wide-

field surveys, such analytical analysis can be difficult to apply due to

the noise and gaps inherent in the data. However, placing an upper

limit on the period can be important when considering follow-up

options for potential intermediate-period planet candidates.

Fig. 1 shows the transit duration for a Jupiter-mass planet in a

circular orbit around an F5, G0, M0 and M8 spectral-type star as

a function of orbital period. The masses and radii of the stars are

taken from Table 1 and equation (7) is used to estimate the transit

duration. Many transit detection algorithms tend to discriminate

against transit durations close to an alias of one day assuming that

the apparent transit event is likely caused by diurnal effects. Planets

with periods of ∼200 d would have durations close to 12 h for

F- and G-type stars. As will be seen in Sections 5 and 6, it is worth

exploring those detections further, especially if only one or two

events are observed during the year. If a transit event has durations

of several hours and is seen many times in a year, it is likely caused

by diurnal variations because short-period objects should have short

transit durations. The exceptions are a short-period planet orbiting

an evolved star or one that is orbiting with high eccentricity and

transiting near apastron, see Section 7 for details. Care should be

taken to keep those long-duration events that only appear a few times

or else one risks throwing away a potential transiting, intermediate-

period planet.

The ease of searching for intermediate-period transiting planets

is sometimes complicated by the requirement that photometry be

calibrated over the entire baseline of the observations relative to a

standard reference rather than only within a single night relative

to neighbouring stars. Rather than performing relative photometry

using arbitrary field stars with similar colours and magnitudes to

that of the target star on a night-to-night basis, the photometry will

need to be referenced to a standard zero-point for all nights with

observations, such as TYCHO or 2MASS stars located in the field.

Before addressing the question of detecting the transit signal in

the data and making the effort to perform the necessary photometric

calibrations, it must first be shown that transit groups have sufficient

observing coverage to be observing a star while an intermediate-

period transit is occurring in the first place. We also investigate what

the prospects of collaboration can do to improve those results.
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4 N U M E R I C A L T E C H N I QU E

The software is written in IDL and reads in a data file containing the

Heliocentric Julian Dates (HJDs) that represent the times of obser-

vations of a particular field or generates artificial observing times.

For this paper, we limit our analysis to one calendar year (2004)

although it is easy to take into account multiple observing seasons.

It is assumed that the planet is in a circular orbit (see Section 7 for

a discussion on the effects of eccentricity) and that the line-of-sight

orbital inclination is 90◦ (a reasonable assumption since the planet

is a transiting planet). With these assumptions, the duration for a

transit can then be expressed as (Moutou & Pont 2006):

Dt ∼ P R∗[1 + (Rp/R∗)]

πa
, (6)

where P is the period, R∗ is the star’s radius, Rp is the planet’s

radius and a is the orbital radius, and the approximation arcsin(x) ∼
x is employed (compare to the full version in equation 5). The

orbital radius is a function of the planet’s period, the stellar mass

and the planet’s mass via Kepler’s Third Law (equation 4). Solving

equation (4) for a and substituting into equation (6) yields

Dt = P R∗[1 + (Rp/R∗)]{[
πG P2(M∗ + Mp)

]
/4

}1/3
. (7)

We assume for the purposes of this paper that the planet’s radius

is 1 Jupiter radius and the planet’s mass is 1 Jupiter mass which

we take to be 71 492 km and 1.8987 × 1027 kg, respectively. In

that case equation (7) is a function of only three unknowns: stellar

mass, stellar radius and the planet’s orbital period. Canonical val-

ues are adopted for the stellar radii and masses from Table 1. We

only study spectral types F5 through M8 from Table 1 for two main

reasons. First, the transit depth, and therefore the detectability by

transit surveys, depends on (
Rp

R∗ )2, and R∗ grows much more rapidly

for massive stars than Rp for massive planets. Secondly, stars above

spectral type F5 have fewer spectroscopic lines in the optical wave-

length regime for measuring precise radial velocities with optical

spectrographs.

We assume a uniform extrasolar planet period distribution, which

is inconsistent with observations. Therefore, these numerical results

are the fraction of transits observed when integrating over all pos-

sible phases if an extrasolar planet existed with a given period. It

does not attempt to estimate the actual yield of wide-field transit sur-

veys. Section 7 briefly discusses binary star and extrasolar planet

period distributions in the range explored by this paper. The periods

explored in this paper are taken in steps given by

�P ∼ 1

24
exp

(
P − 1

167

)
, (8)

where �P is the step in period space, and 1 � P � 730 d is the

period. Equation (8) was chosen so that the minimum period step

is ∼1 h and the maximum period step is ∼3 d. For each period,

the phase is varied from 0 to 2π in steps such that the difference

in the start of each transit is 10 min. Because the typical observing

cadence for a wide-field transit survey is ∼10 min, this represents

effectively all possible phases, or equivalently, all possible starting

times for the transit. An ‘observation’ is defined as at least 10 epochs

for which a photometry measurement was taken during a transit. If

multiple cameras observe during the same epoch, we still only con-

sider that as one epoch. This number was chosen since a typical

minimum transit duration is ∼2 h (for our simulation the minimum

transit duration is ∼2.275 h). Requiring 10 data points with an as-

sumed cadence of 10 min corresponds to observing ∼1.67 h out of a

∼2 h transit duration, which we assume is sufficient to qualify as

an observation. For reference, Pont, Zucker & Queloz (2006) found

that a signal-to-noise ratio of 8 is typically sufficient for a detection.

A better approach would be to model the data and calculate the

signal-to-noise ratios for each target, but to make a robust criteria

would require white noise models and red noise models. Typical

values of red noise for long-period transit durations is unknown

because present transit groups do not actively search for long-period

transits and the magnitude of red noise increases as transit duration

increases. Making a simplistic assumption about white and red noise

for such a diverse range of parent star types and transit durations

is less robust than specifying a minimum ‘covering fraction’ which

we do. This minimum of 10 data points is applied for all durations

longer than 2 h under the assumption that if a short-period transit

of 2 h can be detected than a transit with a longer duration and

at least 2 h of observations should also be detected. It is worth

emphasising that we are only calculating how many transits were

observed not necessarily detected, since most detection algorithms

operate on folded data to improve the signal-to-noise ratio, while

our interest is in how many of the transits were actually seen. If, for

example, a transiting planet in one month has five epochs observed

during a transit and another five epochs observed during a transit

in a second month, neither of those transits would count as being

observed, whereas a transit detection algorithm could fold the data

to have a total of 10 epochs during the transit.

The number of transits seen for each period/phase combination

is recorded and placed in one of four groups: observed zero times,

observed exactly one time, observed exactly two times, or observed

three or more times. Each of these groups is divided by the total

number of phases sampled to determine the fraction of transits for

each period that were observed zero, once, twice or multiple times.

In this way we approximately integrate over phase. In this paper, we

assume that any given transit event is actually a transiting planet, and

not some other source of false-positive such as blended or grazing

eclipsing binaries. We also make no assumptions about the quality

of each photometric data point or the ability for a group to detect

the transit event, that is, these probabilities are purely a function of

times of observation.

For verification and validation of the software, a case of continu-

ous observations for 365 d (i.e. zero time lost) was used. This could

also be an extremely optimistic example of a space-based telescope

where day–night cycles and weather effects do not hinder observa-

tions. Fig. 2 shows the results, where the fraction of artificial planets

observed zero times, exactly one time, exactly two times and three

or more times is shown as a function of period. Table 2 shows the

analytical solutions for each of those cases, where T is the overall

baseline of observations (in this paper, T = 365 d). For reference,

the non-trivial segments are labelled in Fig. 2. As expected, the

sum of all four plots yields 100 per cent for all periods. The zero-

observation plot (top left-hand panel) has the expected shape where

all planets with periods less than p = T are observed at least once,

while planets with periods greater than p = T begin to have some

phases where the transit happens outside the observational baseline

explored. For periods of p = 2T, the fraction observed zero times

is precisely 50 per cent. For single transit events (top right-hand

panel), the expected peak of 100 per cent is recovered at p = T.

Planets with periods less than this have the potential to be observed

at least two times, while planets with periods longer than this can

occur outside the 365 d range explored. It should be mentioned that

Figs 2 and 4–11 assume that the parent star is a G0 main-sequence

star. This is chosen as a representative case. The (moderate) differ-

ences in assumption of spectral type are demonstrated in Fig. 12

that compares an F5 to an M5 star.
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Figure 2. Results from a trial run using 100 per cent continuous observations (i.e. zero observing gaps) over 365 d, showing the fraction (in per cent) of

artificial planets observed zero times, exactly one time, exactly two times, and three or more times, as a function of period. Looking at the plot for single transit

events (top right-hand panel), the expected peak at p = T is recovered. Planets with periods shorter than this value can be observed two or more times (for some

phases) over the 365 d range, while planets with longer periods will have some phases where the transit occurs outside the 365 d range. A similar expectation

is met for the double transit observations (bottom left-hand panel) and the peak at p = T
2 .

Table 2. Analytical solutions for the continuous observation case. P is the orbital period and T is the

baseline of the observations (in this paper, 1 � P � 730 d and T = 365 d). Columns are the probability of

observing zero-transits, exactly one transit, exactly two transits, or more than two transits.

P(0) P(1) P(2) P(�3)

0 | P � T 0 | P � T
2 0 | P � T

3 1 | P � T
3

1 − T
P | P > T 2 − T

P | T
2 < P � T 3 − T

P | T
3 < P � T

2
T
P − 2 | T

3 < P � T
2

T
P | P > T T

P − 1 | T
2 < P � T 0 | P > T

2

0 | P > T

5 R E S U LT S F RO M T WO P RO J E C T S
I N D I V I D UA L LY

Given the dates of observations for a particular star, the chances

that a single transit event is actually a long-period companion or a

short-period companion for which additional transits were missed

can be determined. To address this question and also to investigate

the effects of collaboration amongst projects (Section 6.2), we de-

sire a coordinate on the sky that (i) can be observed for a reasonably

long time-frame by the projects involved (two to three months at

minimum) and (ii) has a reasonable number of observations during

that time-frame and approximates each project’s observing strat-

egy well (i.e. no one-month gaps due to rare mechanical failures,

etc.). For this paper, we make use of data from the XO Project

(McCullough et al. 2005) and the SuperWASP Project (Kane et al.

2008). We select a field on the basis of the above arguments with

centre coordinate RA = 16 02, Dec. = +29 09. Fig. 3 shows a cu-

mulative histogram of the times of observations for this target by the

XO Project and the SuperWASP Project during the 2004 calendar

year. The times of observations were binned into 5-minute intervals,

yielding 1890 unique epochs for XO and 4572 unique epochs for

SuperWASP. If multiple cameras from the same group observed dur-

ing the same 5-min bin, only one was counted, that is, the data were

separated into boolean bins. The solid line is from the XO Project,
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Figure 3. Cumulative histogram of the times of observation for the XO

Project and SuperWASP Project for a star located at RA = 16 02 42,

Dec. = +29 08 50 during the calendar year 2004. The solid line is from the

XO Project, the dashed line is from the SuperWASP Project, and the dot–

dashed line is the combined data sets. Histogram is normalized to the total

number of unique observations taken by XO and SuperWASP combined. As

can be seen, the XO Project contributes the most to the observations early on

in the calendar year (Day 85–135); however, SuperWASP quickly catches

up and dominates the number of observations when it enters its period of

intense observations starting near Day 130.

Figure 4. Probability of observing zero, single, double and multiple transit events as a function of period for the XO Project based solely on times of observation

for a 1.0MJ planet orbiting a typical G0 main-sequence star. Even with the XO Project’s observations alone the chances of a single transit event being a companion

with an intermediate-length period (between 14–100 d) is greater than it being a single transit event of a short-period hot Jupiter (top right-hand panel, ∼20–

50 per cent versus ∼ <10 per cent, assuming i = 90◦, e = 0 and a uniform semimajor axis distribution). The probability of a double transit event being a

companion with a period of a few weeks is also fairly high (bottom left-hand panel). As expected, chances of the XO Project observing multiple transits of hot

Jupiters is very high (bottom right-hand panel).

the dashed line is from the SuperWASP Project, and the dot–dashed

line is the combined data sets. The histogram is normalized to the

total number of unique observations taken by XO and SuperWASP

combined.

As can be seen, the XO Project contributes the most to the ob-

servations early on in the calendar year (Day 85–135), however

SuperWASP quickly dominates the number of observations when

it enters its period of intense observations starting near Day 130.

SuperWASP-N is located at La Palma in the Canary Islands while

XO is located on Mt. Haleakala in Hawaii so they make an ex-

cellent pair for exploring collaboration between multilongitudinal

observatories. The observing strategies of XO and SuperWASP are

different. While XO limits a given field to a maximum number of

hours per night, SuperWASP generally observes a given field as of-

ten as possible per night. This particular coordinate during the 2004

calendar year was observed by SuperWASP with multiple cameras

per night because it was near a boundary of a field, which explains

the greater number of epochs. In later calendar years, when Super-

WASP had all of its cameras operating, this field was only observed

by one camera and the number of epochs per night for XO and Su-

perWASP is quite similar. We use this particular field and observing

season to demonstrate the advantages of collaboration even if a given

project has more observations of a given field than another. Artifi-

cial cases presented in Section 6.1 provide an upper limit on the

advantages of collaborating when the two projects observe exactly
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Figure 5. Probability of observing zero, single, double and multiple transit events as a function of period for the SuperWASP Project based solely on times of

observation for a 1.0MJ planet orbiting a typical G0 main-sequence star. The dashed line is for an artificial case of 40 d of continuous observations, while the

dot–dashed line is for 60 d of continuous observations, for comparison. There is a significant probability that single transit events are of intermediate period,

particularly around 60 d, while it is highly unlikely they would be short-period hot Jupiters only observed once (top right-hand panel). As expected, short-period

planets have a very high probability of being observed three or more times (bottom right-hand panel).

the same number of epochs. While the SuperWASP observations for

this particular object have a greater density, the XO Project provides

increased coverage during the overlap region as well as observations

taken earlier in the year before the SuperWASP project started to

observe this target.

It should be noted that a ‘typical’ observing window is difficult

to define in this study. The results depend on the duty cycle of the

observations and the number, duration and location of observing

gaps. The theoretical, simulated observing windows presented in

Sections 4 and 6.1 are one type of upper limit, while the real ob-

serving windows we have chosen from XO and SuperWASP are

used primarily as a demonstration of our numerical technique and

one example of an application to real data. The lack of extremely

long gaps in observations due to critical errors for both projects

makes this field an appropriate choice for a demonstration.

We use the probability software to estimate the chances that a

single transit event might be a ‘Temperate Jupiter’ for XO and Su-

perWASP, individually. Fig. 4 shows the results for the XO Project,

while Fig. 5 shows the results for SuperWASP for companions or-

biting a G0 main-sequence star (see Fig. 12 for the differences be-

tween assumed spectral types). Results from Figs 4 and 5 using

a bin size of P = 15 d are presented in Table A1 in Appendix

A. First, we examine the XO results (Fig. 4). As expected, the

XO Project does not miss many hot Jupiters (zero-transit obser-

vations, top left-hand panel). However, for objects with periods

greater than 30 d the probability of missing the transits is greater than

50 per cent. Single transit events peak in probability near a period

of 17 d (top right-hand panel) while only the shortest periods are

observed two or more times (bottom left-hand panel and bottom

right-hand panel). The SuperWASP results (Fig. 5) are quite differ-

ent. In this figure, artificial cases of 40 d of continuous observations

(dashed line) and 60 d of continuous observations (dot–dashed line)

are overplotted for comparison. The most-striking effect is the ex-

istence of a double peak in the single transit, double transit and

multiple transit plots. Upon closer examination, it is found that sim-

ilar peaks are present in the XO results, though much less well

defined. Because of the density of the SuperWASP observations

compared to XO, the probability of not observing any transits is

lower for all periods explored. Indeed, even for objects with peri-

ods out to 200 d the probability of observing at least one transit is

∼50 per cent (top left-hand panel) while single transit events peak at

∼60 d (almost 80 per cent). Most likely this peak behaviour is caused

by the observing strategy of SuperWASP, which concentrated ob-

servations of this target for approximately two months (∼Days 140–

200 in Fig. 3). We can compare this period of frequent observations

with the space-based case (Fig. 2), whereas in the ground-based

case the time lost is primarily due to daylight. Planets with pe-

riods close to 60 d have a large probability of being seen once

during this two month stretch of intense observations. Planets with

larger periods than this two-month stretch of intense observations are
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essentially independent of its effects and indeed there is a smooth,

continuous decrease in probability that follows the analytic solution.

Planets with periods less than this critical value of 60 d exhibit a

wide range of effects depending on the precise value of the period

due to daylight considerations. Planets with extremely short periods

(like hot Jupiters) transit so often over the course of a year that the

effects of this two month ‘intense observation period’ are minimal

in terms of single or double transit events because they are likely

to be observed three or more times. In the double-observation plot

(bottom left-hand panel), the peak at ∼60 d is again observed. The

stronger peak at shorter period occurs near 20 d periods, which most

closely resembles a 40-d continuous, space-like case. In addition,

examination of the multiple transit plot (bottom right-hand panel)

demonstrates how different the SuperWASP data over an entire year

are compared to a short-term, continuous monitoring situation, par-

ticularly at periods between 20–40 d. The two oscillating structures

between P = 100–130 d is because the period step at those values

based on equation (8) is ∼0.5–0.6 d, and therefore it is due to how

we step through period space and diurnal effects.

6 T H E A DVA N TAG E O F C O M B I N I N G DATA

6.1 Simulated results

Collaboration of wide-field transit projects allows for an increased

chance at observing long-period transiting planets and reduces the

Figure 6. Results using a simulated observing window consisting of eight hours of continuous observations every night for 365 d. The scatter at short periods

is due to the artificial day–night cycle. A discontinuity occurs between a period of 473.5–475.5 d (top right-hand panel), where a transit would last for

∼16.75 h. We expect that this is also due to the day–night cycle, as it does not appear in the 16-h plot (Fig. 7) or the space-based case (Fig. 2).

probability of missing transits of short-period hot Jupiters. For rare

events such as intermediate-period transiting planets, multiple tele-

scopes independently observing the same single-transit event greatly

increases the confidence that the event is real. In addition, multilon-

gitudinal telescopes can increase the speed of follow-up observa-

tions via their year-round observing capability of targets, increasing

the rate of discovery. To investigate the maximum advantage of col-

laborating, we simulate a multilongitudinal observing programme.

In one case, we simulate observing continuously for eight hours

every night for 365 d (Fig. 6), which we define as an unrealistic,

best-case scenario for a single site. No seasonal effects such as the

varying length of night were implemented. To the extent that these

simulations are similar to the 100 per cent continuous observations

(Fig. 2), the results are insensitive to the choice of T = 365 d because

these curves depend on T
P . We then simulate observing continuously

for 16 h every night for 365 d (Fig. 7). Data from Figs 6 and 7 using

a bin size of P = 15 d are presented in Table A2 in Appendix A.

This simulates an ideal collaboration using the simplest observing

windows and zero overlap between the two sites. The scatter at short

periods in Fig. 6 is caused by the artificial day–night cycle. Due to

the dense sampling of period space, certain values for the period

tend to have transits occurring during daylight. This effect is greatly

reduced for the 16-h case. A discontinuity occurs between a period

of 473.5–475.5 d in the 8-h case (top right-hand plot), where a tran-

sit would last ∼16.75 h. We expect this is also due to the day–night

cycle, because it does not appear in the 16-h plot (Fig. 7) or the
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Figure 7. Results using a simulated observing window consisting of 16 h of continuous observations every night for 365 d. As can be seen, the scatter at short

periods is nearly eliminated when a larger duty cycle is used.

space-based case (Fig. 2). The difference between the 16-h case and

the 8-h case is plotted in Fig. 8. The effect is most notable in the

range 50 < p < 150 d, where up to 80 per cent of companions are

observed three or more times compared to the single-site case. The

effect of longer periods tends to be more modest, generally a 10–20

per cent increase in single or double-transit observations.

6.2 Results using XO and SuperWASP data

We perform the same probability calculations as done in Section 5

on the combined dates of observation for XO and SuperWASP. This

simulates a collaboration between the two groups where photom-

etry is shared and calibrated to a standard reference such that the

zero-points were equivalent. Alternatively, this represents the same

group constructing two observatories at different longitudes to im-

prove their observing coverage. Fig. 9 shows the result, while the

results using a bin size of P = 15 d are presented in Table A1 in

Appendix A. Though qualitatively similar to the SuperWASP re-

sults, the addition of the XO Project increases the number of

intermediate-period planets observed exactly once by reducing the

number not observed at all (compare the top two graphs of Figs 5

and 9 at periods between 0–200 d). Figs 10 and 11 show the differ-

ence between using the combined XO + SuperWASP data and using

each of them individually. The effect on the XO Project’s results is

significant.

As can be seen in Fig. 10, periods between ∼30 and 150 d have a

∼30–60 per cent reduction in the number observed zero times (top

left-hand panel). Planets with periods between ∼30–100 d have

the number of single and double transit events increased by 20–

40 per cent (top right-hand panel, bottom left-hand panel). The

multiple-observation planets have their period range greatly in-

creased, meaning if XO combine their data with SuperWASP they

could extend the planets for which three or more transits are

likely to be observed (i.e. probability ∼50 per cent) out to pe-

riods approaching 30 d. From SuperWASP’s perspective, the ef-

fects are not as large but they are still significant (Fig. 11). In

particular, multiple-observation planets with periods out to 30 d

increase by 20–40 per cent, increasing SuperWASP’s chances

of observing a transit with these periods. Double transit obser-

vations for periods between 30-100 d increase by as much as

20 per cent. In this case, the advantages of collaboration between

wide-field transit groups (or building a multilongitudinal observ-

ing programme) have their clear advantage. The two oscillating

patterns for periods P = 100–130 d is once again caused by

how we step through period space (at those periods, dP = 0.5–

0.6 d, so it is a diurnal effect).

At this point we investigate how the spectral type, and hence

stellar radius and mass, affects the results. The most-extreme com-

parison would be to compare the F5 and M5 results (M8 stars are

fairly rare in the apparent magnitude range that most wide-field

transit surveys operate). Fig. 12 shows the difference in observation

probability between an F5 and M5 star using the combined XO and

SuperWASP times of observation. Results using a bin size of P =
15 d are presented in Table A2 in Appendix A. The main differences
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Figure 8. Difference between the 16-h case and the 8-h case. Results are most significant in the multiple-observation plot (bottom right-hand panel) for periods

between 50 and 150 d. These results are approximate upper limits to the advantage of multilongitudinal wide-field transit operations. The discontinuity at P ∼
475 d (top right-hand panel) is discussed in the caption to Fig. 6.

are the size of the stellar discs and the orbital radius of the planet (for

a fixed planet mass, a given period is located farther away for a more

massive star than a less-massive star). Both these effects serve to

change the duration of a transit. Chances of observing zero-transits

are greater for M stars than more massive stars for the entire period

range explored (generally 15–20 per cent). Multiple observations

(three or more) of planets with periods of ∼15 d is 50 per cent

greater around more massive stars than M-type stars. However, it is

more likely that such planets would be observed exactly twice (bot-

tom left-hand panel) around M-type stars (∼40 per cent). Since

the HZ of M-type stars is of the order of one to two months

(for spectral types M0–M5), this is a period regime of particular

interest. Our results suggest that for M-type stars, it is likely that

HZ planets will be observed only once around M-type stars (top

right-hand panel, up to a 30 per cent increased chance to detect ex-

actly once around an M5 compared to an F5), and therefore such

observations of a single transit event merit even further considera-

tion if the star is determined to be an M-type star, as would be evi-

dent from its proper motion and colour. Dedicated searches like the

MEarth Project (Nutzman & Charbonneau 2008) that have nearly

continuous observations should detect more than a single transit.

For present wide-field transit searches, the lack of M-type stars in

the magnitude range being searched is another important factor in

the expected yield of transiting planets around M-type stars. It is

estimated that the magnitude limit must extend beyond V = 16 be-

fore a statistically significant population of transiting planets around

M-type stars can be expected (McCullough & Burke 2007).

7 E F F E C T S O F E C C E N T R I C I T Y A N D B I NA RY
S TA R C O N TA M I NAT I O N

The results provided above are based on several assumptions. We

assume a circular orbit for all planets. We also make no claims

about how many objects are actually extrasolar planets as opposed

to astronomical false positives such as grazing or diluted eclipsing

binaries. We also assume that all photometric data points carry equal

weighting. We make no claims about the ability to pick out these

single and double transit events from actual data because it is depen-

dent on the period-finding algorithm employed by the group and the

signal-to-noise ratio of the data. In this section, we will discuss some

of the effects of these assumptions on the conclusions presented

above.

Regarding the assumption of eccentricity, it is well known that

extrasolar planets have a much wider range of eccentricities than

our own system. The two primary effects of eccentricity are on the

geometric transit probability and the duration of a transit. Barnes

(2007) shows that the geometric probability of a transit actually

increases by a factor of (1 − e2)−1 for eccentric planets. He points

out that approximately 12 per cent of known extrasolar planets with

radial velocity measurements have eccentricities greater than 0.5
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Figure 9. Probability of observing zero, single, double and multiple transit events as a function of period for the combined SuperWASP + XO dates of

observation. Though qualitatively similar to the SuperWASP result, the addition of the XO data set does result in a decrease in single and double transit event

hot Jupiters (meaning better efficiency and a larger yield in hot Jupiter discovery) as well as increased probabilities of observing long-period planets (greater

chance at observing a transiting ‘Temperate Jupiter’).

and nearly 50 per cent have eccentricities greater than Mercury’s

(0.2056), which is the most-eccentric planet in the Solar system. The

intermediate-period planets discussed in this paper all have orbital

distances much larger than the tidal circularization regime, so these

intermediate-period planets can have a range of eccentricities. The

geometric probabilities presented in Table 1 are therefore lower
limits because planets are more likely to transit near periastron and

with greater geometric transit probabilities compared to the circular

case.

Barnes (2007) also showed that an eccentric planet travels with

a speed that is a factor of

√
1+e
1−e faster at periapsis and a factor of√

1−e
1+e slower at apoapsis compared to a planet in a circular orbit

with the same semimajor axis. Following Moutou & Pont (2006)

the duration of a transit including eccentricity can be expressed as

Dt = 2

√
1 −

[
ρ cos(i)

R∗ + Rp

]2

(R∗ + Rp)

√
1 − e2

1 + e cos(φ)

×
(

P

2πG M∗

)1/3

, (9)

where ρ is the star–planet distance at the time of transit, φ is the

orbital phase at the time of transit and i is once again the line-

of-sight orbital inclination. For a planet in a circular orbit with

the same period compared to an eccentric planet at i = 90◦, the

difference in transit duration is

√
1−e2

1+e cos(φ)
. For periapsis we define

φ = 0◦ and for apoapsis φ = 180◦. For a planet at periapsis, an

eccentricity of approximately 0.6 will result in a transit duration

that is 50 per cent shorter. In the case of the intermediate-period

planets that are the primary focus of this paper, this reduction is

beneficial.

As seen in Fig. 1 the transit duration for planets with periods

close to 200 d is nearly 12 h. Because of the methods used by most

wide-field transit groups, targets that exhibit photometric variability

with periods close to an alias of 24 h are ignored and assumed to

be diurnal variation. An eccentric planet near periapsis will shorten

the transit duration from an alias of 24 h, and, for extremely ec-

centric planets, could shorten the duration to be only a few hours,

precisely the duration of what the transit groups are looking for

(i.e. hot Jupiters). Eccentric planets near apoapsis have the opposite

effect and increase their transit duration relative to a circular orbit

with the same semimajor axis. Aside from the difficulties of detect-

ing planets with very long durations, an increase in transit duration

will only increase the probability of observing the transit. In terms

of the definition of an ‘observation’ in this paper, an increase in

transit duration can only increase the probability of observing the

planet.

A planet near apoapsis is less likely to transit its parent star com-

pared to a planet in periapsis (for an eccentricity of 0.5, the geometric

transit probability of an apoapsis planet is a factor of 3 lower than a

periapsis planet). Since the argument of periastron is a uniform dis-

tribution on the sky, and eccentric planets closest to periastron are
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Figure 10. Difference in probabilities when using the combined XO+SuperWASP data set versus XO alone. As can be seen, chances of the dreaded ‘zero

observations’ are reduced for almost all periods, and significantly reduced for intermediate-periods (e.g. 50 d, top left-hand panel). Single transit events of

long-period planets are increased, while single and double transit events of short-period hot Jupiters are decreased (they become multiple-observations, which

for the 14–50 d range are drastically improved, bottom right-hand panel).

most likely to transit their parent stars, the distribution of transiting

eccentric planets should be skewed towards those transiting near

periapsis. Therefore, the general effect of eccentricity on transiting

extrasolar planets should be to reduce the duration of a transit. In

terms of actually detecting the transits from the data, the general ef-

fect of eccentricity should be to create shorter-duration transits that

are closer to the hot Jupiter transit durations presently being sought.

Grazing eclipsing binary stars and blended binaries are two of the

most common astronomical sources that mask themselves as tran-

siting hot Jupiters (Brown 2003). Although effort is made to reduce

the number of false detections due to these sources or determine

the binary nature of targets before conducting follow-up, it is fairly

often the case that the binary star nature of transiting planet can-

didates can only be determined via radial velocity measurements.

The binary period distribution is consistent with a distribution that

is uniform in log space for 1 < log (P) < 3 (where P is measured

in days) (Eggenberger et al. 2004, based on work by Duquennoy &

Mayor 1991; Halbwachs et al. 2003), while the known extrasolar

gas/ice giant planet distribution is more uncertain, although the dis-

tribution can be described as a ‘pile-up’ near periods of ∼3 d and

an increasing distribution at longer periods (Udry & Santos 2007).

Interesting structure in the intermediate-period regime such as a

bimodal ‘pile-up’ between periods of 3 and 300 d has been sug-

gested (Brown 2003; Udry, Mayor & Santos 2003) and may be a

boundary region between two different migration regimes. Brown

(2003) estimates that for objects with periods between 1–30 d, typ-

ical planet transit depths (between 1 and 5 mmag) and a sample

of 10 000 stars that 0.0953 per cent of the stars will have at least

one transit with those types of depths. Out of those, 48 per cent are

grazing eclipsing binaries and 37 per cent are some kind of diluted

eclipsing binary, the rest being planetary companions (15 per cent),

although it should be noted that he does not carry out his analysis to

longer periods. Qualitatively though, we can say that in the period

range of ∼10 to ∼300 d where there is a relative lack of extrasolar

gas/ice giant planets, binary star contamination might be greater.

8 S U M M A RY

Transiting intermediate-period planets offer many exciting research

opportunities, but require photometry that is calibrated over the

course of an entire observing programme to a standard reference

in the field, rather than calibrated on a night-to-night basis relative

to neighbouring stars. Many wide-field transit surveys have targets

for which only single or double transit events were observed. These

transits could be due to instrumental effects, short-period transits for

which additional transits were missed or intermediate-period tran-

siting planets. A necessary condition before attempting to modify

the data-reduction procedures on the massive amounts of data that
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Figure 11. Same as Fig. 10 but for the SuperWASP only data versus the combined data set. The improvements are not quite as drastic yet still are of the 10–

20 per cent level for intermediate-length periods. For periods in the ∼25 d range, the affect of adding XO’s contribution is quite significant in obtaining multiple

transit observations.

wide-field transit surveys have now collected in an attempt to search

for these objects is to verify that their observing strategies are suffi-

cient to observe these targets solely as a function of observing times.

Towards that end we have described a method that will calculate the

number of transits observed for various periods as a function of ob-

serving times by effectively integrating over all possible phases. We

have used data from the 2004 observations of the XO Project and

SuperWASP Projects to investigate what the observing probabilities

are independently and combined.

While the SuperWASP Project has a greater density of observa-

tions for the field selected, we see that both the XO Project and

SuperWASP can benefit greatly by collaborating. For the period

range 14 < P < 150 d, both groups experience an increase in sin-

gle and double transit events up to 20-40 per cent (Figs 10 and

11). For the XO Project using its data alone, ∼20–40 per cent

of planets with periods 14–150 d should have been observed at

least once (Fig. 4, top left-hand panel). For the SuperWASP Project,

∼50–90 per cent of planets with periods between 14-150 d should

have been observed at least once (Fig. 5, top left-hand panel). If

XO and SuperWASP combine their observations, 50–100 per cent

of planets with periods less than 20 d should be observed three or

more times. Results depend on the observing window of the field, in-

cluding the number, length and positions of gaps in the observations.

We find that in general wide-field transit surveys have selected

appropriate observing strategies to observe a significant fraction

of transiting giant planets with semimajor axes larger than the hot

Jupiter regime. The actual number of intermediate-period transit-

ing planets that are detected depends upon their true semimajor

axis distribution and the signal-to-noise ratio of the data. We there-

fore conclude that the investment of resources needed to investigate

more sophisticated photometry calibrations or the resources needed

to examine single and double transit events from wide-field surveys

might be a worthwhile endeavour. Whether these events are from

instrumental sources, astronomical false positives, or actual planets,

understanding the origins of these single and double transit events

is an important task to improve data quality and reliability, improve

false-alarm rejection criteria, or discover planets which can offer

some of the first direct comparisons of the radii, densities, and at-

mospheric compositions of extrasolar gas giants in environments

that more closely resemble our own.
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Figure 12. Difference between observing zero, exactly one, exactly two or multiple transit events for F5 compared to M5 stars, assuming a circular orbit and

a 1.0MJ planet, using the combined XO and SuperWASP times of observation. For M-type stars where the HZ is of the order of one to two months, it is up to

∼30 per cent less likely that such a planet would be observed three or more times than for an F-type star and similar periods. Single or double transit events

should be given even more consideration, since planets with one to two month periods are more likely to be observed only once or twice around M-type stars

compared to more massive stars.

of the SIMBAD data base, operated at CDS, Strasbourg, France,

the Extrasolar Planets Encyclopedia maintained by Jean Schneider

(http://exoplanet.eu/index.php) and the California-Carnegie Cata-

log of Nearby Exoplanets (http://exoplanets.org/planets.shtml).
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Bakos G. Á. et al., 2007b, ApJ, 670, 826

Barbieri M. et al., 2007, A&A, 476, L13

Barnes J. W., 2007, PASP, 119, 986

Barnes J. W., O’Brien D. P., 2002, ApJ, 575, 1087

Bayless A. J., Orosz J. A., 2006, ApJ, 651, 1155

Borucki W. J., Summers A. L., 1984, Icarus, 58, 121

Borucki W., Caldwell D., Koch D., Webster L., Jenkins J., Ninkov Z., Showen

R., 2001, PASP, 113, 439

Bouchy F., Pont F., Santos N. C., Melo C., Mayor M., Queloz D., Udry S.,

2004, A&A, 421, L13

Butler R. P. et al., 2006, ApJ, 646, 505

Brown T. M., 2003, ApJ, 593, L125

Brown T. M., Charbonneau D., 1999, BAAS, 31, 1534

Charbonneau D., Brown T. M., Noyes R. W., Gilliland R. L., 2002, ApJ,

568, 377

Collier Cameron A. et al., 2007, MNRAS, 375, 951

Cox A. N., 2000, Allen’s Astrophysical Quantities. AIP, New York

Doyle L. R., Deeg H.-J., 2004, in Norris R., Stootman F., eds, Proc. IAU

Symp. 213, Bioastronomy 2002: Life Among the Stars. Cambridge Univ.

Press, Cambridge, p. 80

Duquennoy A., Mayor M., 1991, A&A, 248, 485

Eggenberger A., Halbwachs J.-L., Udry S., Mayor M., 2004, Rev. Mex.

Astron. Astrofis., 21, 28

Fischer D. A. et al., 2007, ApJ, 669, 1336

Gould A., Ford E. B., Fischer D. A., 2003a, ApJ, 591, L155

Gould A., Pepper J., DePoy D. L., 2003b, ApJ, 594, 533

Halbwachs J. L., Mayor M., Udry S., Arenou F., 2003, A&A, 397,

159

Jones B. W., Sleep P. N., Underwood D. R., 2006, ApJ, 649, 1010

Kane S. R. et al., 2008, MNRAS, 384, 1097

Kasting J. F., Whitmire D. P., Reynolds R. T., 1993, Icarus, 101, 108

Konacki M. et al., 2004, ApJ, 609, L37
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240 255 87.81 12.19 0.00 0.00 69.29 30.71 0.00 0.00 61.69 38.31 0.00 0.00

255 270 88.30 11.70 0.00 0.00 70.49 29.51 0.00 0.00 63.39 36.61 0.00 0.00

270 285 88.74 11.26 0.00 0.00 71.62 28.38 0.00 0.00 64.97 35.03 0.00 0.00

285 300 89.13 10.87 0.00 0.00 72.65 27.35 0.00 0.00 66.39 33.61 0.00 0.00
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A P P E N D I X A : TA BU L AT E D R E S U LT S

We present tabulated results from Figs 4, 5 and 9 (Table A1), and

Figs 6, 7 and 12 (Table A2). We bin the results using a bin size of

P = 15 d and take the mean of all results within each bin. The primary

motivation is to mitigate the effects of daylight in the short-period

regime, which causes the ‘chaotic’ behaviour seen in, for example,

Fig. 9. This behaviour is caused by the day–night cycle acting on

the small differences (of the order of hours) in the periods being

explored.
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Table A1 – continued

Pmin Pmax XO SW XO + SW

(d) (d) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3)

570 585 93.12 6.88 0.00 0.00 83.01 16.99 0.00 0.00 80.46 19.54 0.00 0.00

585 600 93.24 6.76 0.00 0.00 83.31 16.69 0.00 0.00 80.87 19.13 0.00 0.00

600 615 93.35 6.65 0.00 0.00 83.61 16.39 0.00 0.00 81.27 18.73 0.00 0.00

615 630 93.47 6.53 0.00 0.00 83.90 16.10 0.00 0.00 81.63 18.37 0.00 0.00

630 645 93.57 6.43 0.00 0.00 84.17 15.83 0.00 0.00 81.97 18.03 0.00 0.00

645 660 93.67 6.33 0.00 0.00 84.44 15.56 0.00 0.00 82.32 17.68 0.00 0.00

660 675 93.77 6.23 0.00 0.00 84.71 15.29 0.00 0.00 82.66 17.34 0.00 0.00

675 690 93.86 6.14 0.00 0.00 84.94 15.06 0.00 0.00 82.97 17.03 0.00 0.00

690 705 93.96 6.04 0.00 0.00 85.17 14.83 0.00 0.00 83.28 16.72 0.00 0.00

705 720 94.05 5.95 0.00 0.00 85.37 14.63 0.00 0.00 83.54 16.46 0.00 0.00

720 735 94.12 5.88 0.00 0.00 85.56 14.44 0.00 0.00 83.78 16.22 0.00 0.00

Table A2. Tabulated results from the 8-h continuous observation case (Fig. 6), the 16-h continuous observation case (Fig. 7) and the difference between F5–M5

spectral types (Fig. 12), using a bin size of 15 d and taking the median of all results within that bin. Columns 1 and 2 are the bin range. P(0), P(1), P(2) and

P(�3) are the probabilities of observing zero transits, a single transit, a double transit or a multitransit for planets with those periods, given in per cent. A

negative percentage means the probability in the M5 spectral-type case was larger than in the F5 spectral-type case. This table is available in electronic format

on request.

Pmin Pmax 8 h 16 h F5–M5

(d) (d) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3)

0 15 1.01 0.06 0.06 98.87 0.08 0.01 0.01 99.90 −36.24 −11.94 −9.61 57.79

15 30 0.80 0.25 0.30 98.66 0.09 0.01 0.00 99.89 −10.34 −20.53 −2.96 33.83

30 45 2.38 0.72 0.79 96.10 0.04 0.06 0.08 99.81 −18.14 −12.71 16.37 14.48

45 60 1.75 1.33 3.86 93.06 0.01 0.03 0.03 99.93 −22.17 −0.94 17.51 5.61

60 75 2.03 1.38 9.63 86.96 0.08 0.00 0.00 99.92 −23.29 6.17 15.83 1.28

75 90 2.49 3.70 24.58 69.22 0.00 0.00 0.00 100.00 −23.73 11.94 11.77 0.03

90 105 4.21 5.83 36.17 53.79 0.00 0.00 0.00 100.00 −23.62 15.90 7.72 0.00

105 120 3.78 10.74 44.10 41.38 0.00 0.00 0.00 100.00 −23.53 19.23 4.30 0.00

120 135 3.69 16.21 50.00 30.10 0.00 0.00 13.52 86.48 −23.20 21.16 2.04 0.00

135 150 3.94 25.65 47.70 22.71 0.00 0.00 43.53 56.47 −22.66 22.16 0.50 0.00

150 165 5.49 27.42 54.05 13.04 0.00 0.00 68.26 31.74 −21.32 21.25 0.07 0.00

165 180 5.16 32.26 57.53 5.04 0.00 0.00 88.57 11.43 −20.06 20.06 0.00 0.00

180 195 4.59 38.67 56.66 0.08 0.00 5.63 94.19 0.18 −18.96 18.96 0.00 0.00

195 210 9.20 38.31 52.49 0.00 0.00 19.89 80.11 0.00 −17.99 17.99 0.00 0.00

210 225 7.05 50.22 42.74 0.00 0.00 32.12 67.88 0.00 −16.90 16.90 0.00 0.00

225 240 10.39 50.35 39.26 0.00 0.00 42.77 57.23 0.00 −16.12 16.12 0.00 0.00

240 255 10.35 56.53 33.12 0.00 0.00 52.39 47.61 0.00 −15.23 15.23 0.00 0.00

255 270 10.40 62.08 27.52 0.00 0.00 61.09 38.91 0.00 −14.56 14.56 0.00 0.00

270 285 10.49 66.89 22.62 0.00 0.00 68.68 31.32 0.00 −13.91 13.91 0.00 0.00

285 300 10.91 70.45 18.64 0.00 0.00 75.28 24.72 0.00 −13.28 13.28 0.00 0.00

300 315 10.69 74.97 14.34 0.00 0.00 81.28 18.72 0.00 −12.74 12.74 0.00 0.00

315 330 10.37 79.28 10.34 0.00 0.00 86.73 13.27 0.00 −12.24 12.24 0.00 0.00

330 345 10.28 82.83 6.89 0.00 0.00 91.67 8.33 0.00 −11.78 11.78 0.00 0.00

345 360 9.58 87.50 2.92 0.00 0.00 96.40 3.60 0.00 −11.36 11.36 0.00 0.00

360 375 9.75 90.07 0.18 0.00 0.79 99.00 0.21 0.00 −10.92 10.92 0.00 0.00

375 390 12.22 87.78 0.00 0.00 4.43 95.57 0.00 0.00 −10.57 10.57 0.00 0.00

390 405 14.74 85.26 0.00 0.00 7.98 92.02 0.00 0.00 −10.23 10.23 0.00 0.00

405 420 17.02 82.98 0.00 0.00 11.19 88.81 0.00 0.00 −9.92 9.92 0.00 0.00

420 435 19.25 80.75 0.00 0.00 14.29 85.71 0.00 0.00 −9.61 9.61 0.00 0.00

435 450 21.38 78.62 0.00 0.00 17.28 82.72 0.00 0.00 −9.33 9.33 0.00 0.00

450 465 23.33 76.67 0.00 0.00 19.99 80.01 0.00 0.00 −9.07 9.07 0.00 0.00

465 480 24.36 75.64 0.00 0.00 22.60 77.40 0.00 0.00 −8.84 8.84 0.00 0.00

480 495 25.13 74.87 0.00 0.00 25.13 74.87 0.00 0.00 −8.59 8.59 0.00 0.00

495 510 27.26 72.74 0.00 0.00 27.26 72.74 0.00 0.00 −8.36 8.36 0.00 0.00

510 525 29.32 70.68 0.00 0.00 29.32 70.68 0.00 0.00 −8.17 8.17 0.00 0.00

525 540 31.32 68.68 0.00 0.00 31.32 68.68 0.00 0.00 −7.96 7.96 0.00 0.00

540 555 33.12 66.88 0.00 0.00 33.12 66.88 0.00 0.00 −7.77 7.77 0.00 0.00

555 570 34.87 65.13 0.00 0.00 34.87 65.13 0.00 0.00 −7.60 7.60 0.00 0.00

570 585 36.57 63.43 0.00 0.00 36.57 63.43 0.00 0.00 −7.42 7.42 0.00 0.00
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Table A2 – continued

Pmin Pmax 8 h 16 h F5–M5

(d) (d) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3) P(0) P(1) P(2) P(�3)

585 600 38.23 61.77 0.00 0.00 38.23 61.77 0.00 0.00 −7.25 7.25 0.00 0.00

600 615 39.84 60.16 0.00 0.00 39.84 60.16 0.00 0.00 −7.08 7.08 0.00 0.00

615 630 41.29 58.71 0.00 0.00 41.29 58.71 0.00 0.00 −6.92 6.92 0.00 0.00

630 645 42.57 57.43 0.00 0.00 42.57 57.43 0.00 0.00 −6.78 6.78 0.00 0.00

645 660 43.94 56.06 0.00 0.00 43.94 56.06 0.00 0.00 −6.62 6.62 0.00 0.00

660 675 45.28 54.72 0.00 0.00 45.28 54.72 0.00 0.00 −6.49 6.49 0.00 0.00

675 690 46.48 53.52 0.00 0.00 46.48 53.52 0.00 0.00 −6.35 6.35 0.00 0.00

690 705 47.64 52.36 0.00 0.00 47.64 52.36 0.00 0.00 −6.20 6.20 0.00 0.00

705 720 48.67 51.33 0.00 0.00 48.67 51.33 0.00 0.00 −6.10 6.10 0.00 0.00

720 735 49.57 50.43 0.00 0.00 49.57 50.43 0.00 0.00 −6.00 6.00 0.00 0.00
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