UNIVERSITY OF SZEGED
THE FACULTY OF SCIENCE AND INFORMATICS
DEPARTMENT OF EXPERIMENTAL PHYSICS
DOCTORAL SCHOOL IN PHYSICS

Exomoons around transiting exoplanets

PhD thesis

Author: Attila Simon,

PhD student, University of Szeged,
Research Assistant, Konkoly Observatory

Supervisors:  Gyula M. Szab¢6, PhD
Assistant Professor, University of Szeged,

Research Fellow, Konkoly Observatory

Kéroly Szatmary, PhD, CSc

Associate Professor, University of Szeged

Konsulent: Laszl6 L. Kiss, PhD, DSc

Scientific Advisor, Konkoly Observatory

Honorary Professor, University of Sydney

Szeged, 2011






SCIENTIFIC BACKGROUND

Scientific Background

The study of extrasolar planets (exoplanets) has become a significant subject in
astronomical research over the past twenty years.

The question of existence and detection of that kind of planets appeared first
in the thoughts of the ancient Greeks. Later several philosophers (Giordano
Bruno, Fontenelle, Goethe, Kant) were inspired by this topic. Huygens (1698)
was the first who tried to detect planets around other stars, but he realized that
such a planet detection is far beyond the capabilities of his telescopes. The at-
tempts of W. S. Jacob in 1800s and that of van de Kamp in the first half of the
1900s were unsuccessful, too. The first confirmed detection was in 1992 by Wol-
szczan & Frail, with the discovery of a planet orbiting the pulsar PSR B1257+12.
The next exoplanet discovery around a Sun-like star, 51 Pegasi, was published in
1995, when Mayor & Queloz detected a Jupiter-like exoplanet via radial velocity
observations.

In 1999, Charbonneau and his colleagues were first to measure the change
in starlight while an exoplanet is crossing in front of its parent star’s disk. The
number of known transiting exoplanets rapidly increased over the last decade be-
cause the transit method became efficient and simple due to technical and com-
putational developments. As of October 2011 about 700 exoplanets have been
confirmed and about 1200 candidates of Kepler and CoRoT space telescopes are

waiting for confirmation from independent measurements.
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Figure 1: The number of discovered exoplanets. The red and green bars show the
total number of all exoplanets and the transiting ones, respectively. The vertical
axis is logarithmic. (Schneider, 2011)



RESEARCH METHODS

The discovery of planets in other solar systems led to the question of how
common they are or how similar they are to the planets of our solar system.
The research into the distribution and physical characteristics of exoplanets is
intimately linked to the question of finding life-hosting environments in the uni-
verse. In addition, Wagner (1936) & Asimov (1979) argued that our Moon played
a key role in supporting life on Earth and it may be that the presence of a large
exomoon is a sine qua non requirement for the development of intelligent civiliza-
tion. Without a moon the rotation axis of an exoplanet could be varying signifi-
cantly on a short time scale, so that in the case of a moonless Earth this process
could have destroyed the life supporting environment.

My research was inspired by this idea, and I aimed at developing such kind of
methods by which one can investigate the detectability of an exomoon orbiting
planets of distant stars. The other reason I chose this fiels of research is that there

has been no such example where the presence of an exomoon was proven.

Research methods

To study a light curve of an exomoon, the planet-moon system has to cross the
parent star’s disk. During the transit the planet and the moon are masking out a
part of the stellar disk, hence the brightness of the star is decreased and the appar-
ent radial velocity deviates from that of a Keplerian orbital motion. The latter is
the Rossiter-McLaughlin (RM) effect: the average of the apparent radial velocity
— taking the entire disk — of the rotating star is zero. This changes when the entire
disk is not visible. Transits result in a typical light curve and Rossiter-McLaughlin
curve that refer to the system. My research is based on the investigation of these
kind of curves.

The individual light curve of the moon is similar to that of the planet, the
differences are that the moon has smaller radius and the occulted light is less and
so the depth of its light curve is smaller (Fig. 2). If the transit of the system occurs
when the moon is not in the star-planet line directly then the central time of the
individual transits of the planet and the moon will be different (Fig. 2 7, and 7,).

For example in the case of a leading moon, the occultation starts with the
moon followed by the planet. After that they moves together in front of the stellar
disk. In the last phase the moon gets first over the edge of the star, and the planet
follows it. Consequently, the first half of the combined transit light curve will be
slightly deeper, and then shallower after the moon finished the transit (Figure 2
bottom left panel).
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Figure 2: The light curves (left panel) and the RM effects (right panel) of the

individual planet and moon and the combined curves and RM effect (red curves).

The modulation of the Rossiter-McLaughlin curve occurs in the same way in time,
and the final curves will be the sum of the individual ones (Figure 2 top and
bottom of the right panel).

The shape and the depth of the light curve are determined by several physical
parameters of the star-planet-moon system. By increasing the radius of the planet
and the moon relative to the star, the transit depth increases. By varying the
temperature of the star, the value of the limb darkening differs and so are the
shape and the depth of the light curve, too. The depth of the light curve also
depends on the duration of the transit and the inclination of the orbit (due to the
variation of local limb darkening). In addition, the Rossiter-McLaughlin curve
is determined by the moving direction and the orbital angle parameters of the
planet and the moon, and the rotational period of the star.

The effects mentioned above are observable only in that case when the or-
bital plane of the planet and the observer’s plane is coplanar. This condition is
especially true when the planet-moon system is orbiting far from the parent star.

Iinvestigated the light and RM-curves via the numerical methods with a wide

range of physical properties of individual systems.



RESULTS

Results

L.

I1.

The simulator software and the characteristics of the light and RM-curve
(Simon et al., 2009)

In my research it was necessary to develop a range of new algorithms to in-
vestigate the light curves caused by the planet-moon system that passes its
star. I have written a new software, which is capable of creating simultane-
ously light curves and Rossiter-Mclaughlin (RM) curves. The numerical cal-
culations are based on a bitmap of the star. The transit is calculated in such
a way, that during the transit the value of the brightness and the local radial
velocity of these pixels are set to zero in the given position of the planet and
the moon. The software has a graphical user interface which allows us to
adjust the physical parameters of the star-planet-moon system (e.g. radius,
mass, orbital period, etc.), the sampling rate and the measurement error for

different data quality.

The results of the investigation of several simulated systems are that the
light and RM curves of the system are affected by moon in a special way.
The curves of the moon are similar those of the planet, the differences are
only the depth of the light curves and the time of the individual transit. The
moon is smaller, so it can decrease the brightness of the star less than the
planet, and its transit is shifted in time due to different position from the

planet.

I examined the different shapes of the curves when the parameters of the
system are changing. It was also found out how much is the light loss of the
star caused by different sized moon and what are the differences between

the curves of single planet and the planet-moon systems.

The photocentric model and the photocetric transit timing variation (Sz-
abo et al., 2006)

In 1999, Sartoretti & Schneider suggested first that the moon around a tran-
siting exoplanet may cause a measurable photometric effect. They found
that there is a shift in the transit time of the planet due to the dinamical
influence of the moon, and this is called barycentric transit timing variation
(TTVy). They presented an analytical formula whit which one can get an up-
per estimate for the mass of the moon. Significant limitations of this method
are that the tiny photometric signs of the moon in the light curve are ignored,

and the shift of the transit of the planet is a hardly measurable effect.
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III.

IV.

In my work I presented a new approach for the photometric effect originated
from the presence of the moon, and defined the transit timing variation as
a shift in the median line of the light curve. In this photocentric model the
transit time shifts in that direction where the tiny distortion of the light curve
due to the moon appears relative to the planet. The transit of the moon
occurs somewhat earlier or later than that of the planet and this variation
in the transit time of the moon is much larger than that of the planet. This
photometric effect makes the moon suitable to cause a significant shift in the
transit time of the system even when the moon is too tiny to make observable

light curve distortions.

The simulation in the Sun-Earth-Moon system showed that this photometric
transit timing variation (TTV},) is more sensitive to the tiny variations of
the moon in the light curves than the barycentric method of Sartoretti &

Schneider.

The photocenter and the determination of the physical properties of exo-

moons (Simon et al., 2007)

With a detailed analysis of the photocentric model it turned out that the
planet-moon system can be replaced by a artificial celestial body which is lo-
cated in the photocenter on the planet-moon line and causes the same pho-
tometric effect than the planet and the moon together. The motion of this
photometric point around the planet-moon barycenter leads to the photo-

metric transit timing variation (TTV),).

Using the upper limit of TTV,, and the physical parameters of the planet-
moon system I derived a new analytical formula with which one can esti-
mate the radius, the mass and the density of an exomoon. Another results
is that we can give more accurate estimation for the radius than the mass.
The TTV, has a maximum value for a given planet-moon system. If the
values of TTV,, from the measurement are higher than that of the expected
planet-moon system, we have to look for other explanations of this effect

(e.g. perturbation of a second planet, exotrojan asteroids).

Possibility of detection of exomoons via Rossiter-McLaughlin effect (Si-
mon et al., 2010)

Measuring radial velocities is the main tool to confirm transiting exoplanet
candidates. It has been suggested that the exoplanets can cause an observ-
able signal via the Rossiter-McLaughlin effect (Gaudi & Winn, 2007). The



RESULTS

shape of the RM-curve is determined by the shape of the orbits, so we can
give an estimation not only for the radius but also the orbital angle param-
eters. This led to a question whether the moons around a planet can affect
the shape of the RM-curve. This is a tiny modulation, but the ~1 cm/s ve-
locimetric accuracy, achieved by laser frequency combs in the laboratory, is

promising in detecting the modulation due to an exomoon.

I made a detailed analysis of parameter reconstruction of an exomoon from
the RM effect of a simulated observation. In the first step I determined the
best fitted planet template to the observations data, then I fitted the residual
(between the observations and the planet template) tuning the parameters

of the moon.

The main conclusion is that the radius of the moon can be estimated the most
accurately. In some cases, there is also meaningful information on its orbital
period. When the transit time of the moon is exactly known (for example
from transit photometry), the angle parameters of the moon’s orbit can also
be constrained from the RM effect. From transit light curves the mass can be
determined, and combining this result with the radius from the RM effect,

the experimental determination of the density of the moon is also possible.

The main limitation of this method is due to the stellar activity, so the best
targets for exomoon exploration are the K and early M-dwarf stars, whose
activity levels are lower. For an active star, there is reason for some optimism
because the time-scales of the exoplanet-exomoon systems and those of the

stellar signals are usually very different.

. Signal of exomoons in averaged light curves of exoplanets (Simon et al.,
2011)

Most of the methods in the literature utilize timing analysis of the raw light
curves. I proposed a new approach for the direct detection of a moon in
the transit light curves via the so-called “Scatter Peak”. The essence of the
method is the evaluation of the local scatter in the folded light curves of

many transits.

The method requires ~100 transit observations for a successful detection and
each transits in the folded light curves must be overlaid very accurately, so
the effects coming from other sources than moons must be removed. In the
resulted “scatter curve” the different time-course effects of the moon are su-
perimposed to each other and increase the value of the local scatter com-

pared to that of the out-of transit phase. This leads to a simple wide peak
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around the transit time of the planet. It is an important step in the pre-
processing phase of the data that the trend filtering of the light curves must
be carried out in such a way that small deviations immediately before and

after the transit of the planet shall remain unaffected.

I tested this method for four different sets of data quality (Kepler ‘short
cadence’, Kepler ‘long cadence’, ground-based millimagnitude photometry
with 3-min cadence and the expected data quality of the ESA planned mis-
sion of PLATO). The results of the simulation showed that the best result will
be provided by the planned space telescope of PLATO with detection limit
0.5 7garen. Using the Kepler ‘short cadence” data we have three times more
chance of detection of Earth-sized moon than using ground-based data. The
measurements with long exposure are suffered from the smearing effect that
suppress the little light variations of the moon, so we do not expect success-

ful detection of an exomoon.
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