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1 ELTE Gothard Astrophysical Observatory, H-9704 Szombathely, Szent Imre herceg útja 112, Hungary
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15-17, Hungary

3 Physikalisches Institut, Center for Space and Habitability, University of Berne, CH-3012 Bern, Sidlerstrasse 5
4 Sydney Institute for Astronomy, School of Physics, University of Sydney, NSW 2006, Australia

ABSTRACT

Context. Solar System planets and moons can sometimes act as ”a poor man’s exo-Earth” or even exomoons when
their transit in front of the Sun can be observed in the reflected light from a bright third body. These special geometric
conditions can help testing the most sensitive instruments used in the quest for the smallest extrasolar bodies.
Aims. We compile a list of transits of Solar System planets that can be seen from various third bodies including the
outer planets and the brightest asteroids. Acting as a kind of a mirror, these third bodies allow the detection of changes
in solar irradiance and spectrum during the transit events. Observations of these events present a great opportunity
to test the real limits of the currently existing astronomical instrumentation, the capability of detecting Earth-sized
bodies around Sun-like stars and the transit distortions for objects that resemble the Earth-Moon system.
Methods. The NASA JPL Horizons ephemeris generator was used to calculate ephemerides of inner Solar System objects
observed from outer ones. Observers were placed at all planets and the brightest asteroids, and we searched for possible
transits of all planets orbiting inner orbits than the observer.
Results. We identified 3 major events between 2015-2020. One of them is a transit of the Earth-Moon system in 2015,
reflected by asteroid Massalia, thus offering the opportunity to detect our Moon as if it were the first exomoon detection.
In 2017, Vesta will reflect a transit of Venus. During the expected lifetime of the CHEOPS mission, a transit of Mars
will be observed from Uranus, thus photometry of Uranus in those days will be an ideal test of CHEOPS’s performance,
and the accuracy of planet models. All reflecting bodies will be near the opposition point, offering excellent conditions
for ground-based or near-Earth space observations.

Key words. Solar System – planets

1. Introduction

Transits of extrasolar bodies in front of a star are prob-
ably the most important tool for discovering and charac-
terizing extrasolar planets (e.g. Winn 2011), since infor-
mation is given for both the density, hence the composi-
tion, and the transmission spectrum of the atmosphere (e.g.
Seager & Deming 2010). Transits in front of rapidly rotating
stars allow furthermore the measurement of the Rossiter-
McLaughlin effect (e.g. Gaudi & Winn 2007, Fabrycky &
Winn 2009, Simon et al 2010, Hirano et al. 2011, Brothwell
et al. 2014), which has been the most efficient tool to mea-
sure the spatial orientation of the orbital plane in respect to
the rotation axis of the planet, hence the discovery of spin-
orbit misalignment and/or retrograde revolution in several
systems. Most of these methods are based on calculations,
simulations and modeling of the physics of transits – al-
though the origin of these signals is well understood, the
methods in general lack the direct testing, and direct exper-
imenting of the detection power and errors in the parameter
space.

A straightforward test of these methods is the obser-
vation of transits in the Solar System - when planets with
well understood planetology pass in front of a star with ac-
curately known absolute physical parameters. The observer
on planet Earth (hereafter O) can employ the largest Solar

System bodies as mirrors reflecting the light of the Sun
during the transit of a third Solar System body. The geom-
etry is shown in Fig. 1: when the transiting planet, denoted
by T , is seen from the reflecting body (R) in transit, the
observer on planet/spacecraft O detects a modified irradi-
ation of R, and hence, measures the flux variations during
the transit. This setup is sensitive to the relative position
of T and R, but O can be chosen with a favourable liberty,
the only criterion is that R must be well observable from O

during the event. Therefore, observers on Earth, spacecraft
orbiting the Earth or on a solar orbit can equivalently come
into question.

Such measurements allow the detection of occulted
light, the Rossiter-McLaughlin effect (Molaro et al. 2013)
and the spectrum of the atmosphere of Venus, Earth and
Mars. In these experiments, the reflecting body transmits
the modified light toward the observer, and the information
about the resolved solar and panetary disks will be lost. The
reflected light is therefore a good analogy of signals coming
from extrasolar transits. The reflected light will be also re-
duced to a level which makes sense from the point of view
of extrasolar transit researches.

One measurement of this kind was the observation of
the Rossiter-McLaughlin effect during the transit of Venus
in 2013 (Molaro et al. 2013). The signal has been succes-
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Gy. M. Szabó et al.: Observable transits of planets in the Solar System between 2015-2020

Table 1. Data of the observable transits. R, ∆, β and λ denote the heliocentric radius, geocentric radius, and ecliptical coordinates
of the reflecting bodies, respectively. Θ/ΘSun shows the transiting planet’s relative radius in projection in respect to that of the
Sun, with perspectivical distortions taking into account.

Transit of From Date Ingress (UT) Egress (UT) R ∆ Θ/ΘSun β λ
Earth Massalia 2015 Apr 20 03:37 16:10 2.463 1.460 1.54% 0.140 5.2
Moon Massalia 2015 Apr 20 04:57 17:30 2.463 1.460 0.42% 0.168 5.4
Venus Vesta 2017 Feb 16 10:58 19:55 2.484 1.765 1.41% 0.093 6.3
Mars Uranus 2018 Dec 13/14 14:47 03:09 19.864 18.431 0.52% 0.187 3.0
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Fig. 2. Projected image of the transits (upper row), and the related photometric and RM-signals (middle and lower rows, respec-
tively) as seen from the reflecting body.

tude and a bimodal light curve. The light variation however
depends on the geometrical circumstances, and there is no
accurate prediction about the light variation. Therefore, the
light variation itself needs to be measured very accurately
before and after the transit, to be able to predict the in-
trinsic light variation of the asteroid during the event (the
rotation period of Massalia is 8.098 h).

Spectroscopic measurements can lead to the detection
of the RM-effct of the Earth-transit, and probably mea-
suring the transmission spectrum of Earth. The total am-
plitude of the RM-curve will be 60 cm/s, which can be de-
tected from the best observatories. The 1 cm/s signal due to
the Moon will very likely be undetectable. To measure the
transmission spectrum, however, a space-based observatory
is needed, since the spectral features of our atmosphere ex-
actly coincides with the telluric features, and hence they
will not be detectable through the atmosphere.

The Venus transit in 2017 will be similar to the Earth-
transit in the important circumstances. It will be observ-
able from Asia, Australia and Europe. The reflecting body
will be Vesta, which has a light curve with 0.1 magnitude
amplitude, mostly due to surface albedo variegation. The
predictability of the light curve is not better enough than in
the case of Massalia, since close-up mapping by the Dawn
spacecraft is only indirectly related to the actual light scat-
tering properties of a body at a precisely given illumination
angle. Therefore, template light curves are required for the
proper analysis, just as in the case of the Earth transit.
Observing the spectrum of Venus faces similar difficulties
than in the case of the Earth, a favourable exception may
be the sulfuric volatiles which have no serious telluric coun-
terpart.

The third transit, the Mars seen from Uranus forms an
exception in our list because the reflecting body will be
a planet instead of an asteroid. The transit will take more
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ABSTRACT

Context. Transit light curves of exoplanets can be distorted by various astrophysical phenomena, such as stellar rotation, extended
starspots, or even exomoons. The extent and time-variability of the light curve anomalies are good indicators of the physical causes.
Aims. In this paper we introduce a new method with which we are able to detect and characterize distortions of the transit light
curves. We apply this technique to selected Kepler planets and candidates to determine their transit anomalies and identify the origin
of light curve asymmetry in some cases. We also discuss briefly the detectability of such anomalies by the forthcoming CHEOPS
space telescope
Methods. We calculated the averaged line bisector of the transit light curves determining the bisector points with increasing flux
levels from the core to the top of the transit. To decide if the shape of the bisector is caused only by statistical uncertainties we
perform detailed bootstrap analysis in each case.
Results. We have analyzed 99 planet candidates from the second Kepler data release (Batalha et al. 2013), predominantly hot
Jupiters with a mean orbital period of 5.64 days. 15 of the studied systems have been found to show noticeable shape asymmetry.
The most remarkable cases include Kepler-13Ab, Kepler-63, HAT-P-7, KOI-75, KOI-319, KOI-368. For Kepler-63, we also found
time-variability in the bisector shape, with a period of 37.16 days. This may arise from evolution of a spot-crossing events, although
other possibilities cannot be excluded either.
Conclusions. The presented bisector analysis is a model-independent technique for a fast identification of anomalous transit light
curves. Detailed modelling can then be used to decipher the actual astrophysical phenomena.

Key words. planetary systems – stars: binaries: eclipsing – techniques: photometric, bisector

1. Introduction

The term “bisector” is most commonly used in the context of
spectral line profile analysis to reveal asymmetric shapes of
spectral lines. The shape asymmetries and variation of line bi-
sectors can give us insights into stellar atmospheric phenomena,
such as granulation, turbulence or pulsation (Dravins et al. 1981;
Gray 1982, 1988; and recent applications in Gray 2010, 2012).
These processes can be responsible for the variation in the ra-
dial velocity of the star, therefore the study of the spectral line
bisectors is mandatory in the search for and confirmation of exo-
planetary candidates with spectroscopic observations (Martínez
Fiorenzano et al. 2005). Any correlation between radial-velocity
changes and line-bisector orientation would suggest that photo-
spheric activity is influencing the velocities (Queloz et al. 2001).

Here we propose a new application of the bisector analysis
technique to detect asymmetries of the transit light curve with
the intention of revealing asymmetric transit light curves. There
are lot of processes described in the literature that can alter the
transit light curve. In the case of an active star the surface can
be spotted. During a planetary transit, dark individual starspots

may be occulted by the planet itself, causing a detectable vari-
ation in the light curve (Silva 2003). Similarly to this, an exo-
moon around the transiting planet can change the morphology
of the transit curve (Simon et al. 2007). Furthermore, transit-
ing exoplanets crossing a stellar disk with non-isotropic surface
brightness can also cause unusual light curve shapes (Barnes,
2009). Szabó et al. (2011) proposed the latter e↵ect for Kepler-
13, showing that the light curve asymmetry can be explained by
the orbital obliquity. In this case the orientation of the orbital
plane can be derived from photometry only, without measuring
the Rossiter–McLaughlin e↵ect (Barnes et al. 2011, Szabó et al.
2012).

There has been a great interest in the community to study
variations of the transit light curves. For example, the Transit
Timing Variations (TTV) technique measures the transit shifts
in time that can be induced by several di↵erent processes, e.g.
a secondary planet (Szabó et al. 2010, Nesvorný et al. 2012),
exomoons (Sartoretti & Schneider 1999, Szabó et al. 2006), ex-
otrojans (Ford & Holman 2007). The Transit Duration Variation
(TDV, Kipping 2009a,b) and the Scatter Peak (SP, Simon et al.
2012) can reveal changes in transit duration and in the increased
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Fig. 1. The light curve and line bisector of Kepler-13Ab. In the left panel we show an individual transit and its line bisector. In the middle panel
we show a zoom to the profile to better display the asymmetry of an individual line bisector. In the right panel the averaged line bisector (thick
black line) of Kepler-13Ab and the bisectors (thin color lines) of the bootstrapped light curve.

Fig. 2. Schematic representation of the various cases of orbital orientation and stellar surface brightness distribution (top row) and the corre-
sponding line bisectors (bottom row).

scatter due to an exomoon in the light curve. The Transit Depth
Variation (T�V) is related to the oblateness of the exoplanet and
the spin-precession of its orbit (Carter & Winn 2010a, b).

The motivation of this work was to develop a fast method to
detect systematic variations in the shape of the transit curves. For
this, we wanted to keep the method as much generic as possible,
so that any detection could be characterized without any influ-
ence by the uncertain stellar or planetary parameters. As a start-
ing point we took the similarity between the shape of the spectral
lines and the transit light curves and then formulated a photomet-
ric analogy of the spectroscopic bisectors. After detailed initial
testing we applied the method to Kepler data and tested on simu-
lated light curves of the forthcoming CHEOPS space telescope.
During the analysis our main aim was to find systems whose
bisectors show significant di↵erence from the null event, repre-
sented by a simple vertical line.

To demonstrate the fast increase in the number of Kepler
planet candidates, let us recall that in February 2012 the Ke-
pler team released over 1000 planetary candidates, while a year

later, in January 2013, an additional 461 were announced during
the 221st American Astronmomical Society Meeting. That time
the total count of Kepler planet candidates reached the number
of 2740. In November 2013, the total number of records (can-
didates, false positives, not dispositioned targets) in the NASA

Exoplanet Archive database reached 5779, and it has recently ex-
ceeded 70001. Although the total number of the candidates will
continue to rise, we chose the second release of Kepler planet
candidates (Batalha et al. 2013) as a starting point with over
2300 objects.

The paper has been organized as follows. After the pre-
selection and the pre-processing phase of the candidates (Sec-
tion 2) we illustrate the bisector analysis for Kepler-13Ab, the
well-known planet with asymmetric transit curve (Section 3).
Afterwards we present our results for the selected single Kepler
companions which showed remarkable light curve asymmetries
(Section 4). Finally, in Section 5 we give a brief discussion of

1 http://exoplanetarchive.ipac.caltech.edu
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ABSTRACT

Context. Many attempts has already been made for detecting exomoons around transiting exoplanet but the first confirmed discovery
is still pending. The even more precise instruments, the new space telescopes and the newly developed techniques provide us new
opportunities and get even closer the first successful discovery.
Aims. In this paper we focus on the forthcoming CHaraterising ExOPlanet Satellite (CHEOPS), calculate the possibility of an
exomoon detection for di↵erent planet-moon configuration, explore the most e�cient way for such a observation and last but not least
estimate the cost of observing time.
Methods. Our study based on calculating variations of the central time of the transit, especially computing PTVs (photocentric transit
timing variation, Szabó et al, 2006) in simulated CHEOPS data. We analyzed transit observation sets for di↵erent star-planet-moon
scenarios and performed bootstrapping analysis to determine their detection statistics.
Results. The simulations with CHEOPS-quality data showed that the detection limit is about Earth-sized moon with 80% probability
if the planet larger than the Neptune. For such a detection at least one period of the PTV and minimum 5-6 transit observation is
needed. We have also non-zero chance in the case of smaller moon, but the detection statistics worsens rapidly.
Conclusions. After the CoRoT and Kepler spacecraft CHEOPS will be the next generation space telescope that will observe exo-
planetary transits. Although its mirror’s diameter is 1/3 of the Kepler’s one it will have more precise CCD and larger sampling rate,
therefore the detection limit for an exomoon can be the same as or better, which make it competitive in searching for exomoons.

Key words. planetary systems – stars: binaries: eclipsing – techniques: photometric

1. Introduction

During the past twenty year, astronomers have discovered a
bunch of exoplanets, which has increased the curiosity in the
community whether these planets may host a detectable and hab-
itable exomoon. The number of confirmed exoplanet exceeded
the number of 1000 but so far there is no such an example when
the existence of an exomoon would have been proven. Despite
we have to mention a single microlensing detection, of which
singal was claimed as a source of microlensing event due to an
exomoon orbiting a gas giant (Bennett et al. 2014).

In 1999 Sartoretti & Schneider argued that a moon around
an exoplanet can cause measurable timing e↵ect in the motion
of the planet and therefore its transit (as known as TTV). Since
then many e↵orts have been made to develop and test such algo-
rithms that can help us answer the question whether an exomoon
can be discovered around exoplanets. Among them the most im-
portant photometric methods are the photocentric transit timing
variation (PTV, TTVp in Szabó et al. 2006, Simon et al. 2007),
detection of mutual transit events between planet and its moon(s)
(Cabrera & Schneider 2007), the transit duration variation (TDV;
Kipping 2009), influence of lunar-like satellites on the infrared
orbital light curves (Moskovitz et al. 2009), direct photomet-
ric detection moon and rings (Tusnski & Valio 2011), scatter

analysis of phase-folded light curves (Simon et al. 2012), the
HEK Project (direct detection of photometric light curve distor-
tions and measurements of timing variation like TTV and TDV)
leaded by Kipping (2012) and the orbital sampling e↵ect (Heller
2014). In addition we have to mention other techniques which
can play important role in confirming such a detections. These
are the Rossiter-McLaughlin e↵ect (Simon et al. 2009, 2010;
Zhuang et al. 2012), timing variation in pulsars’ signal (Lewis
et al. 2008), microlensing (Han & Han 2002), excess emission
due to a moons in the spectra of distant jupiters (Williams &
Knacke 2004), direct imaging of tidally heated exomoons (Peters
& Turner 2013), plasma tori around giant planets by volcanically
active moons (Ben-Ja↵el & Ballester 2014) and modulation of
planetary radio emissions (Noyola et al. 2014).

Also, there were attempts to identify the potential Kepler
candidates that could host a possible exomoon (Szabó et al.
2013; Kipping et al. 2014, HEK Project) and the Kepler tele-
scope is although capable for such a detection there is no com-
pelling evidence for an exomoon around the KOI (Kepler Ob-
jects of Interest) targets so far.

In this paper we turn to the next generation space telescope,
to CHEOPS and examine the possibility of an exomoon detec-
tion by using the method of the photocentric transit timing varia-
tion (PTV, TTVp Szabó et al. 2006, Simon et al. 2007). We show
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