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Abstract

Many nearby stars are part of a binary or multiple system. Details about their
history are preserved in their multiplicity characteristics, and observations of binary/
multiple star systems provide a way to measure fundamental physical properties of the
stars as well as clues to their formation and evolution. Moreover, planet formation and
dynamics may also be affected by the presence of a second star, or by giant planets in
the same system.

In this thesis, high resolution imaging of low-mass stars, planet host stars and a
multiple planet system is presented. The results of observations and analyses include
the discovery of several previously unknown companion stars and multiplicity statistics
for M dwarfs in the largest M dwarf multiplicity survey to date. We also present near-
infrared characterization of four close M dwarf systems, previously unknown compan-
ion candidates to exoplanet host stars, and investigate how a close companion may
affect planet formation. New astrometric data is presented for three of the directly im-
aged planets in the HR 8799 system, and an analysis of a possible orbital configuration
of planet HR 8799 d.

Zusammenfassung

Viele Sterne in der Sonnenumgebung sind Teil eines Doppel- oder Mehrfachsys-
tems. Die Eigenschaften dieser Systeme spiegeln deren Entstehungsgeschichte wider.
Beobachtungen der Doppel- und Mehrfachsysteme ermöglichen die Messung grundle-
gender physikalischer, stellarer Eigenschaften, und bieten Hinweise auf die Entstehung
und Entwicklung der Sterne. Weiterhin könnten Planetenentstehung und -dynamik
durch das Vorhandensein eines zweiten Sterns oder weiterer Gasplaneten im selben
System beeinflusst werden.

In der vorliegenden Doktorarbeit werden hochaufgelöste Bilder massearmer Sterne,
Sterne mit Exoplaneten und eines Systems mit mehreren Exoplaneten vorgestellt.
Die Ergebnisse der Beobachtungen und Analysen umfassen die Entdeckung mehrerer
vorher unbekannter stellarer Begleiter, und bilden so die Grundlage der größten und
umfassensten bisher durchgeführten Untersuchung der Doppelsterneigenschaften der
M-Sterne. Für vier enge Mehrfachsysteme unter den M-Sternen wurde eine detail-
liertere Spektralklassifizierung auf der Basis von Infratrotrspektren durchgeführt. Auf-
bauend auf der Suche nach stellaren Begleitern zu Sternen mit Exoplaneten wird un-
tersucht inwieweit ein stellarer Begleiter die Planetenentstehung beeinflussen könnte.
Weiterhin werden neue astrometrische Daten für drei der direkt beobachteten Plan-
eten der HR 8799-Systems präsentiert, und eine Analyse der erlaubten Bahnparameter
des Planeten HR 8799d durchgeführt.
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CHAPTER 1

INTRODUCTION

The multiplicity properties of stars hold keys to their formation and early evolution.
Of the stars in our immediate neighbourhood, almost 50% are part of binary or multi-
ple systems 1. Binary/multiple stars can provide us with much information, including
fundamental physical parameters such as mass from their orbital motion, and clues to
their formation and early evolution are preserved in their multiplicity characteristics.
Observing these properties, and recognizing how they depend on environment and
mass, is therefore of utmost importance for understanding star formation in general.

The multiplicity of stars also affects planet formation. The formation of planets in
disks surrounding young stars may be a natural outcome of the star formation. Many
exoplanets have been discovered in binary or multiple star systems, but in what way
their formation and evolution is affected by the presence of another star is debated.
Will the presence of a close stellar companion inhibit or stimulate the formation of
planets? And will the system be dynamically stable?

Further clues to what rules the formation of planets may be found in systems con-
taining several planets. The orbital properties of the planets constrain their formation
and dynamical history, as may comparison of properties of planets within the same
system.

In this thesis, observations of binary/multiple stars and one multiple planet system
are presented. From their observed properties, we look for clues to the formation and
evolution of low-mass stars, substellar objects and exoplanets.

Chapter 2 provides a short overview of how observations of multiplicity relate to
theoretical predictions of the formation of binary/multiple low-mass stars, of brown
dwarfs and exoplanets. It ends with a brief introduction to the Lucky Imaging tech-
nique, which was used in two surveys for binary stars presented in this thesis.

In Chapter 3, the multiplicity of M dwarfs is investigated in what is the largest
survey of its kind to date. We observed a large number of M dwarfs in order to inves-
tigate how multiplicity properties change in the mass region between solar-type stars
and brown dwarfs, which show very different multiplicity characteristics. We also
wanted to find nearby, young, close binaries suitable for further spectroscopic char-

1RECONS (REsarch Consortium On Nearby Stars) census of all known objects within 10 pc,
14 Sep 2011, http://www.chara.gsu.edu/RECONS/census.posted.htm
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2 CHAPTER 1. INTRODUCTION

acterization and dynamical mass measurements. Near-infrared spectra of four such
close, mid- to late-M type binaries or close couples in triple systems are presented in
Chapter 4. These systems are characterized by spectral types and signs of activity.

In Chapter 5, a survey for binary companions to the hosts of transiting exoplanets
is presented. Most Sun-like stars are part of binary or multiple systems, and so far
most exoplanet searches have focused on solar type stars. However, faint stars at close
angular separations to the planet host stars are often missed in seeing-limited surveys.
Here, we discover candidate binary companions to host stars of transiting exoplanets
using high angular resolution observations, and look for correlations between binary
separation and planet properties in order to derive clues to planet formation in bi-
nary/multiple star systems.

The final research chapter investigates the orbits of giant planets in the HR 8799
system. Properties related to the formation and dynamical evolution of planets can be
inferred from comparison with companions in the same system. Observations of the so
far only directly imaged multiple exoplanet system HR 8799 are presented in Chapter
6. We present astrometric observations, and perform an orbital analysis of the planet
HR 8799 d.

The last chapter summarizes the results of the research presented in this thesis,
and provides an outlook towards related future work.

Chapter 3 and 6 have been published in Astronomy and Astrophysics (Bergfors
et al., 2010a, 2011).



CHAPTER 2

BINARY STARS, SUBSTELLAR

OBJECTS AND EXOPLANETS:

AN OVERVIEW

2.1 Formation of low-mass stars in binary/multiple

systems

Observations of young stars show that a large fraction of low-mass stars are born in
multiple systems (see e.g., Goodwin et al., 2007; Duchêne et al., 2007). Multiplicity
observed in different star forming regions, young associations and among field dwarfs
of different masses are important for finding out how stars form and interact dynami-
cally, and how star formation depends of the environment. For low-mass T Tauri stars
(0.1 − 0.5 M⊙) as well as for field stars, the multiplicity fraction and distributions of
mass-ratio and separation are dependent on the mass of the primary star (see e.g.,
Duchêne et al., 2007, for a review on the multiplicity of young stars).

In addition to reproducing the Initial Mass Function (IMF), models of star forma-
tion need also to account for properties such as multiplicity, clustering and mass segre-
gation in star-forming regions (Bonnell et al., 2007). It has been argued by, e.g., Clarke
(2007) that multiplicity characteristics provide the strongest observational constraints
on theoretical models of star forming clusters, since the range of properties that need
to be reproduced (e.g., binary/multiple frequency, distributions of mass-ratio and sep-
aration) is unlikely to emerge from the simulations by accident. Observations of stellar
and brown dwarf multiplicity show trends of these properties with mass. Figure 2.1
show the distributions of mass-ratio (q = MSec/MPrim) and separation for solar-type
stars, early- to mid-type M dwarfs, and very-low-mass stars (M < 0.1M⊙) and brown
dwarfs.

Many theories for the formation, and disruption, of binary and multiple stellar sys-
tems exist. Some scenarios predict different outcomes in multiplicity properties, and
thus observations of multiplicity can be used for testing theoretical predictions. Most
binary/multiple systems are in general believed to form by fragmentation, either of
collapsing molecular cloud cores or later on in circumstellar disks. Theories of binary
star formation have been reviewed by e.g., Goodwin et al. (2007); Tohline (2002);
Bodenheimer et al. (2000), and here I provide a short summary which includes the

3
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Figure 2.1: Distributions mass-ratio and semi-major axis for solar-type stars, early to mid-type
M dwarfs, and VLM objects. Figure from Allen (2007).

predictions for multiplicity, if any.

2.1.1 Fragmentation of prestellar cores

A “typical” prestellar core is described as one of the denser structures within molecu-
lar clouds that have radius r ∼ 0.1pc, density n & 104 cm−3 and velocity dispersion of
σ ∼ 0.5 km s−1 (Goodwin et al., 2007). The first phase after a prestellar core becomes
gravitational unstable and the collapse begins is an isothermal phase in which the gas
is thin and the energy can escape. While the density increases in this phase, the tem-
perature is thus constant at ∼ 10K. The second stage sets in when the density reaches
∼ 1010 cm−3 and the opacity increases to the point that the energy from contraction
can no longer escape freely. The gas is now adiabatic, and the temperature rises. A
hydrostatic core has now formed in the center. Continued accretion onto this so-called
first core increases the density and temperature. At a temperature of around 2000 K
(n ∼ 1016 cm−3) H2 dissociates, causing a second collapse at the end of which a proto-
star emerges (Goodwin et al., 2007; Chabrier et al., 2007; Machida, 2011).

If the necessary angular momentum is provided, by bulk rotation or by turbulence,
the prestellar cores can fragment to produce multiple star systems. Fragmentation
mechanisms are discussed in the review by Goodwin et al. (2007). The fragmentation
of cores is expected to produce binaries or multiple systems with maximum separa-
tions of a few hundred AU, but systems closer than ∼ 20− 30AU appear difficult to
form. It is possible that a second phase of fragmentation occurs on smaller scales,
or that some hardening mechanism is responsible for closer binaries (Goodwin et al.,
2007).
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2.1.2 Disk fragmentation

Binaries can also form at later stages of star formation, from the fragmentation into
one or more components of a circumstellar disk that forms around the protostar. Grav-
itational instabilities in a massive disk can be induced by close encounters with other
stars or disks, or without external interactions. One of the requirements is that the
disk is massive enough (∼ 0.1 M⊙), which means that binary formation via disk frag-
mentation can only occur around solar-type or more massive stars.

Smoothed particle hydrodynamic (SPH) simulations by Stamatellos et al. (2007);
Stamatellos & Whitworth (2009) show that massive, extended disks can form around
solar-type stars, which fragment rapidly (within a few thousand years) and form very-
low-mass stars, brown dwarfs and planetary-mass objects. The model is successful in
explaining several observed properties of very-low-mass stars and brown dwarfs, such
as the brown dwarf desert (paucity of brown dwarfs at close separations to solar-type
stars), the large disks observed around brown dwarfs, and their low binary fraction.
They also find that almost all binaries are close (a < 2AU), and more than half of the
binaries have mass ratios q > 0.7. This scenario may complement formation by tur-
bulent fragmentation at close binary separations for very-low-mass objects (see Sect.
2.2.1).

2.1.3 Capture

The formation via dynamical encounters is not likely to be responsible for most bina-
ries. The main problem with the formation of binaries from capture of another star is
dynamical, since kinetic energy must be carried away from the system in order to form
a binary. The excess orbital energy may be carried away by a third star in a three-body
encounter (Goodman & Hut, 1993). Alternatively, in encounters between only two
stars it could be absorbed by tidal dissipation in protostellar disks, if present. Forma-
tion by capture naturally predicts that the multiplicity fraction should increase with
age. Observations show that young stars have high multiplicity, and they are therefore
likely to form directly as binaries instead of at later stages. Formation of binaries from
dynamical capture might occur to some extent in very densely populated regions, but
is not a likely formation scenario for most binaries in typical star-forming regions, and
even less so for higher order multiple systems.

2.1.4 Fission

In the classical fission-scenario, a rotating protostellar core or protostar flattens and
deforms into a triaxial bar-shape, which may evolve into a pear-shaped or dumbbell-
shaped configuration from which the two binary components detach and produce a
close binary system. It has been shown by several hydrodynamical simulations and
stability analyses that formation of binaries via this process is not likely to occur, and
the classical fission theory has been largely abandoned (see Bodenheimer et al., 2000,
and references therein).
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2.2 Formation of very-low-mass stars and

substellar objects

Observations of multiplicity also provide powerful constraints to theoretical models
of the formation of very-low-mass stars and substellar objects 1 (see e.g., Burgasser
et al., 2007, for a review of the multiplicity properties of very-low-mass stars and
brown dwarfs). If very-low-mass (VLM) star and brown dwarf formation is just a
scaled-down version of star formation, then trends with mass of properties such as
the multiplicity fraction and the distributions of mass-ratio and separations, which are
seen for stars, should be continued into the substellar mass region. However, it has
been suggested that VLM stars and brown dwarfs cannot simply form like stars via the
processes mentioned in the previous section. Thies & Kroupa (2007) found that the
different multiplicity properties of stars on the one hand, and VLM stars and brown
dwarfs on the other, cause a discontinuity in the IMF close to the boundary between
low-mass stars and brown dwarfs when the mass function is corrected for unresolved
binarity. In favour of a different formation is the existence of the brown dwarf desert
for solar type stars, and the lower binary fraction of VLM stars and brown dwarfs.
Another strong indication is that the separation distributions, and thus the binding
energies, are significantly different for brown dwarfs compared to stars.

2.2.1 Turbulent fragmentation

In classical star formation, the minimum mass for fragmentation in a molecular cloud
is the Jeans mass MJ, which is proportional to the temperature and inversely pro-
portional to the density. This is usually assumed as the stellar minimum mass. The
problem with forming brown dwarfs is that in order for the proto-brown dwarf cores to
reach the Jeans mass and become gravitationally unstable and collapse, exceptionally
cold and dense environments are required. Padoan & Nordlund (2004) suggested that
brown dwarfs can be formed when supersonic turbulence produces density variations
in the molecular cloud. The turbulent shocks create regions in which the density is
high enough for very low-mass cores to collapse and produce brown dwarfs. In this
formation scenario, brown dwarfs thus form like stars, but in a scaled-down version.

2.2.2 Brown dwarf ejection

One example of a non-starlike process to form substellar objects is to remove the stel-
lar embryos from their birth site before they become too massive. Brown dwarfs thus
begin to form as any other protostars from fragmenting protostellar cores or in a frag-
menting disk (see Sect. 2.1.1 and 2.1.2), but the lowest mass protostars are ejected via
dynamical N-body interactions before the hydrostatic cores can accrete enough of the
surrounding material and reach the hydrogen burning mass limit (Reipurth & Clarke,
2001).

1How to define substellar mass objects is heavily debated (see, e.g., Boss et al., 2003). We adhere to
the definition of a substellar object as an object that is not massive enough to sustain hydrogen fusion, i.e.,
brown dwarfs and free-floating planetary-mass objects formed by the same processes (sub-brown dwarfs).
In a similar fashion as the substellar definition, one may follow the working exoplanet definition by IAU of
a planet as an object that orbits a star and has a mass below the deuterium burning limit.
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Hydrodynamical simulations by e.g. Bate et al. (2002); Bate (2009) have demon-
strated that brown dwarfs may be formed from either the collapse of a turbulent
molecular cloud into subsequently dynamically ejected stellar embryos, or formed by
fragmentation of circumstellar disks from gravitational instabilities. Analytical N-body
calculations of the dynamical decay of accreting triple systems by Umbreit et al. (2005)
also found that brown dwarfs are readily formed by ejection.

In terms of multiplicity, the predictions of Reipurth & Clarke (2001) include the
brown dwarf desert (since brown dwarfs are ejected, or continue to accrete mass and
become a star), and the paucity of wide brown dwarf binaries (since wide couples
would be disrupted from the ejection). In the to date largest hydrodynamical simula-
tion of star cluster formation, Bate (2009) found that the simulation produced many
observed properties of stellar and substellar multiplicity, such as the decreasing multi-
plicity fraction with decreasing mass, and the trends that are observed in the distribu-
tions of mass-ratio and separations. However, other properties such as the formation
of too many brown dwarfs compared to stars, and too few low mass-ratio systems for
solar-type stars were less well reproduced in these simulations.

2.2.3 Photoevaporation

Another way to prevent that hydrogen burning mass is reached is photoevaporation
of prestellar cores by a nearby massive O or B star (Whitworth & Zinnecker, 2004).
Massive prestellar cores that would in the absence of the eroding radiation form stars
of low to intermediate mass instead lose the outer layers and turn out as free-floating
brown dwarfs. Since this could only happen in the vicinity of very massive stars, it can
not be the primary process for forming brown dwarfs, but could occur in high-mass
star-forming regions.

2.3 Multiplicity and planet formation

2.3.1 The formation of giant planets

Circumstellar disks in which planets form are the result of the conservation of an-
gular momentum in a collapsing cloud core, and the formation of planets is thus very
strongly linked to the formation of stars. The first exoplanet discovered around a solar-
type star, 51 Peg in 1995 (Mayor & Queloz, 1995), was only the first of many massive
planets in very close orbits around their host stars that have since been called Hot
Jupiters. The new class of planets so different from the ones we knew before clearly
showed that our solar system may not at all be representative for all planetary sys-
tems. The first discoveries of exoplanets belonging to a member of a binary/multiple
stellar system came less than two years later: the exoplanet host star 16 Cyg B is the
secondary star in a triple system (Cochran et al., 1997), and the planets υ And b, τ Boo
b, and 55 Cnc b all belong to the primary stars in binary systems (Butler et al., 1997).
Today we know of around 50 systems where the planets belong to one component of
a binary/multiple star (an S-type orbit), and seven planet candidates that orbit both
components of a close binary (P-type orbit). Observations of the overall frequency
of planets in binary/multiple systems provide not only a census of the occurrence of
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planets, since many stars are part of a binary/multiple system, but correlations be-
tween properties of the stellar system and the planets provide constraints on theories
of planet formation and evolution.

There are two widely supported models for planet formation: core-accretion and
gravitational instability. In the core-accretion scenario (e.g., Pollack et al., 1996; Lis-
sauer & Stevenson, 2007), the planets start from coalescing dust particles and gradu-
ally grow from collisions of larger and larger clumps to eventually becoming planetes-
imals and planets. Giant planets form as rocky/icy cores of 10− 15 Earth masses and
subsequent runaway accretion of a gaseous envelope. Because of the long timescales
involved to form giant planets in the core accretion scenario, planet migration and disk
evolution is usually assumed in order for the planet to accrete enough mass before the
gas disk dissipates (e.g., Alibert et al., 2005). The efficiency of planetesimal formation
from core accretion depends very strongly on metallicity. High metallicity leads to fast
planet core formation, leaving lots of time to accrete gas (e.g., Johansen et al., 2009).

While core accretion is commonly favoured as the model of formation for most
planets, partly because of the observed correlations between high metallicity and the
occurrence of exoplanets, some observed systems seem to be more readily explained by
gravitational instability formation. In the gravitational instability model (Boss, 1997,
2006; Durisen et al., 2007), giant planets are formed by gravitational collapse and
fragmentation of large scale spiral structures in the protoplanetary disks on relatively
short timescales (. 10 000years). For planet formation to occur, the surface density
of the disk needs to be large enough to be gravitationally unstable, and in order to
fragment the cooling must also be efficient (Toomre, 1964; Gammie, 2001; Rice et al.,
2003). Therefore, planet formation via gravitational instability is only efficient at large
separations. For instance, directly imaged exoplanets such as Fomalhaut b and at least
the outer planets in the HR 8799 system studied in Chapter 6 in this thesis are consid-
ered good candidates for having formed by gravitational instability (Dodson-Robinson
et al., 2009; Nero & Bjorkman, 2009; Marois et al., 2010).

2.3.2 The influence of a second star

How a second, closely separated star in the system affects planet formation is debated.
Artymowicz & Lubow (1994) found analytically and numerically that a typical disk
is truncated at a radius rt ∼ 1/3abin in a binary system with mass-ratio q = 0.5 and
eccentricity ebin = 0.3. By truncating the disk, material that might have formed planets
is reduced. Nelson (2000) found numerically that a stellar companion influences gi-
ant planet formation negatively in either formation mechanism in an equal mass close
binary system with semi-major axis a ∼ 50AU. The temperatures become so high dur-
ing the periodic heating that condensation of solid material is reduced, required for
core accretion, and it hinders the onset of gravitational instability since spiral struc-
tures decay to quickly. On the other hand, Boss (2006) found that a stellar companion
stimulates the formation via gravitational collapse, and Mayer et al. (2005) concluded
that if formed by gravitational instability, the influence of a close stellar companion
will affect planet formation negatively, but planets formed by core accretion should be
common. Figure 2.2 shows observations and simulations by Mayama et al. (2010) of
interacting circumstellar disks in the multiple system SR24.
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Figure 2.2: Multiple system with interacting circumstellar disks. (A): coronagraphic H-band
image of the SR24 multiple system, (B): 2D numerical simulation of the accretion (Mayama
et al., 2010).

A stellar companion may also affect later stages in planet formation. In numerical
simulations of a planet embedded in a protoplanetary disk by Kley (2000), the sec-
ondary star does not only truncate the disk, but the migration rate and mass growth
of the planet is also affected. A secondary star in a highly inclined orbit (i > 39.2o)
may interact secularly via the Kozai mechanism, i.e., an exchange of angular momen-
tum between the planet and the secondary star that induces periodic oscillations in
eccentricity and inclination (Kozai (1962); also Holman et al. (1997); Takeda & Rasio
(2005)). The long-term stability of planets in binary systems have been investigated by
e.g., Holman & Wiegert (1999); Pilat-Lohinger & Dvorak (2002). Eggenberger et al.
(2004) summarizes how a secondary star influences the formation and evolution of
planets, and how it can be observed.

2.4 Multiple planets systems

A large fraction of exoplanets have been found in multiple planet systems, and it ap-
pears to be a very common outcome of planet formation (see e.g. review by Udry &
Santos, 2007). About 1/3 of transiting planet candidates discovered in the first four
months of the Kepler mission are part of multiple planet systems (Latham et al., 2011).
Only one multi-planet system has been directly observed so far, the HR 8799 system,
which contains at least four giant planets at large orbital separations from the star.

For directly imaged systems of multiple planets, long-term astrometric observations



10
CHAPTER 2. BINARY STARS, SUBSTELLAR OBJECTS AND EXOPLANETS:

AN OVERVIEW

can provide accurate masses from dynamical studies without relying on untested evo-
lutionary models. E.g., Dupuy et al. (2009) found that evolutionary and atmospheric
models are largely inconsistent, and tend to underestimate luminosities when com-
pared to a binary brown dwarf system with precise dynamically determined masses.
For multiple planet systems, it can also in general be assumed that the planets in
the system formed at the same approximate time and from the same original proto-
planetary disk. Differences between the planets in, e.g., atmospheric composition can
therefore tell us something about the structure (temperature, chemical composition) of
the disk, and from astrometric observations orbital period, eccentricity, resonant con-
figurations, etc., may tell us about their formation (gravitational instability vs. core
accretion) and dynamical evolution (e.g., disk migration, see Papaloizou et al. (2007)
and references therein; planet-planet scattering, Rasio & Ford (1996); Chatterjee et al.
(2008); Veras et al. (2009); Scharf & Menou (2009)).

2.5 The Lucky Imaging technique

For resolving the close binaries in the surveys described in this thesis, high angular
resolution observations are needed to overcome the blurring effects of the turbulent
atmosphere. In the near-infrared, adaptive optics is commonly implemented on large
(8-10 m) telescopes, detecting and correcting for wavefront distortions in real time
using a system of wavefront sensor and deformable mirror. Lucky Imaging is another
high angular resolution imaging technique, with which almost diffraction-limited res-
olution can be achieved with 2–4 m class telescopes at optical wavelengths.

Lucky Imaging is a passive technique, the principle of which is to reduce the effects
of seeing by selecting and combining only the best few percent of many, very short
integrations. The probability that the distortion of the wavefront is minimal for a very
short exposure time is dependent on the diameter of the telescope and observatory
seeing conditions, (i.e., proportional to the exponential of the squared ratio of the
aperture D and the Fried parameter r0, Fried, 1978). This corresponds to usual op-
timal performance in the wavelength range of 700-1100 nm for medium-sized 2-4 m
telescopes. For best results, the integrations should be shorter than the atmospheric
coherence time so as to effectively “freeze” the atmosphere, i.e., ∼ 10ms. Of a total
∼ 10 000frames, the least distorted are selected and combined to yield the “lucky”
result. Figure 2.3 illustrates the efficiency of Lucky Imaging with the AstraLux Sur
instrument. The target is a triple M dwarf system in which the close secondary and
tertiary components are separated by ρBC ≈ 0.15′′.

The Lucky Imaging technique has the advantage of providing similar performance
as adaptive optics in terms of spatial resolution, but with medium-sized telescopes
and at shorter wavelengths. The very short instrumental time overheads also means
that many targets can be observed in short time. The technique has been very suc-
cessful for stellar multiplicity surveys of, e.g., very-low-mass stars (Law et al., 2005,
2006, 2008), and massive stars (Maíz Apellániz, 2010). The technique has also been
combined with adaptive optics, e.g., at the Palomar 5 m telescope Law et al. (2009),
and at the 4 m William Herschel Telescope (WHT), where the combination was used
for high-contrast imaging of the close brown dwarf binary GJ569Bab (Femenía et al.,
2011). MPIA has built two Lucky Imaging instruments, AstraLux Norte for observing
the northern sky with the 2.2 m telescope at the Calar Alto observatory in Spain, and



2.5. THE LUCKY IMAGING TECHNIQUE 11

Figure 2.3: Lucky Imaging with AstraLux Sur. From left to right: (1) Sum of 50 000 images
with 25 ms integration time in SDSS z′-band. (2) All 50 000 images, shifted on the brightest
pixel in each image and added together. The resolution is seeing limited. (3) Best 50% of the
images combined, selected by Strehl ratio. The seeing halo is dramatically reduced. (4) Best
10% combined. (5) Best 1% combined. The resolution is almost diffraction limited and the
closely separated secondary and tertiary star are clearly resolved. Taken from Hippler et al.
(2009).

AstraLux Sur for southern sky observations with the NTT at La Silla, Chile (Hormuth
et al., 2008; Hippler et al., 2009).





CHAPTER 3

LUCKY IMAGING SURVEY FOR

SOUTHERN M DWARF BINARIES

Abstract:

While M dwarfs are the most abundant stars in the Milky Way, there is still large
uncertainty about their basic physical properties (mass, luminosity, radius, etc.) as
well as their formation environment. Precise knowledge of multiplicity characteristics
and how they change in this transitional mass region, between Sun-like stars on the
one side and very low mass stars and brown dwarfs on the other, provide constraints
on low mass star and brown dwarf formation.

In the largest M dwarf binary survey to date, we search for companions to ac-
tive, and thus preferentially young, M dwarfs in the solar neighbourhood. We study
their binary/multiple properties, such as the multiplicity frequency and distributions of
mass-ratio and separation, and identify short period visual binaries, for which orbital
parameters and hence dynamical mass estimates can be derived in the near future.
The observations are carried out in the SDSS i′ and z′ band using the Lucky Imaging
camera AstraLux Sur at the ESO 3.5 m New Technology Telescope. Lucky Imaging is
a very efficient way of observing a large sample of stars at an angular resolution close
to the diffraction limit.

In the first part of the survey, we observed 124 M dwarfs of integrated spectral types
M0-M6 and identified 34 new and 17 previously known companions to 44 stars. We
derived relative astrometry and component photometry for these binary and multiple
systems. More than half of the binaries have separations smaller than 1′′ and would
have been missed in a simply seeing-limited survey. Correcting our sample for selection
effects yields a multiplicity fraction of 32±6% for 108 M dwarfs within 52 pc and with
angular separations of 0.1′′ − 6.0′′, corresponding to projected separations of 3-180 AU
at median distance 30 pc. Compared to early-type M dwarfs (M & 0.3M⊙), later-type
(and hence lower mass) M dwarf binaries appear to have closer separations, and more
similar masses.

From Bergfors et al., 2010, A&A 520, A54
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3.1 Introduction

M dwarfs form a link between solar-type stars and brown dwarfs, two mass regions
that exhibit very different multiplicity characteristics. Because properties such as bi-
nary fraction, period distribution, and mass-ratio distribution provide important con-
straints on models of star formation and dynamical evolution (Goodwin et al., 2007;
Burgasser et al., 2007), precise knowledge of multiplicity characteristics and how they
change within this transitional mass region is important to understanding the forma-
tion of low-mass stars and brown dwarfs. Repeated astrometric observations of binary
systems can also provide dynamical mass estimates, which are crucial to the empirical
calibration of the mass-luminosity relation and evolutionary models. While being well
known for solar-type stars, these relations are not very well constrained for lower mass
stars. Theoretical models have been shown to under predict the masses of M dwarfs
(M . 0.5M⊙) by 5-20%, and are particularly inconsistent for masses below 0.3M⊙ (e.g.,
Hillenbrand & White, 2004).

It is generally agreed upon that the binary fraction fbin = Nbinaries/Ntotal decreases
with decreasing stellar mass (see, e.g., review by Burgasser et al., 2007). While the
binary fraction of Sun-like stars is ≈57% (Duquennoy & Mayor, 1991) over the full
range of orbital separations, the fraction of multiple stars decreases to ≈26-42% for
M0-M6 dwarfs (Delfosse et al., 2004; Reid & Gizis, 1997; Fischer & Marcy, 1992). For
very low mass stars (M < 0.1M⊙) and brown dwarfs, the binary frequency is only 10-
30% (e.g., Bouy et al., 2003; Reid et al., 2008; Joergens, 2008; Goldman et al., 2008).
These previous surveys of M dwarfs are limited to relatively small individual sample
sizes, the largest until now being that of Delfosse et al. (2004), which consisted of 100
stars.

Whether the observed multiplicity characteristics are smooth functions of mass -
implying that very low mass stars (VLMSs) and brown dwarfs (BDs) form like more
massive stars - or if another process is primarily responsible for the formation of VLMSs
and BDs, is debated. The multiplicity distributions of VLMSs and BDs show some im-
portant differences from those of Sun-like stars. The semi-major axis distribution of
VLMSs and BDs is narrow and peaks at small separations (3-10 AU, e.g., Burgasser
et al., 2007), in strong contrast to the separation distribution of solar-type binaries,
which is wide and peaks at around 30 AU (Duquennoy & Mayor, 1991). The mass-
ratio distribution also differs for VLMSs and BDs from that of Sun-like stars, showing
a clear preference for equal mass binaries (e.g., Burgasser et al., 2007) as opposed
to the flat distribution of the more massive stars (Duquennoy & Mayor, 1991). For
M dwarfs, the mass range in-between, Fischer & Marcy (1992) found a relatively flat
mass-ratio distribution, while Reid & Gizis (1997) found a preference for almost equal
mass systems. The differences in binary characteristics have been argued by, e.g., Thies
& Kroupa (2007) to support the existence of two populations, ’star-like’ and ’BD-like’,
which are formed by different processes.

The AstraLux M dwarf survey (Hormuth et al., 2009) investigates the multiplicity
characteristics of low-mass stars using high-resolution Lucky Imaging performed by
the two AstraLux instruments, AstraLux Norte at the Calar Alto 2.2 m telescope (Hor-
muth et al., 2008) and AstraLux Sur at NTT at La Silla (Hippler et al., 2009). The
full survey will include ∼800 stars in the range of spectral types M0-M6 within 52 pc
from the Sun, selected from the Riaz et al. (2006) catalogue of young, nearby late-type
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stars. The choice of observing young stars is motivated by the higher sensitivity to sub-
stellar companions, which at young ages are still warm and hence brighter and easier
to detect than around older stars. A 0.072 M⊙ brown dwarf is 3.2 magnitudes brighter
in I-band at the age of 0.5 Gyr than at an age of 5 Gyr (Baraffe et al., 2003). Thus, by
surveying young M dwarfs we can also detect brown dwarf companions with masses
close to the stellar/substellar boundary. The large sample will allow a detailed statis-
tical analysis of multiplicity characteristics, in the mass region between Sun-like stars
and brown dwarfs where these properties change drastically. Follow-up observations
of close, nearby multiple systems will also enable dynamical masses to be determined,
allowing calibration of the mass-luminosity relation for stars less massive than 0.5M⊙.
We present here the first southern sky sample, consisting of 124 M dwarfs.

3.2 Observations and data reduction

3.2.1 Observations

The first subsample of the 124 nearby M dwarfs presented here (see Table A.1) was
observed with the AstraLux Sur high resolution camera mounted at the Nasmyth B
focus of the ESO 3.5 m New Technology Telescope (NTT) at La Silla on November 12-
16, 2008. The targets were selected from the Riaz et al. (2006) catalogue of ≈ 1000
nearby active M dwarfs. All of our targets have spectral types M0-M6 and lie within
52 pc of the Sun. We do not have direct age estimates for more than a few individual
stars (see Appendix B), although the Riaz et al. (2006) sample was compiled by cor-
relating 2MASS with ROSAT data, and the sample as a whole, based on its typically
strong coronal emission and low tangential velocity (< 40km s−1), is very likely young.

AstraLux Sur (Hippler et al., 2009) is a high-speed electron multiplying camera for
Lucky Imaging observations at the NTT. The instrument is an almost identical copy of
the common user AstraLux Norte camera at the Calar Alto 2.2 m telescope (Hormuth
et al., 2008). The Lucky Imaging principle is to minimize atmospheric seeing effects
by taking many (∼ 10 000) very short exposures (∼ 10 ms) of the target, thereby effec-
tively ”freezing” the atmosphere in each image. Only the least distorted few percent of
the frames, selected on the basis of Strehl ratio, are then combined to achieve almost
diffraction-limited resolution. The Drizzle algorithm (Fruchter & Hook, 2002) shifts
and adds the slightly undersampled raw images by centering on the brightest pixel,
thereby generating an oversampled output image with a pixel scale of ≈ 15.37mas
(Hormuth et al., 2008).

On each night of observations, the M dwarf targets were observed in either the
SDSS i′ or z′ filter. Each star was observed in full-frame mode (FoV 15.74′′, integration
time 29.45 ms) and in some cases, if the flux was high enough, in subframe mode (FoV
7.87′′, integration time 15.29 ms), allowing for shorter integration times and hence less
distortion by atmospheric turbulence. Twilight sky-flats were obtained whenever the
weather conditions were suitable, otherwise we used dome flats. Astrometric reference
stars in 47 Tuc and Trapezium (see Köhler et al., 2008) were observed several times
each night, allowing us to determine the plate scale and detector orientation. We as-
sume atmospheric refraction to cause a negligible amount of field distortion (∼1 mas)
since separations between the binaries are small. The IRAF geomap procedure was
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used to determine the plate scale of the drizzled images to be 15.373 mas/px with a
mean scaling uncertainty of 0.002 mas/px, and a rotation angle of 1.71o ± 0.3o.

3.2.2 Photometry and astrometry of the candidate
binaries/multiples

Binary separations, position angles, and magnitude differences in SDSS i′ and z′ filters
were obtained for each binary/multiple system by fitting model PSFs from a set of
reference stars (see Bouy et al., 2003). We used single stars from our observed sample
with symmetric PSFs as references. The astrometric and photometric values presented
are weighted averages of several measurements. The weighting is based on the residu-
als of the PSF fits. In our analysis, we primarily used the highest quality 10% selection
of 10 000 integrations with 30 ms exposure time each, yielding a total integration time
of 30 s per target and filter. In a few rare cases, we used the 1% selection to achieve a
slightly higher astrometric accuracy.

Since the Lucky Imaging produces a stellar PSF with an almost diffraction-limited
core and a seeing halo, high-pass filtering was implemented before fitting the model
PSF when the stellar companion was much fainter than the primary star and close
enough to reside within the halo. For the astrometric parameters (binary separation
and position angle), we used only the z′-band images since they are affected by less
atmospheric refraction than the i′-band frames. For the wide binaries (separation
ρ > 2′′), the PSFs of the companions do not overlap and we used the IRAF aperture
photometry task phot for the astrometry and photometry. This approach produces
results with approximately the same uncertainty as the PSF fitting procedure. A com-
bination of the two procedures was employed in a few cases for the triple systems.
The dominant errors in the determined position angles arise from the uncertainty in
field rotation (see Sect. 3.2.1) and is therefore assumed to be 0.3o for all systems. The
average error in separation is 4 mas.

If the two stars are close and of similar magnitude, the Lucky Imaging drizzle
combination sometimes centres on the secondary star instead of the primary, leading
to the appearance of a fake third stellar component in the image. In that case, a ghost
stellar image appears at the same separation from the primary but at a 180o angle
from the real secondary. To recover the flux ratio of the two ”real” binary components
from the fake triple, we measured the flux of the three components and used the
”de-tripling” equation of Law (2006) given by

FR =
2I13

I12I13 +

√

I2
12I2

13 − 4I12I13

(3.1)

where FR is the true binary flux ratio, I12 = F1/F2 and I13 = F1/F3.
Table A.1 lists the complete sample of observed stars with integrated spectral type,

distance, J magnitude, and log[Lx/Lbol] from Riaz et al. (2006), the filter(s) in which
the star was observed and corresponding epoch. Table A.2 lists the astrometric and
photometric properties derived for the binary/multiple systems in our sample. Com-
ponent A is the primary star, which is defined as the brightest of the components in
z′-band. Figure 3.1 shows all observed multiple systems with separations closer than
1′′, and Fig. 3.2 shows the wider systems with separations of between 1′′ and 5.5′′.
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Figure 3.1: AstraLux Sur images of the systems closer than 1′′. The last character in the ID
refers to the filter in which the star is imaged (SDSS i′ or z′). The images are shown in a
logarithmic intensity scale. The scale and orientation is the same for all images and is shown in
the bottom right image. The only physical triple system in the figure is J024902. What appears
as a third star at 180o angle from the true secondary in some images is an effect of the Lucky
Imaging drizzle combination described in Sect. 3.2.2. Images affected by this effect are marked
with a diamond in the upper left corner.
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Figure 3.2: AstraLux Sur images of the systems with separations between 1′′ and 5.5′′. The last
character in the ID refers to the filter in which the star is imaged (SDSS i′ or z′).The scale and
orientation is the same for all images and is shown in the bottom right image. The images are
shown in a logarithmic intensity scale, except for J021558z′, J071029z′, and J071747z′, which
are shown on a logarithmic square root scale.
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Figure 3.3: Observed z′-band magnitude difference ∆z′ as a function of angular separation.
Squares denote binary systems and asterisks components in triple/quadruple systems. Only
systems selected from the criteria in Sect. 3.3.2 are included. The dashed line corresponds to
the typical 5σ detection limit in these observations.

Brightness differences achieved are typically 3.5 magnitudes for angular separations
∼ 0.5′′ and ≥ 6 magnitudes at ∼ 1′′ (Fig. 3.3).

3.3 Results

3.3.1 Stellar ages and spectral types

The observed sample is, as a whole, assumed to be young (. 600Myr), based on its
typically strong coronal emission and low tangential velocity (Riaz et al., 2006). As
the velocity dispersion of stars steadily increases with time (e.g., Seabroke & Gilmore,
2007), the low tangential velocities of smaller than 40 km s−1 of the stars in the Riaz
et al. (2006) sample combined with activity indicators provide evidence of their youth.
Holmberg et al. (2009), e.g., calibrated the age-velocity relation (AVR) for FG stars.
By scaling their 3D AVR of FG stars to the tangential (2D) velocity dispersion of our
sample of M dwarfs, we derive an upper age limit of ≈1 Gyr.

The spectral types of the individual components in the multiple systems were esti-
mated to a precision of ±1 subclasses following the method of Daemgen et al. (2007).
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We assumed that the flux ratios of the individual components obtained from the PSF
fitting are linearly related to the integrated spectral types provided by Riaz et al.
(2006). This relation was combined with the Kraus & Hillenbrand (2007) magni-
tude - spectral type relations, using linear interpolation to derive individual spectral
types in 0.5 subclasses. Table A.3 summarizes the separate component spectral types.
The spectral types were determined from observations in both filters i′ and z′ when
available, which are in most cases consistent and otherwise noted in the Appendix B.
For some stars, we derived primary star spectral types that are 0.5 subclasses earlier
than the integrated spectral types. The primary spectral type range for the multiple
systems is thus K7.5-M5.5 (see Table A.3). Only the systems where the primary star
has a spectral type M0 or later are used in the statistical analysis.

The Kraus & Hillenbrand (2007) relations can be used for spectral types no later
than L0. However, we estimate that five of the companions are of later spectral type.
Four of these objects were only observed in z′ filter (see Appendix B). For these five
companions, we do not determine the spectral types in any more detail than “later
than L0” until we can assign more precise spectral types using future spectroscopic
observations. The multiple systems containing these faint objects are excluded from
the following mass ratio analysis, because of their unknown spectral types (and hence
unknown masses).

3.3.2 Binary/multiplicity fraction

In our sample of 124 observed M dwarfs in the integrated spectral type range M0-
M6, we find 51 companions belonging to 44 stars in the angular separation range
0.1′′-9.5′′ and z′-band magnitude difference 0 < ∆z′ < 6.9. The observed number of
single:binary:triple:quadruple stars is 80:38:5:1. However, the survey is most likely
insensitive to companions fainter than ∆z′ > 2 in the angular separation range 0.1′′-
0.5′′, and is incomplete for separations greater than 6′′ because of the small FoV.
Figure 3.3 shows the z′-band magnitude difference achieved as a function of the com-
ponent angular separation and the typical 5σ detection limit. Figure 3.4 depicts the
number of binaries per angular separation. The distribution is strongly peaked at close
separations, with more than half of the companions being within 1′′ to the primary star,
suggesting that the vast majority of the observed binaries are indeed physical compan-
ions and not the product of background star contamination. While most companions
were discovered in this survey (34 stars, see Table A.2), some of the binaries in our
sample were already known to be co-moving pairs and some are confirmed here by
second epoch observations (17 companions, see Table A.2 and Appendix).

For the following statistical analysis (multiplicity fraction, mass ratio distribution,
and separation distribution), we exclude stars/systems

• that lie farther than 52 pc from the Sun (J06061342-0337082);

• components of the binary/multiple systems with separations greater than 6′′ from
the primary star (the components J06583980-2021526C, J08224744-5726530C,
and the systems J21103147-2710578 and J22171899-0848122);

• binary/multiple systems for which we derive primary spectral type earlier than
M0 (J01452133-3957204, J04071148-2918342, J04373746-0229282), or which
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Figure 3.4: Binary separation in arcsec for all observed binary systems with separation ρ < 6.0′′.
The triple and quadruple systems are not included. Note that more than half of the binaries
are closer than 1′′, indicating that the vast majority of the binaries in the sample are physical
companions and not background stars.

Table 3.1: Number of systems used in multiplicity and mass-ratio analysis.

Fraction Single Binary Triple Quadruple
fMult 70 34 4 0
q ... 33 3 0

are part of a wider known system containing a primary star of spectral type ear-
lier than M0 (J04373746-0229282, J07174710-2558554);

• ’single’ stars that are not really single but part of a wide, known system partly
outside our field of view.

This ensures that

• all the single stars in our sample are indeed single, to the best of our knowledge;

• the binary/multiple statistics is limited to stars/systems with primary spectral
type M0-M6, for stars that lie within 52 pc of the Sun and have separations in
the range 0.1′′ ≤ ρ ≤ 6.0′′ (see Table A.1).

The observed multiplicity frequency fobs = NMultiple/NTotal is, after this selection,
35± 6% (Poisson errors), where NMultiple is the number of binary or multiple systems
(38) and NTotal is the number of observed systems (108). Figure 3.5 shows the ob-
served multiplicity fraction for each primary spectral type. The multiple systems in-
cluded in the following analysis can be found in Table A.2, and the number of sin-
gle:binary:triple:quadruple systems in Table 3.1.

To compute the actual multiplicity frequency, we need to consider two effects:
(i) at small separations, we detect more equal brightness binaries than systems with
large component brightness differences, and (ii) a brightness-limited sample is biased
in favour of (previously unresolved) binaries or multiple systems compared to single
stars.
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Figure 3.5: Multiplicity fraction for each spectral type. The dark grey bins show all observed
stars of each spectral type after selection criteria described in Sect. 3.3.2 have been imposed
on the observed sample. The light grey bins represent the number of multiple systems in the
survey.

Assuming that the flux ratio distribution is independent of the separation in the
observed range (which can be transformed into a flat mass ratio distribution), we es-
timate the number of multiple systems of close separations that we miss using the
following method. We divide the number of binaries in Fig. 3.3 of observed ∆z′ as a
function of angular separation ρ into four different regions of interest. Assuming that
our sample is complete to ∆z′ < 5.5 between angular separation 0.5′′-3′′ and complete
to ∆z′ < 2.5 for closer separations, the ratio of companions in the region ρ = 0.5′′ − 3′′,
∆z′ = 2.5− 5.5 and ρ = 0.5′′ − 3′′, ∆z′ = 0− 2.5 is the same as the ratio of companions
in ρ = 0.1′′ − 0.5′′, ∆z′ = 2.5− 5.5 and ρ = 0.1′′ − 0.5′′, ∆z′ = 0− 2.5. This would result
in the survey missing two binary companions in the close separation - high flux ratio
region, hence the total multiple fraction should be increased to 37± 6%.

We compute the multiplicity fraction for a volume-limited sample, f ′, following the
method and Eq. (4) of Burgasser et al. (2003)

f ′ =
f ′obs

f ′obs+ α(1− f ′obs)
(3.2)

where f ′obs = 0.37 is the fraction of observed binaries after sensitivity correction. Bur-
gasser et al. (2003) consider α values in the range 2.8, corresponding to only equal
brightness systems, to 1.9, which corresponds to a flat flux ratio distribution. The
distribution of z′-band brightness ratios (see Table A.2) in our sample is more peaked
towards unequal systems (on a linear brightness ratio scale), resulting in α = 1.73.
According to Eq. (4) of Burgasser et al. (2003), this then yields a multiplicity fraction
for a volume-limited sample of f ′ = 25± 6%.
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However, the Riaz et al. (2006) sample is based on a correlation of M dwarf can-
didates selected from the 400 million sources in the 2MASS point source catalogue
(PSC, angular resolution ∼ 2′′, Cutri et al., 2003) with the 150 000 sources in the
ROSAT All Sky Survey (RASS, angular resolution ∼ 30′′ Voges et al., 1999), thus the
brightness limit is imposed by the X-ray luminosity of the sources. Hence, we need
to correct for the excess of multiple systems as two or more stellar components emit
more X-rays than the corresponding primary component would do if it were single. We
can do this straightforwardly by simply examining all our a posteriori known multiple
systems and determining which ones would not have been included in the sample if
the primary had been single. X-ray counts and errors are available from ROSAT (Voges
et al., 1999) for each of the 44 multiple systems (except for one system, J20500010-
1154092, which is counted as a non-detection here). Given that the components in
any given system should be coeval, it is assumed that the X-ray brightness depends
only on the stellar luminosity. According to Riaz et al. (2006), LX/Lbol is roughly con-
stant as function of spectral type, hence to a reasonable approximation the X-ray count
rate can be assumed to be directly proportional to the brightness fraction in z′-band
in linear units. Thus, we use the known ∆z′ for each system in combination with the
unresolved X-ray count rate to estimate the rate for the primary component alone.
If the new value results in S/N < 3.3, the multiple system in question is counted as
having been positively selected for and is excluded for the purpose of calculating the
multiple fraction for a volume-limited sample, where S/N = 3.3 is the relevant crite-
rion for detection according to the tables of Voges et al. (1999). In total, 7 systems
are identified as contaminants in this way. Hence, applying corrections for the X-ray
flux limit as described above, it follows that the multiplicity fraction f is given by
f = (38− 7)/(108− 7) ∗ 1.053= 32± 6%.

While both multiplicity fractions f and f ′ agree within the uncertainties, in the fol-
lowing we assume a multiplicity fraction f = 32±6%, as the brightness limit is primarily
imposed by the X-ray luminosity. We note that some overabundance of short-period
binaries (P<20 days) might be present in the X-ray selected sample, but this cannot be
quantified until future radial velocity observations have been performed. We also note
that this fraction might still include a small contamination by non-physical (“optical”)
binaries, as second-epoch observations for some of the systems are still pending, al-
though we reiterate that the fraction of binaries that are merely optical must be very
small (see Fig. 3.4).

3.3.3 Mass ratio distribution

The individual component photometric spectral types from Sect. 3.3.1 are transformed
to approximate masses using the mass estimates of Kraus & Hillenbrand (2007) for
young (∼ 500Myr) stars. We interpolate linearly to obtain masses for subclasses of 0.5
and calculate the mass-ratios, q = M2/M1. The binaries where the secondary star is sus-
pected to be an L dwarf are not included in the mass-ratio distribution because of the
high uncertainties in mass. We also exclude components at separations greater than
6′′ from the primary star and systems where the primary star is of spectral type earlier
than M0 (see Tables A.2 and A.3). Since we also wish to include the triple systems in
the multiplicity statistics, and all of our triple systems consist of one close pair and one
wider component, we follow Reid & Gizis (1997) and calculate the triple mass-ratio
as if the system consists of two separate binary systems, one close pair qclose= MB/MA
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Figure 3.6: Mass-ratio distribution. The dark grey distribution shows the mass-ratios of the As-
traLux M dwarf binaries. The light grey distribution shows all known VLM binaries (M < 0.2M⊙)
from the Very Low Mass Binaries Archive at http://www.vlmbinaries.org for comparison.
Triple systems are included as two binaries as described in Sect. 3.3.3. Systems where one
component is a suspected L dwarf, where the primary star is of spectral type earlier than M0,
and companions with greater separation than 6′′ from the primary are not included.

and one wider system with the combined mass of the close system as the higher mass
component, e.g., qwide = MC/(MA + MB). The quadruple system J06583980-2021526
contains one close pair of spectral types M4+M4 and two more distant suspected L
dwarfs, (one of which is also outside the 6′′ limit). This system is, therefore, treated
as a regular binary system, ignoring the two fainter components.

The mass-ratio distribution has been seen to vary from a flat distribution among
solar-type stars to peak at almost equal mass systems for VLMSs and brown dwarfs
(see e.g., Allen, 2007, and references therein). Figure 3.6 shows the mass-ratio dis-
tribution for our M0-M5.5 binaries compared to the distribution for all known VLMS
and brown dwarf binaries compiled from the Very Low Mass Binaries Archive1 (total
system mass < 0.2M⊙). We applied small updates to the July 28, 2009 version of the
archive. Almost equal mass binaries are preferred for VLMSs/brown dwarfs, but the M
dwarf distribution is much flatter. While our sensitivity limit makes our survey incom-
plete at the low mass-ratio end of the distribution, equal mass systems should easily be
seen. The lack of a peak near q ∼ 1 is therefore a real property of the M dwarf binary
systems in the separation range 0.1′′−6.0′′. We note that the mass-ratio distribution for

1http://www.vlmbinaries.org
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Figure 3.7: Mass-ratio distribution divided into early-M type primaries (M0-M3) and late-M
type (M3.5-M5.5). Triple systems are included as described in Sect. 3.3.3. Systems where
one component is a suspected L dwarf and components at separations greater than 6′′ are not
included.

VLMSs and BDs might be flatter in the case of very young systems (Burgasser et al.,
2007). The samples are however very small, even if we account for more recently
discovered systems, and we are therefore unable to address the age effects. No corre-
lation between mass-ratio and component separation is seen in our sample.

When we divide our sample into early M dwarfs of primary spectral type M0-M3
(M & 0.3M⊙) and late M dwarfs of spectral type M3.5-M5.5 (M . 0.3M⊙), we see
some indication of a peak in the distribution around q & 0.7− 0.8 for the late type M
dwarfs that is not present in the very flat f (q) distribution of the early type M dwarfs
(see Fig. 3.7). Assuming that our survey is not complete for mass-ratios q < 0.4, a
Kolmogorov-Smirnov (K-S) test shows that the probability that the ’early-M’ and the
’late-M’ mass-ratios are drawn from the same distribution is 10%. This might indicate
that the shape of the mass ratio distribution is a function of mass, which approaches
the q ∼ 1 peak for the lower mass stars. However, this division into seemingly dif-
ferent populations should be assumed with caution. For mid- to late-M dwarfs, the
mass - spectral type relation becomes very steep. Thus, a large brightness difference
corresponds to only a very small change in mass for lower mass objects. Hence, a
detection limit of ∆z′ . 1.5 magnitudes, which we assume to be valid for all stars in
the sample, corresponds to a mass-ratio completeness q & 0.4 for early-type M dwarfs,
while the same detection limits correspond to completeness only for q & 0.6 for an
M3.5 primary star and q & 0.8 for an M5 primary. While the missing q ∼ 1 peak is an
unbiased feature, the sensitivity to lower q values is strongly dependent on spectral
type. With more observations from the full AstraLux M dwarf survey, we will be able
to investigate these distributions in greater detail.
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3.3.4 Distribution of separations

From the parallax distances, if available, and otherwise the spectroscopic distances
provided by Riaz et al. (2006), we calculate the projected separation in astronomical
units. The uncertainty in spectroscopic distance according to Riaz et al. (2006) is 37%.
Figure 3.8 shows the distribution of projected separation of all binaries and triples in
our M dwarf sample compared to that of all known VLMS/BD binaries from the Very
Low Mass Binaries Archive.

Figure 3.8: Projected separation distributions. The darker grey shows the M dwarf bina-
ries/triples in our sample and the light grey shows VLMS/BD binaries from the Very Low Mass
Binaries Archive.

As for the mass-ratio distribution, we divide the observed systems into two groups,
containing approximately equal number of systems, to see if the separation distribu-
tion is the same for ’early M’ and ’late M’ type binaries divided at M ≈ 0.3M⊙. Figure
3.9 shows the respective mean semi-major axis distributions, where the projected sep-
aration has been multiplied with 1.26 to account for random orbital elements (Fischer
& Marcy, 1992). We performed a K-S test, which yielded a 9% probability that the
distributions are alike. We note that the distributions may peak at close systems in the
’late M’ subsample, however more data is necessary to determine whether this is a real
property or not.
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Figure 3.9: Distribution of mean semi-major axis for ’early M’ and ’late M’ primary spectral
types. The binaries are divided into two groups: ‘early type M’, consisting of the binaries with
a primary spectral type M0-M3, and ’late type M’ for primary spectral types M3.5-M5.5. All
separations are measured from the primary stars.

3.4 Discussion

M dwarfs comprise a transitional region within which the multiplicity properties change
from being similar to those of solar-type stars to the very different characteristics of
very low mass stars and brown dwarfs. Smaller surveys of different mass ranges have
provided some insight into the transitional behaviour. We observed 124 nearby M
dwarfs from the Riaz et al. (2006) catalogue. Forty-four of our targets were observed
to have potential binary/multiple companions within 0.1′′ − 9.5′′ of the primary star.
Most of these companions were previously unknown.

We have estimated the multiplicity fraction for M0-M6 young (. 600Myr) dwarfs
with angular separations 0.1′′ − 6′′, corresponding to projected separation 3-180 A.U.
at median distance 30 pc, in this largest sample to date to be 32± 6%. While differ-
ences in the binary fraction have been found in various nearby star-forming regions
(Leinert et al., 1993; Ghez et al., 1993; Brandner & Köhler, 1998; Köhler et al., 2006),
observations of the 90 Myr old α Persei and the 600 Myr old Praesepe clusters suggest
that the companion star fraction does not significantly decline over an age range from
90 Myr to 5 Gyr (Patience et al., 2002). We therefore did not expect there to be a
strong evolution in binary properties from ages ∼ 100Myr to a few Gyr. Our derived
fMult is consistent with previous surveys in the same mass and separation range for
field dwarfs (e.g., the multiplicity fraction of the Fischer & Marcy (1992) sample for
M0-M4 systems with linear separation 2.6 AU< a <300 AU is fbin = 28± 9%, according
to Close et al., 2003) and young M dwarfs (23% for < 300Myr M0-M5 binaries with
separations 1.6-300 AU, Daemgen et al., 2007). This is a higher fMult than found in
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high resolution imaging surveys of later type M field dwarfs (e.g., Law et al. (2008)
13.6% for M4.5-M6; Close et al. (2003) 15% for M8-L0.5; Siegler et al. (2005) 9% for
M6-M7.5).

Previous large investigations inferred different behaviours for the mass ratio distri-
bution of M dwarfs. For instance, Fischer & Marcy (1992) found that the mass ratio
distribution for M0-M6 dwarfs is relatively flat for the full orbital separation range,
while Reid & Gizis (1997) found a strong peak for q & 0.8. However, Delfosse et al.
(2004) showed in their large survey that the distribution of mass-ratio is relatively flat
for orbital periods P>50 days, while shorter period binaries tend to have equal masses.

When considering only systems in the survey of Reid & Gizis (1997) with M dwarf
primaries (M0.5-M5.5) and mean semi-major axis 3.7 AU< a <227 AU, the same re-
gion probed in this survey, we find that the distribution is flat (although the sample is
very small with only 16 companions). We therefore expect our distribution to be flat
as well, in accordance with those of other surveys. We have found that the mass-ratio
distribution of all binaries in the primary spectral type range M0-M5.5 is flatter than
the distribution for VLMSs and BDs and does not exhibit the prominent peak at q ∼ 1
detected for the VLMS/BD sample. This is consistent with the results of Reid & Gizis
(1997) over the same range of linear separations, and a real feature for M dwarfs in
the observed separation range not affected by observational incompleteness. To inves-
tigate the transitional properties, we divided our sample into two groups of ’early M’
and ’late M’ primary stars and found that the ’early M’ distribution is relatively flat,
while there might be a preference for more similar mass binaries in the ’late M’ group.
Future analysis of the full AstraLux M dwarf survey will allow us to investigate this
possible trend in more detail.

Thies & Kroupa (2007) argued that the differences in binary characteristics of stars
and brown dwarfs point to different but related formation processes for these two
populations. In their survey of M4.5-M6 binaries, Law et al. (2008) found a bimodal
separation distribution where the later type M dwarfs peak at close separations as seen
for brown dwarfs, but some of the earlier systems have projected separations greater
than 10 AU. This is indicative of a change in the separation distributions at spectral
type ∼M5, consistent with the Thies & Kroupa (2007) predictions of two separate but
overlapping populations. For later type M dwarfs, Siegler et al. (2005) find no bina-
ries with separations a > 10AU in their high-resolution imaging survey of M6-M7.5
field dwarfs covering separations 3-300 AU, and Close et al. (2003) find no binaries
wider than 16 AU for the M8-L0.5 dwarfs in the same separation range. We divide our
separation distribution into ’early M’ and ’late M’ groups at M ∼ 0.3M⊙. Even though
our sample contains somewhat more massive stars than that of Law et al. (2008), the
distribution of ’early M’ multiples is flatter than the ’late M’ distribution in which more
than half of the companions reside within 20 AU of the primary star. While our results
are still subject to relatively large statistical uncertainties, we note that they may in-
dicate that a bimodal distribution also exist for larger separations and higher masses
than the sample of Law et al. (2008). This will be investigated further in the larger
sample of the complete survey.

These results show that Lucky Imaging with AstraLux Sur is very efficient at detect-
ing binary stars with small angular separations. Several of our newly discovered com-
panions presented here have been found to be close to the diffraction limit (∼ 0.1′′).
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Future follow-up observations with AstraLux Sur will allow us to determine orbital
motions and hence dynamical masses for the closest nearby systems.





CHAPTER 4

NEAR-INFRARED SPECTRA OF

FOUR M DWARF BINARIES

Abstract:

The AstraLux M dwarf survey is the largest survey for binary/multiple M dwarfs in
the solar neighbourhood to date. Within the first part of the survey, a large number
of previously unknown binary/multiple systems were discovered. Some of these are
close and nearby systems suitable for further spectroscopic characterization to provide
properties such as effective temperature and surface gravity, and ongoing monitoring
of their orbits may in the future provide dynamical masses and thus calibration of
largely unknown basic properties of these stars, such as the mass-luminosity relation.

We obtained near-infrared J, H+K spectra with the integral field spectrograph SIN-
FONI at VLT of four close, nearby companions in M dwarf binary/triple systems that
were discovered or observed within the AstraLux M dwarf survey. The spectral types
were determined to within ±1 subclass from comparison with SpeX spectra of stars
with known spectral types. The near-infrared spectral types agree within errors with
previously derived spectral types from (i′ − z′) photometry. We find no signs of low
surface gravity, and conclude that the nature of the targets is likely to be stellar rather
than substellar. Both components B and C of the triple system 2M J22171899-0848122
(GJ 852B) show Brackett γ emission, indicating activity variations.

31
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4.1 Introduction

The spectral class of M dwarfs comprises both low-mass stars and young brown dwarfs,
and is thus together with L dwarfs unique in the sense that whether an object of a cer-
tain spectral type is stellar or substellar is not only depending on its mass, but also
on its age. They are the most common stars in our neighbourhood, yet fundamental
physical characteristics such as mass, radius, effective temperature, luminosity, and
relations between these properties, are not as well constrained as for Sun-like stars,
especially for mid- to late M type stars.

Binary/multiple M dwarfs can provide valuable insight into the structure, forma-
tion and evolution of very-low-mass stars and brown dwarfs, through their multiplic-
ity characteristics as well as their physical and orbital properties (e.g., Stassun et al.,
2006; Burgasser et al., 2007; Goodwin et al., 2007; Janson et al., 2007). In order to
identify a large statistical sample of such binaries, we have performed the AstraLux M
dwarf survey, for which first results were presented in Bergfors et al. (2010a). For the
survey we chose M dwarf targets mainly from the catalogue compiled by Riaz et al.
(2006), which is a collection of supposedly young and nearby, late-type stars (K and
M), based on the stars’ chromospheric activity and low tangential velocity. By choos-
ing young targets, we would also be sensitive to substellar companions, since these are
brighter at young ages before gradually cooling off (see, e.g., Burrows et al., 1997).

In this Chapter, we present near infrared spectra of stars in four close, nearby
mid-to-late M dwarf binary or multiple systems observed within that survey. We de-
rive their spectral types and compare to previously derived spectral types from SDSS
(i′ − z′)-colours.

4.2 Observations and data reduction

4.2.1 Target selection and observations

Four close, mid-to-late M dwarf binaries or close pairs in hierarchial triple systems
were selected from the target list of the AstraLux M dwarf survey as good candidates
for follow-up near-infrared spectroscopy and characterization. The binary/multiple
character of three of the targets (J02490228-1029220(BC), J04080543-2731349,
J06161032-1320422) were discovered within the AstraLux M dwarf survey – a high-
resolution Lucky Imaging survey of a large sample of young, nearby M dwarfs (Bergfors
et al., 2010a). The fourth target (here called J221718(BC), in which the unresolved
binary BC is also known as 2M J22171870-0848186 or GJ 852 B) was discovered to be
a close binary in a triple system with J22171899-0848122 by Beuzit et al. (2004), and
had also been observed with AstraLux. The target selection for SINFONI observations
was based on the following criteria: The targets had been observed in at least two
epochs and were confirmed common proper motion binaries, they all had a projected
separation of a < 8AU and photometric spectral types M 3.5 or later derived from pho-
tometric AstraLux observations in SDSS i′− and z′−band. All stars observed in the first
part of the AstraLux M dwarf survey are closer than 52 pc to the Sun (Bergfors et al.,
2010a). The spectroscopic distance derived by Riaz et al. (2006) to the primary star
of the J221718 system, GJ 852 A, is only 10 pc.
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Table 4.1: Observational details.

2MASS ID Comp.a Obs. Date AM AM N × DIT N × DIT Telluric Std
J H+K J H+K

J02490228-1029220 B,C 2010-12-01 1.123 1.078 72× 5 72× 2 HIP 3820 (B8 V)
J04080543-2731349 A,B 2011-01-09 1.023 1.006 72× 5 72× 2 HIP 14898 (B3 V)
J06161032-1320422 A,B 2010-12-01 1.061 1.023 72× 15 72× 2 HIP 25931(B9 V)
J22171899-0848122 B,C 2010-10-21 1.058 1.044 72× 2 72× 2 HD 216009 (A0 V)

2MASS ID, Components ID (see Bergfors et al. (2010a) for component definitions), Observing date,
Airmass, Number of integrations and integration times in seconds, and telluric standard star.

The targets were observed in service mode with the near-infrared (1.1–2.45 µm)
adaptive optics fed integral field spectrograph SINFONI (Spectrograph for INtegral
Field Observations in the Near Infrared, Eisenhauer et al., 2003; Bonnet et al., 2004)
at the VLT Unit Telescope 4 (Yepun). We used the J (λ = 1.1 − 1.4µm) and H+K
(λ = 1.45− 2.45µm) gratings, with a spectral resolution of R≈2000 and 1500 respec-
tively, and the target itself as a natural guide star (NGS). The plate scales of 0.025′′ px−1

used for J024902(BC)(binary separation ρ = 0.145′′), J040805(AB)(ρ = 0.181′′) and
J061610(AB)(ρ = 0.194′′) corresponds to a field-of-view (FoV) of 0.8× 0.8′′. For the
wider couple, J22171899-0848122(BC)(ρ = 0.97′′), a plate scale of 0.1′′ px−1 was used,
corresponding to a FoV of 8× 8′′. For each observation a telluric standard star of spec-
tral type B3 V – A0 V was observed at similar airmass. Table 4.1 lists the observational
details: which components were observed (J221718(BC) and J024902(BC) are part of
triple systems with a wider companion), the date of observation, airmass, integration
times and number of integrations, and the telluric standard.

4.2.2 Data reduction

J and H+K band data cubes were built from a set of raw data and associated calibra-
tion frames using the SINFONI data reduction pipeline version 2.2.5 (see, e.g., Abuter
et al., 2006). Some of the raw frames were affected by stripes on slitlet #25(so called
odd even effect 1) and by a bunch of dark horizontal lines. These electronic artefacts
were properly removed using custom scripts (Bonnefoy et al. 2011a, A&A, submitted)
before providing the frames to the pipeline. The data reduction was checked by eye
and a set of quality control parameters were compared to reference values2.

Binaries are successfully resolved by MACAO. However, their limited angular sepa-
ration make them cross-contaminating each other. We used a custom spectral extrac-
tion tool to deblend the flux of the components, and consequently their spectra, slice
per slice in each of the data cubes. The tool is a modified version of the algorithm
presented in Bonnefoy et al. (2009). It first estimates the positions of the sources in-
side the field of view, which usually drift due to the atmospheric refraction3. We then
applied on each slice a modified version of the Dumas et al. (2001) CLEAN algorithm
to retrieve the individual flux of the sources. The algorithm requires the PSF at the

1http://www.eso.org/observing/dfo/quality/SINFONI/qc/dark_QC1.html
2http://www.eso.org/observing/dfo/quality/SINFONI/qc/qc1.html
3The refraction can be corrected by the data reduction pipeline. However, we still noticed some residual

drift once this correction was applied.
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time of the observation and for each cube wavelength. To provide that, we considered
two different approaches. We first used a scaled version of the telluric standard star
data cubes observed immediately after our targets (hereafter PSFstd). Alternatively, we
built the PSF by duplicating the profile (hereafter PSFdup) of the brightest binary com-
ponent (or of the component farthest from the field of view edges). We re-estimated
the position of the sources, and re-built the PSF in case PSFdup was chosen, apply-
ing a second layer of CLEAN. For each input cube, an extracted cube for each binary
component, and a residual map that enable to monitor the efficiency of the extraction
process was produced. PSFdup provides a more accurate extraction. On the contrary,
the PSF shape built following PSFstd is less appropriate, but the resulting spectra have
higher S/N. Therefore, we used the PSFstd method for all the data, expect for the H+K
band cube of J221718(C).

Custom IDL scripts were used for extracting the spectra from the reduced data
cubes. 2-D Gaussians were fitted to the telluric standards and science targets at each
wavelength in the cube to find the centroid positions and FWHM. The frames were
shifted and added and scaled by 1/FWHM to obtain the total flux at each wavelength.
For each set of observations, the spectrum of the telluric standard was divided with a
Kurucz model spectrum4 of Vega smoothed to the observed spectral resolution of our
observations (R∼2000/1500). The science spectrum was then divided by the resulting
spectral response, containing only remaining instrumental and atmospheric features,
to obtain the final spectrum.

4.3 Spectral types, H2O-index, and chromospheric

activity

Spectral types were determined for each component by comparing the spectral shapes
and features in the H- and K-bands to SpeX spectra of M type stars obtained from
the IRTF spectral Library (Cushing et al., 2005; Rayner et al., 2009) smoothed to the
observed spectral resolution (R∼ 1500). The spectra were normalized at J=1.226 µm,
H=1.65 µm and K=2.20 µm, except for 2M J040805(AB), 2M J061610(AB) and 2M
J024902(B), which were normalized differently because of the low signal-to-noise ra-
tio (S/N) in K-band (see Section 4.3.1 on the individual stars). Over all, the S/N of
the spectra was medium to low, and we do not use the J-band spectra for the spec-
tral analysis except for 2M J221718(BC). The derived near-infrared spectral types are
assumed to be correct to within ±1 subtype, and are in general accordance with the
spectral types previously derived from photometry in i′− and z′−band (Bergfors et al.,
2010a). Table 4.2 lists the photometric and spectroscopic spectral types. Figures 4.1,
4.2, 4.3 and 4.4 show our near-infrared spectra compared to SpeX spectra of stars with
known spectral types.

For additional characterization, we calculated the H2O spectral index
〈Fλ=1.550−1.560〉/ 〈Fλ=1.492−1.502〉 derived by Allers et al. (2007). A young brown dwarf
can be distinguished from an older field dwarf of the same spectral type by surface
gravity dependent features in the near-infrared, e.g., the triangular shape of the H-
band spectrum that is caused by strong H2O absorption in the atmosphere of the low

4http://kurucz.harvard.edu/stars.html
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Table 4.2: Photometric and spectroscopic spectral types.

IDa (i′ − z′) Sp.T.a SpeX Sp.T.b

2M J024902(B) M3.5 (2.5–4.5) M4.0 (3.0–5.0)
2M J024902(C) M3.5 (2.5–4.5) M4.5 (3.5–4.5)
2M J040805(A) M3.5 (2.5–4.5) M3.5 (2.5–4.5)
2M J040805(B) M4.5 (3.5–5.5) M3.5 (2.5–4.5)
2M J061610(A) M3.5 (2.5–4.5) M3.0 (2.0–4.0)
2M J061610(B) M5.0 (4.0–6.0) M6.5 (5.5–7.5)
2M J221718(B) M4.5 (3.5–5.5) M4.0 (3.0–5.0)
2M J221718(C) M8.5 (7.5–9.5) M8.0 (7.0–8.0)

aSpectral types and component definitions from Bergfors et al. (2010a).
bSpectral types derived in this paper from visual comparison with M dwarf spectra from the IRTF
SpeX library (Cushing et al., 2005; Rayner et al., 2009).

surface gravity young brown dwarf, H2O and H2O+ CO absorption in K-band, and the
strength of Na I absorption in J-band (see, e.g., Allers et al., 2007, and references
therein). In Fig. 4.5 we plot the H2O spectral index calculated for our stars. We also
plot in the same figure the H2O-index calculated from the SpeX spectra from the IRTF
spectral library, which we use to determine spectral types for comparison, and overplot
the Allers et al. (2007) H2O-index – spectral type relation,

〈Fλ=1.550−1.560〉

〈Fλ=1.492−1.502〉
= 0.77+ 0.040(SpT) (4.1)

This relation is valid for spectral types M5 – L5, and we find good agreement with
this relation for the two stars with spectral type later than M5 V. We also calculate the
gravity dependent Na-index described in Allers et al. (2007), which is independent of
spectral type for M5–L5. The results are, however, inconclusive for the two stars with
spectral types within this range due to the poor quality of the J-band spectra. From
the continuum shapes of the H- and K-band spectra we find no evidence of low surface
gravity, hence all of our targets are likely stellar.

In the K-band spectra of both components in 2M J221718(BC), emission in the Br
γ line at λ = 2.17µm is seen (see Fig. 4.4). The equivalent width (EW) of the line
was modeled for both stars using IRAF. We find EWB = −3.3Å for the brighter com-
ponent, and EWC = −3.2Å for the fainter one. The relative uncertainties are of the
order of ∼ 15%due to the uncertainty of where to place the continuum level, but the
strengths are still on the same order as the Hα emission measured by Riaz et al. (2006)
for the unresolved binary. As Br γ is in general weaker than Hα, this could be a sign
of variability, i.e., the SINFONI spectra might have been taken during a period when
the stars had a higher degree of chromospheric activity. This would also be in agree-
ment with the classification of the unresolved binary as a flare star by, e.g., Gershberg
et al. (1999). Paβ emission at 1.28µm can also be seen in the J-band spectra. While
Paβ,Brγ,Hα could also trace accretion, this is unlikely here given the expected age of
the sources.
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Figure 4.1: H and K spectra of 2M J024902(BC) (black lines) compared to M stars from Cushing
et al. (2005); Rayner et al. (2009).
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Figure 4.2: H and K spectra of 2M J040805(AB) (black lines) compared to M stars from Cushing
et al. (2005); Rayner et al. (2009).
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Figure 4.3: H and K spectra of 2M J061610(AB) (black lines) compared to M stars from Cushing
et al. (2005); Rayner et al. (2009).
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Figure 4.4: J, H and K spectra of 2M J221718(BC) (black lines) compared to M stars from
Cushing et al. (2005); Rayner et al. (2009). The J-band spectra have been smoothed using a
boxwidth of 5. Br γ emission is seen at λ = 2.17µm and Pa β at λ = 1.28µm, indicating high
chromospheric activity.
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Figure 4.5: H-band H2O-index as defined by Allers et al. (2007). Asterisks show the H2O-index
calculated for M dwarfs of varying spectral types from the IRTF SpeX catalogue. The stars in
our sample are shown as diamonds with errorbars of ±1 in spectral type and rms errors of
spectral index. The spectral types are as derived in Sect. 4.3. The solid line depicts the relation
calculated by Allers et al. (2007) and is valid for spectral types M5 – L5. Our calculated H2O-
index follow this relation well for later types and the flat part seen among the comparison stars
for earlier types.
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4.3.1 Derived spectral properties of the individual stars

2M J024902(BC)

(B): The spectral shape in both H- and K-band fit SpeX templates of spectral types
∼M4-M5 V well. From this and features such as the weak Al-doublet at 1.67µm and
Mg absorption in H-band, the K absorption at 1.52 µm and the strength of the Na and
Ca doublets at 2.21µm and 2.26µm and CO absorption bandheads in K-band, we as-
sign to this star a spectral type of M4.0 V.
(C): The over all best fit to the H- and K-band templates is for spectral types M4–
M5 V. However, our star shows weaker H2O absorption at the red end of the K-band,
and stronger at the blue end of the H-band than the comparison spectra for these spec-
tral types. From the relative strengths of the features described for the companion, we
assign a spectral type of M4.5 V, which is later by one subclass than the spectral type
inferred from (i′ − z′) colours, but is in agreement within errors.

2M J040805

(A): The shapes of the H- and K-band spectra suggests spectral type M3–M4. From
visual inspection, the strength of the 1.52µm K and the Mg lines in H-band, and the
Ca doublet at 2.26µm and Na doublet at 2.21µm in K-band also indicate spectral type
of M3-M4. We assign a spectral type M3.5 to this star, consistent with the photometric
i′ − z′ spectral type. Because of the low S/N obtained, the K-band spectrum was nor-
malized to 2.24µm for a better comparison to the SpeX spectra.
(B): Also for this companion, the atomic features in H- and K-band as well as the
shape of the spectra suggest a spectral type M3–M4. We assign a spectral type of M3.5
to this star, one sub-type earlier than derived from the i′− z′ photometry but within the
uncertainty estimated to ±1 subclass. Because of the low S/N, the K-band spectrum
was normalized to 2.24µm.

2M J061610

(A): From visual comparison with SpeX M dwarf spectra we infer a spectral type of
M3 V. Because of the low S/N we chose to normalize our K-band spectrum to 2.24µm.
The spectral type derived from i′ − z′ photometry is consistent with this spectral type
within errorbars of ±1 subclass.
(B): The shape of the H-band spectrum and the K-band spectrum suggests a spectral
type ∼M6.5 V. The low S/N only allows visual identification of the strongest features,
such as the Na doublet at 2.21µm and some of the K-band CO bandheads. The K-band
spectrum was normalized to 2.24µm.

2M J221718(BC)

The K-band spectra of both companions show Brγ emission at 2.17µm and Pa β at
1.28µm. These stars are known flare stars (Gershberg et al., 1999).
(B): The H and K band spectral shapes both indicate a spectral type of ∼M4. The
strength of the K line at 1.52µm and the non-detection of the Mg lines at 1.49, 1.71µm
also indicates spectral type M4 or later (Cushing et al., 2005). The strength of the Na
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doublet at 2.21µm, the Ca doublet at 2.26µm and K-band 12CObandheads are also con-
sistent with an M4 V spectral type. The J-band spectrum is a good fit to the M4 V SpeX
template in its overall shape as well as characteristic features such as the increasingly
strong Na and K doublets at 1.138/1.141µm, 1.169/1.178 µm,1.244/1.253 µm, the Al
absorption at 1.313µm, and FeH bandheads at 1.194µm and 1.239µm (Cushing et al.,
2005). We assign a spectral type of M4 V, consistent with the M4.5 V spectral type
derived from the (i′ − z′) colours.
(C): The strong H2O absorption at λ . 1.51µm and λ & 1.75µm are, together with
the strong K line at 1.52µm, the most prominent features of the H-band spectrum, and
consistent with a spectral type of M8 V. In K-band, the non-detection of the Ca lines at
2.26µm is indicative of a spectral type M7 or later (Cushing et al., 2005). The J-band
spectrum fits very well to the M8 V SpeX template both in shape and characteristic
features (see 2M J221718(B)). From the combined spectra in J, H and K we infer a
spectral type of M8.0. We note that the previously derived photometric spectral type
of M8.5 was derived from only SDSS z′-magnitude difference to the close companion,
since this star was too faint in i′ to be clearly resolved.

4.4 Summary

We presented near-infrared spectra obtained with SINFONI at the VLT for four close
M dwarf binaries (or close couples in higher order multiple systems). We derived the
spectral types of these eight mid- to late-M type stars from comparison with spectra
of stars with known spectral types obtained from the IRTF spectral library. The re-
sults agree very well with spectral types determined from photometric observations
in SDSS i′− and z′−band, and we can thus confirm that the photometric method pro-
vides accurate results over the spectral range of M3–M8 stars. We calculated the H2O
spectral index defined by Allers et al. (2007) from which the spectral type of M5–L5
can be derived independent of surface gravity, and fit our two late-type M dwarfs to
their H2O index – SpT relation. We find no evidence of low surface gravity, which
would be expected if the targets were young brown dwarfs, and conclude that the
targets are stellar. Br γ and Pa β emission was discovered for the close companion
stars 2M J221718(BC). While the chromospheric activity of the unresolved binary was
known from previous measurements of Hα emission (Riaz et al., 2006), the strong Br
γ and Pa β emission had not been measured.



CHAPTER 5

STELLAR COMPANIONS

TO EXOPLANET HOST STARS:

LUCKY IMAGING OF

TRANSITING PLANET HOSTS

Abstract:

Planetary systems in which the planet host star is part of a binary/multiple system
provide clues to the formation of planets from the observed properties of the stars and
the planets. In this survey, we search for stellar companions to the hosts of transiting
exoplanets. We derive photometric and astrometric properties of the companion can-
didates and investigate suggested correlations between the planetary properties and
binary star separation.

The 21 exoplanet host stars are observed in SDSS i′− and z′−band using the Lucky
Imaging technique with the two AstraLux instruments: AstraLux Norte at the 2.2 m
telescope at Calar Alto and AstraLux Sur at the 3.5 m NTT, La Silla. Typically, a sensi-
tivity to companions of magnitude difference ∆z′ = 3.5 is achieved at angular separa-
tion ρ = 0.5′′ and ∆z′ & 5 for ρ = 1′′.

We present observations of two previously unknown binary candidate companions,
to the transiting planet hosts HAT-P-8 and WASP-12. We confirm the common proper
motion of the planet host TrES-4 and its companion candidate. The distributions of
the planetary radii, surface gravities, orbital periods and Safronov numbers are not
significantly different for planets in binary systems compared to single-star planets.
The mass distribution of transiting exoplanets belonging to single stars compared to
that of planets in binary/multiple star systems with separations a ≤1 200 AU indicate
that a secondary star might influence the formation of planets, since on average higher
masses for planets belonging to binary/multiple stars are found.
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5.1 Introduction

More than half of solar-type stars in our neighbourhood are part of a binary or multi-
ple system (Duquennoy & Mayor, 1991). Understanding how a secondary star affects
the formation and evolution of planets in the system is therefore of high importance
for an estimate of the overall occurrence of planets in our Galaxy.

The frequency by which giant planets are formed in binary stellar systems seems
to be slightly lower than in single stars. Eggenberger et al. (2008, 2011) found that
giant planets were more common in single-star systems than for binaries separated
by 35-100 AU. Nevertheless, we now know of around 50 binary or multiple systems
where one of the stars hosts planets (Duchêne, 2010). System characteristics such as
binary separation together with properties of the planets (orbital period, mass, eccen-
tricity, etc.) and any differences compared to the properties of the single-star planetary
systems provide important constraints on planet formation and dynamical system evo-
lution. A close stellar companion is expected to affect planet formation in several
ways, e.g., by heating and truncating the circumstellar protoplanetary disk (Artymow-
icz & Lubow, 1994; Armitage et al., 1999; Nelson, 2000), or by increasing the relative
velocities of the planetesimals (Heppenheimer, 1974, 1978; Whitmire et al., 1998;
Mayer et al., 2005). A secondary star may either stimulate (Boss, 2006) or hinder
(Nelson, 2000; Kley & Nelson, 2008) planet formation. The occurrence and properties
of planets formed in binary systems may provide a way to discriminate between the
two most widely supported planet formation models: core accretion (e.g., Pollack
et al., 1996) and gravitational instability (e.g., Boss, 1997; Mayer et al., 2002). For
instance, Mayer et al. (2005) find that if formed via gravitational instability, planets
should be rare in binaries closer than ∼ 60− 100AU, while on the other hand planets
formed by core accretion should be common in these kinds of systems.

A few relations between the stellar and planetary properties in binaries have been
suggested, some of which have later been discarded when the statistical samples have
grown larger. While, e.g., differences in the planetary period-mass relations between
single-star and binary-star systems noticed by Zucker & Mazeh (2002) and Eggen-
berger et al. (2004) have weakened with increasingly large samples, two correlations
still seem significant: The most massive planets in short-period orbits belong to stars
in binary systems, and so do the planets with the highest eccentricities (Desidera &
Barbieri, 2007; Sozzetti & Desidera, 2010; Tamuz et al., 2008).

Transiting exoplanets (TEPs) are unique in the way that properties such as mass
and radius can be measured, and a variety of physical parameters such as mean density
and surface gravity can thus be derived. The discovery rate of transiting exoplanets
has increased tremendously over the last couple of years, with around 50% of the
known transiting planets being discovered in 2010 and during the first few months of
2011 (61/125 planets, http://exoplanet.eu 2011-03-31). This is mainly due to the
success of ground-based transit searches such as SuperWASP (Pollacco et al., 2006)
and HATNet (Bakos et al., 2004), as well as space-based programs such as CoRoT
(Baglin et al., 2006) and Kepler (Borucki et al., 2010). Correlations between plane-
tary and stellar properties in single and binary/multiple systems previously found in
small samples can now be investigated for a larger number of TEPs and candidate
binary systems. In this paper we present observations of 21 TEP host stars and in-
vestigate a few plausible relations suggested in the literature for TEPs in single and



5.2. OBSERVATIONS AND DATA REDUCTION 45

binary/multiple systems.

Section 5.2 describes the observations of the 21 TEPs with the two AstraLux instru-
ments at the 2.2 m telescope at Calar Alto and at NTT at La Silla, complementing the
sample of TEP hosts presented by Daemgen et al. (2009). The methods for obtaining
relative astrometry and photometry are described. In Section 5.3 we derive magni-
tudes, (i − z) colours, and photometric spectral types and distances to the companion
candidates from the photometric observations in SDSS i′- and z′-band and known spec-
tral types of the planet host stars. Evidence of physical companionship between the
planet host stars and the companion candidates is investigated, and the results for
each individual target is compared with previously published astrometric and photo-
metric data if available. Suggested relations between properties of the planets and the
stars in the system are investigated in Section 5.4. Section 5.5 summarizes the results
from this survey.

5.2 Observations and data reduction

5.2.1 Observations with AstraLux

The 21 transiting exoplanet host stars were observed within three different observ-
ing runs with the two AstraLux Lucky Imaging instruments. Most of the TEP hosts
in the survey are located in the northern sky and were therefore observed with As-
traLux Norte at the 2.2 m telescope at Calar Alto observatory in October-November
2009. The targets observable from the southern hemisphere were observed in Novem-
ber 2008 and April 2009 with the AstraLux Sur instrument mounted to the ESO 3.5 m
New Technology Telescope (NTT) at La Silla (see Hormuth et al., 2008; Hippler et al.,
2009, for details on the AstraLux instruments). Lucky Imaging is a way to limit the
effects of atmospheric turbulence by taking a large number of very short integrations
and then select only the least distorted few percent of the frames. These are shifted
and added to produce the final image, yielding almost diffraction-limited resolution.
The AstraLux field of view (FoV) in the final resampled frames is ≈ 15.7′′ × 15.7′′ for
AstraLux Sur, and ≈ 24′′ × 24′′ for AstraLux Norte. The individual exposure time was
either 15 ms or 30 ms, depending on the target brightness and observing conditions.
The shorter integrations were achieved by decreasing the FoV and reading out only
a subframe of the detector. In order to match a total integration time of 300 s, the
number of integrations was set to 20 000 or 10 000 respectively.

Each target was observed in SDSS i′- and z′-filter. Stars in the open cluster NGC 3603
were observed several times during each night for calibration of the field rotation and
pixel scale. The plate scale for the observations with AstraLux Norte was 23.431±
0.058mas/px with the detector rotated 0.05o to the east, and for the April 2009 obser-
vations with AstraLux Sur 15.296± 0.019mas/px and 1.32o to the west.

5.2.2 Photometry and astrometry

In the sample of 21 TEPs, we found candidate companion stars from visual inspection
of the reduced Lucky Imaging frames to 7 stars: the previously known companion can-
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didates to WASP-2, TrES-2 and TrES-4 (Daemgen et al., 2009), HAT-P-7 (Narita et al.,
2010), and new companion candidates to HAT-P-8, WASP-12 and XO-3. Stars for which
no companions were detected within the FoV with AstraLux in these observation runs
are listed in Table 5.1. The stars for which a candidate companion was observed are
listed in Table 5.2.

Most of the companion candidates reside close to the primary stars, within the
psf-wings (HAT-P-7 and XO-3 being the exceptions). For these stars we performed rel-
ative photometry and astrometry of the companion candidates using mainly the IRAF
allstar (Tody, 1986, 1993) task for psf-fitting. The psf was built from the primary
star in an image where the secondary star had been removed (see Daemgen et al.,
2009, for more details on the procedure). Aperture photometry with IRAF apphot

was used to determine the properties of the wide companion candidate to XO-3. The
astrometric and photometric properties in Table 5.2 are averaged measurements of
the final images using the Lucky Imaging combination of the best 5% and 10% of the
individual integrations. The separation and position angle error bars are propagated
errors from 1σ uncertainties in the positional measurements, and take into account
systematic errors (i.e., plate scale and detector orientation). The error bars in mag-
nitude differences are propagated from the photometric errors estimated by IRAF phot.

Figure 5.1 shows the typical 5σ detection limit for the observations with AstraLux
Norte in October-November 2009 (Figure 3.3 showed the sensitivity of the AstraLux
Sur observations). The sensitivity was estimated by subtracting two images of single
stars with similar peak flux and FWHM from each other and measuring the noise level
in concentric circles at increasing separations from the centre.

Table 5.1: Transiting exoplanet host stars with no observed companions.

Planet Host Instrument FoV JD
[arcsec]

HAT-P-2 AstraLux Norte 12.00× 12.00 2455137.25
HAT-P-11 AstraLux Norte 12.00× 12.00 2455134.35
HAT-P-13 AstraLux Norte 12.00× 12.00 2455137.66
HD 149026 AstraLux Norte 12.00× 12.00 2455137.26
HD 209458 AstraLux Sur 7.87× 7.87 2454751.55
HD 80606a AstraLux Norte 12.00× 12.00 2455134.70
WASP-3 AstraLux Norte 12.00× 12.00 2455135.29
WASP-4 AstraLux Sur 15.74× 15.74 2454749.61
WASP-5 AstraLux Sur 15.74× 15.74 2454749.62
WASP-7 AstraLux Sur 7.87× 7.87 2454934.90
WASP-13 AstraLux Norte 12.00× 12.00 2455134.71
WASP-15 AstraLux Sur 7.83× 7.83 2454933.63
XO-4 AstraLux Norte 12.00× 12.00 2455136.65
XO-5 AstraLux Norte 12.00× 12.00 2455135.65

aVisual binary star (e.g., Naef et al., 2001), outside of AstraLux field of view.



5.2. OBSERVATIONS AND DATA REDUCTION 47

Figure 5.1: Average sensitivity of the AstraLux Norte observations. The squares mark the
companion candidates (see Table 5.2). The dashed line represents typical 5σ detection limit
for the observations in October-November 2009.

Figure 5.2: AstraLux Norte z′-band observations of the candidate binaries HAT-P-8 and WASP-
12. The images are shown in a square root scale with north up and east to the left.
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5.3 Results

5.3.1 Properties of the stellar companion candidates

The apparent magnitudes in SDSS i- and z-band were derived for the primary TEP
host stars by combining 2MASS photometry in JHK-band (Cutri et al., 2003) with syn-
thetic colours by Covey et al. (2007). The measured magnitude difference between
the primary and secondary stars in i′ and z′ then provides apparent magnitudes and
(i − z) colour for the companion candidate. While we do not explicitly correct for
the transformation between SDSS i′z′ to iz, the difference, when calculated from the
photometric transformation equations (SDSS webpage), is small. The magnitude dif-
ference between the two photometric systems is less than (i − i′) = 0.05 mag for stars
bluer than (r − i) ≈ 1.5, and even less in (z − z′). According to the synthetic colours of
Covey et al. (2007), this (r − i) colour corresponds to spectral types earlier than M4.
None of our derived spectral types are later than M3, and we conservatively assume
error bars of ±0.1 for the derived i, z magnitudes of the primary and secondary stars so
as to include the transformation between photometric systems as well as uncertainty
in the photometric measurements.

The secondary star spectral types and primary and secondary photometric dis-
tances were estimated from the derived (i − z) colour and the synthetic colours of
Covey et al. (2007). Interstellar extinction and stellar metallicity were not considered
in these estimates but may affect the photometric distances, as well as the colours
and spectral types. The components’ spectral types, apparent magnitudes, photomet-
ric distances and the secondary stars’ (i − z) colours are listed in Table 5.3. Note that
the photometric distances should only be considered as order-of-magnitude estimates,
rather than accurate values for each distance. For instance, if taken at face value, the
photometric distances to TrES-4 A and B could seem to imply chance alignment on
the sky, but as we discuss in Sect. 5.3.2, the two components share a common proper
motion, and hence constitute a real physical binary.

5.3.2 Notes on individual systems

Companion candidates to 7 transiting exoplanet hosts were found from these observa-
tions. Of these, the three TEP hosts WASP-2, TrES-2 and TrES-4 and their companion
candidates had been observed with AstraLux previously (Daemgen et al., 2009), the
candidate companion to HAT-P-7 is discussed in Narita et al. (2010), and the widely
separated candidate companion to XO-3 is a physically unrelated background object,
judging from the derived magnitudes and colours. The two faint objects at separations
of ρ ∼ 1arcsec to HAT-P-8 and WASP-12 are previously unknown, plausibly bound stel-
lar companions. Figure 5.2 shows the AstraLux Norte z′−band observations of these
two systems obtained in October 2009. All astrometric measurements for the previ-
ously observed systems are summarized in Table 5.4.

HAT-P-8

The transiting exoplanet HAT-P-8 b was discovered by Latham et al. (2009). It is a
slightly inflated planet with mass Mp = 1.52+0.18

−0.16MJ and radius Rp = 1.50+0.08
−0.06RJ (Latham
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Table 5.4: Astrometric measurements.

Planet Host Date of Obs. Separation Pos. Ang. Ref.
[arcsec] [deg]

HAT-P-7 6 Aug 2009 3.88±0.01 89.8±0.3 1
10 Oct 2009 3.82±0.01 90.4±0.1 1,2

TrES-2 May 2007 1.089±0.008 135.5±0.1 3
29 Oct 2009 1.085±0.006 136.1±0.2 2

TrES-4 Jun 2008 1.555±0.005 359.8±0.1 3
30 Oct 2009 1.550±0.007 359.9±0.2 2

WASP-2 Nov 2007 0.757±0.001 104.7±0.3 3
13 April 2009 0.764±0.012 103.6±0.5 2
29 Oct 2009 0.739±0.024 104.0±1.3 2

References: (1) Narita et al. (2010); (2) This paper; (3) Daemgen et al. (2009)

et al., 2009). The host star spectral type is only given as F in the discovery paper, but
is referred to as F8 V by Jones & Sleep (2010). We find from the 2MASS JHK photom-
etry and colours that a spectral type of F5 V is a better fit to the synthetic colours of
Covey et al. (2007), and list both alternatives in the table until a more precise spectral
classification can be made. We find for both alternatives of primary spectral type that
the stellar candidate companion is likely to be an M3 V or possibly M2 V star from the
(i − z)-colours.

TrES-2

The companion candidate was first discovered by Daemgen et al. (2009) from As-
traLux Norte observations in May 2007. The observations presented here took place
in October 2009. We measure a separation of ρ = 1.085′′ ± 0.006′′ and position angle
θ = 136.1o ± 0.2o, which is consistent with the astrometry of Daemgen et al. (2009)
who found ρ = 1.089′′ ± 0.008′′ and θ = 135.5o ± 0.1o. The proper motion of TrES-2
is only µα cosδ = 2.34 mas/yr, µδ = −1.55 mas/yr (PPMX Catalog, Röser et al., 2008),
which is within our positional error bars over the time interval of ∼ 2years between
observations. We have to await future observations to tell whether the pair is physi-
cally bound or not.

TrES-4

The candidate companion star was discovered in AstraLux Norte observations from
June 2008 by Daemgen et al. (2009). Our measurement of ρ = 1.550′′ ± 0.007′′ and
θ = 359.9o ± 0.2o in October 2009 is consistent with the separation ρ = 1.555′′ ± 0.005′′

and position angle θ = 359.8o ± 0.1o measured by Daemgen et al. (2009). With a
proper motion of µα cosδ = −9.94 mas/yr, µδ = −27.80 mas/yr (Röser et al., 2008), we
would expect a relative displacement of µ ≈ 39mas for a physically unrelated station-
ary background star over the time baseline of ≈ 16months between the observations of
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Daemgen et al. (2009) and our measurements. No such relative motion is measured,
and the stars therefore seem to share a common proper motion, by ∼ 2.6σ confidence
(99% certainty if the errors are Gaussian).

WASP-2

WASP-2 b was discovered by Cameron et al. (2007), who also reported the stellar com-
panion candidate to the east of the TEP host star at an angular separation of ρ = 0.7′′.
Although the primary star is a K1 V star, we list in Table 5.3 the derived magnitudes,
colours and photometric distances assuming primary spectral type K0 and K2, since
colours for K1 is not provided by Covey et al. (2007). In either case, we find that the
companion candidate is of spectral type M2.5 (M2/M3). The proper motion of the
planet host star is µα cosδ = 3.38 mas/yr, µδ = −52.31 mas/yr, hence the magnitude of
proper motion is µ = 52.42mas/yr corresponding to a total proper motion of ≈ 104mas
over the ≈2 years that passed between the observations of Daemgen et al. (2009) and
the October 2009 observations presented in this paper. With the large error bars from
the October 2009 observations, additional observations are necessary for confirmation
of common proper motion.

WASP-12

The very bloated planet WASP-12 b was discovered by Hebb et al. (2009). It is a
highly irradiated planet, and one of the hottest with an equilibrium temperature
Teq = 2516± 36K (Hebb et al., 2009).

The stellar companion candidate is not previously known. We derive a spectral
type K5/K7 V from the measured (i− z) colour and the synthetic colours of Covey et al.
(2007). The measured colour is a slightly closer match to a K7 star of Covey et al.
(2007), and the photometric distance has therefore been calculated for this spectral
type. The photometric distances for both WASP-12 and the companion candidate are
consistent with the distance of 295−465pc derived by Fossati et al. (2010). The proper
motion of WASP-12 is µα cosδ = −0.36 mas/yr, µδ = −6.38 mas/yr (Röser et al., 2008),
and future observations will be necessary to determine whether or not the stars are
physical companions.

XO-3

A very faint companion candidate (∆z ≈ 8.2) was found at large angular separation
(ρ ≈ 6′′) from the TEP host star XO-3. The (i − z)-colour places the companion can-
didate at a distance of ∼ 1.7kpc, if a main sequence star, and it is hence likely a
non-related background object.

5.3.3 Probability of chance alignment

The probability of chance alignment is estimated using the statistical approach of
Daemgen et al. (2009). The density of detectable background giants, ρ (mK), is cal-
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culated by selecting all stars included in the 2MASS PSC (Cutri et al., 2003) within
30′ of each of the observed targets (Tables 5.1, 5.2) that are brighter than the esti-
mated limiting magnitude of AstraLux, mK ≈ 14, and redder than (J − K) ≥ 0.5. The
probability of detecting a background giant is

P (Θ,mK) = 1− e−πρ(mK )Θ2
, (5.1)

where Θ is the maximum angular separation (Brandner et al., 2000). Using the
aforementioned cuts in mK , (J − K) for Θ = 2′′ (see Daemgen et al., 2009) the av-
erage probability of finding a non-related background star within 2′′ to the target
star is P = 0.08%. We would then expect to detect unrelated background sources to
E = 21×P ≈ 0.016of our observed targets. This expectation value of chance alignment
increases to 0.14 at the separation of 6′′ at which we find the probable background ob-
ject in the observations of XO-3 (see previous section). The close candidate compan-
ions in our sample are thus likely to be true companions, although future observations
are still necessary for confirmation of common proper motions.

5.4 Discussion

Correlations between properties of the planets (mass, radius, eccentricity, surface grav-
ity, etc.) and the presence of or the distance to a secondary stellar companion might
reveal clues to the formation and dynamical evolution of the planetary system. The
analysis of chance alignment in Sect. 5.3.3 showed that the probability of non-related
background objects is very low. We will assume for the following discussion that:

• The companion candidates observed within the AstraLux Survey (Table 5.2) are,
with the exception of XO-3, physical companions.

• The stars for which no companion candidate was found within the AstraLux
Survey (Table 5.1 in this paper and Table 1 in Daemgen et al., 2009) are assumed
to be single to within 2′′ and the detection limits of Fig 1. Companions with
wider separations that 2′′ should be known from seeing-limited observations (see
Daemgen et al., 2009), e.g., HD 80606.

• The TEPs that have not been observed with AstraLux are assumed to be single
unless companions are known.

Parameters obtained from literature can be found in Table C.1. We have divided
the binaries and candidate binaries into groups depending on their projected separa-
tion, which we will assume as their semi-major axis. Theoretical (e.g., Mayer et al.,
2005) as well as observational results (e.g., Duchêne, 2010; Bouwman et al., 2006)
suggest that only binary companions within a separation of a . 100AU will affect
planet formation. However, Desidera & Barbieri (2007) set a limit of a < 100− 300AU
within which companions may significantly affect planet formation, and observations
of disks in the Orion Nebula Cluster by Daemgen et al. (2011, in prep.) supports the
notion that a binary companion at wider separations of 100− 400AU may also affect
the evolution of the protoplanetary disk. We have, therefore, divided the binary TEP
host stars into classes of ”close” binaries with separations aclose . 300AU and “wide”
binaries with larger separations. The adopted separations of all currently known bi-
nary/multiple TEP hosts are listed in Table 5.5.
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Table 5.5: Binary separations for transiting planet hosts.

Binary/Triple Separation Ref.
Planet Host [AU]
HAT-P-1 1550 1
HAT-P-20 480 2
HAT-P-22 746 2
HAT-P-7 1200, 1000 3
HAT-P-8 236 (d = 230pc)a 4
HD 189733 216 5
HD 80606 1200 6
TrES-2 239 (d = 220pc)a 4
TrES-4 742 (d = 479pc)a 4
WASP-12 153 (d = 146pc)a 4
WASP-2 106 (d = 144pc)a 4
WASP-22b ... 7
WASP-26 3750 8
WASP-31 14 000 9
WASP-34b ... 10
WASP-8 420, 12 350 11

aDistance to planet host star from http://exoplanet.eu.
bWASP-22 and WASP-34 show linear RV trends suggesting stellar companions. The properties of
these candidates are not yet constrained.

References: (1) Bakos et al. (2007a); (2) Bakos et al. (2010a); (3) Narita et al. (2010); (4) This
paper; (5) Bakos et al. (2006); (6) Eggenberger et al. (2003); (7) Maxted et al. (2010c); (8) Smalley
et al. (2010); (9) Anderson et al. (2010a); (10) Smalley et al. (2011); (11) Queloz et al. (2010).

5.4.1 Planet mass – radius

Figure 5.3 shows the radius as a function of mass for 114 transiting exoplanets listed
at http://exoplanet.eu in January 2011. Close binary candidates (aclose < 300AU)
are marked with blue open squares. Wider binaries are marked with red diamonds.
No obvious trend can be seen in the mass-radius diagram for transiting planets in
wide binaries. The TEPs in the close binaries all have masses around one jupiter mass
(0.847-1.52 MJ), but the radius, and hence the mean density, varies from the bloated
WASP-12 with a radius of Rp = 1.79 RJ (Hebb et al., 2009) to WASP-2 which is only
slightly larger than Jupiter (Rp = 1.043 RJ, Southworth, 2010). With only five close
binaries, the mass distribution for TEPs in these systems can not be considered to
differ much from the masses of single-star TEPs. A Kolmogorov-Smirnov (K-S) test
confirms that neither the close-binary TEP mass-distribution nor the wide-binary TEP
mass-distributions are significantly different from that of the single-star TEPs.

A K-S test was also performed to make sure that we had observed a representative
sample in mass, and showed that the cumulative planetary mass distribution of the
TEPs observed with AstraLux is not significantly different to that of TEPs not observed
with AstraLux. Figure 5.4 shows the number of exoplanet hosts in each mass bin ob-
served within the AstraLux binary TEP hosts survey (31 targets, see Tables 5.1, 5.2,
and Daemgen et al., 2009) compared to the mass distribution of all TEPs.
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Figure 5.3: Radius and mass for all transiting exoplanets (114). Blue open squares mark the five
binary candidates that are separated by aclose< 300AU, and red diamonds are the wide binaries,
awide > 300AU. The two blue dots mark the systems WASP-22 and WASP-34, for which the
binary companion is inferred only from a linear trend in radial velocity and thus no secondary
star properties are known. Lines of constant mean density ρ = 0.1, 0.3,0.6, 1.3,2.7 and 5.5 are
overplotted. The giant planets of our Solar System are marked with red dots for comparison.
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Figure 5.4: Histograms of planetary masses among the 31 observed targets in the AstraLux TEP
survey (this Chapter and Daemgen et al., 2009, light blue), and all 114 transiting systems
(dark blue). A K-S test shows that a representative sample of planetary mass was observed.

5.4.2 Planet mass – period

Zucker & Mazeh (2002) observed that the mass and period were oppositely corre-
lated for planets in binaries than for planets in single star systems. This correlation
was shown to substantially weaken as the sample of exoplanets in both single and
binary systems has grown larger (Desidera & Barbieri, 2007). However, two rela-
tions between the properties of the planets and the binary characteristics still seem
to be significant: The planets with the highest eccentricities all belong to a star in a
binary system (Tamuz et al., 2008), and the hosts of the most massive, short-period
(P< 40days) planets are usually part of a close binary (Desidera & Barbieri, 2007).

Figure 5.5 shows the mass-period distribution for 114 transiting exoplanets, with
the close binaries (a < 300AU) marked with blue open squares and the wide binaries
(a > 300AU) with red diamonds. The transiting planets in the close binaries all have
masses in the range 0.8 < M < 1.5 MJ and orbital periods 1.1 < P < 3.1days. Hence,
from the small sample of close binaries only, we see no clear correlation with TEP mass
and binary separation.

We carried out a series of K-S tests to check if the masses of transiting exoplanets
in systems with a stellar companion at different separations could have been drawn
from the same underlying distributions as the masses of TEPs around single stars. We
performed the K-S tests for bins of TEP hosts with increasing maximum binary sep-
aration, i.e., the smallest bin consisted of the four closest binary systems, the next
smallest bin of the five closest, and so on. The single star sample consists of the hosts
to 98 exoplanets. The probability of the masses of single-star TEPs and binary-star
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Figure 5.5: Planetary mass as a function of orbital period. The close binaries (a < 300AU)
are marked with blue open squares, the wide binaries with red diamonds, and WASP-22 and
WASP-34 with blue dots.

TEPs being drawn from the same underlying distribution is lowest for binary sepa-
rations a . 1 200AU, which corresponds to 10 TEPs in binary/multiple star systems.
The cumulative planetary mass function for these TEPs is plotted in Figure 5.6. For
this sample we can reject the hypothesis that both TEP samples have been drawn
from the same distribution at a significance level of ≈96.5%. The transiting planets
in these binary systems are on average more massive than their single star counter-
parts, with 45% of the single-star TEPs having masses below the mass of the lightest
binary-star TEP (M = 0.847MJ Wasp-2 b). Thus, the presence of a stellar companion
at projected separations .1 200 AU might have an influence on exoplanet properties.
On the other hand, our relatively small sample of ten transiting exoplanets in binary
systems with separations .1 200 AU might not be fully representative of the overall
exoplanet population in binary and multiple stellar systems, and we have for this anal-
ysis not considered potential biases in the multiplicity such as chance projection and
detection limits in separation. Future surveys for stellar companions to transiting ex-
oplanet hosts expanding the sample will provide an even better view on the influence
of stellar companions on the planet formation and migration process.

5.4.3 Planet surface gravity – period

Southworth et al. (2007) suggested a correlation between the planet surface grav-
ity and orbital period for TEPs and found a linear Pearson correlation coefficient of
r = −0.70, which indicates a significant correlation between these parameters to within
the 0.5% level for a sample of 14 transiting exoplanets. When extending the sample to
71 TEPs, Southworth (2010) confirms that there is a 99.80% probability of a real corre-
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Figure 5.6: Cumulative mass function for planets in single star systems (plus-signs) and bi-
nary/multiple star systems closer than 1200 AU (asterisks). Almost half of the planets in single
star systems have masses below the lowest-mass planet in the binary/multiple star sample.

lation between surface gravity and orbital period for short period planets (P < 6days).

We plot the surface gravity for the 103 TEPs for which this property could be cal-
culated from published parameters in Fig. 5.7. Southworth (2010) provide surface
gravities for 30 transiting planets, and for most of the other TEPs we calculate surface
gravity using equation (4) from that same paper:

gp =
2π
P

(

1− e2
)1/2

K∗

r2
p sini

, (5.2)

where P is the orbital period, e is the eccentricity, K∗ is the stellar velocity amplitude,
i is the inclination and the fractional radius rp = Rp/a is the ratio of the planet ra-
dius to the semi-major axis. By using parameters directly inferred from the lightcurve
(k = Rp/R∗ and a/R∗ are often published, which directly gives rp), the dependence on
stellar models of evolution or atmospheres is avoided (see Southworth et al., 2007;
Southworth, 2010). For some TEPs these parameters were not found in the literature,
and we adopted either derived parameters of R∗ and a (for 2 transiting exoplanets) or
published values of gp (20 TEPs). The eccentricity e is often an unknown parameter
for TEPs, since it can only be measured from radial velocity observations, which may
not allow for precise measurements if the target is faint. If not obviously eccentric, it
is in many cases assumed that the orbit is circular and e is set to zero (see Pont et al.,
2011, for a discussion on TEP eccentricity).
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Figure 5.7: Planetary surface gravity as a function of orbital period. Blue open squares mark the
close binaries (ρ < 300AU), and red diamonds the wide ones. The two blue dots mark WASP-22
and WASP-34.

Figure 5.7 show the resulting surface gravity – period distribution for orbital peri-
ods P < 5days (see Table C.2 for calculated surface gravity g). Taken at face value, no
correlation can be seen for this larger sample between surface gravity and orbital pe-
riod (linear Pearson correlation coefficient r = 0.05, taken into account all 103 TEPs).

5.4.4 Safronov number vs. equilibrium temperature

Hansen & Barman (2007) found that the small number of hot jupiters known at the
time (19) could be divided into two classes based on their Safronov number and equi-
librium temperature. The Safronov number θ is defined as

θ = 0.5

(

vesc

vorb

)2

=
a

Rp

Mp

M∗
, (5.3)

where vesc is the planetary escape velocity and vorb the orbital velocity, a is the semi-
major axis, Rp the planetary radius, Mp the planetary mass and M∗ is the stellar mass.
The Safronov number is a measure of how efficiently the planet scatters or captures
nearby bodies, and could if the bimodality seen by Hansen & Barman (2007) per-
sists with a large statistical sample point to different modes of planet migration. The
equilibrium temperature, Teq, was calculated as

Teq = Teff

(R∗
2a

)1/2

. (5.4)

The significance of the division with Class I at θ ∼ 0.07 and Class II at θ ∼ 0.04
has however been questioned by (e.g., Fressin et al., 2009; Southworth, 2010). In
the Figures 5.8 and 5.9 the Safronov number vs. equilibrium temperature is shown
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Figure 5.8: Safronov number vs. equilibrium temperature. The two original classes are divided
by the dashed line at θ ∼ 0.5.

for transiting exoplanets on two different scales. In the literature we could find all the
parameters necessary for calculating these properties for 108 TEPs (see Table C.2). In
Fig. 5.8 the θ − Teq plane has the same scale as the original plot by Hansen & Barman
(2007), and in Fig. 5.9 a logarithmic scale in θ shows the full range. The division of
Hansen & Barman (2007) is marked with a dotted line in Figure 5.8 and 5.9, and with
the significantly larger number of known hot jupiters we do not any longer see a clear
distinction between the suggested groups.

Daemgen et al. (2009) suggested a correlation between these classes and binary
separation, where the “wide binaries” (separation & 750AU) known at the time all
belonged to Class II and closer binaries to Class I. In Figures 5.8 and 5.9, the close
binary systems or candidate binary systems are marked with blue open squares and
the wider systems with red diamonds. We define close binaries as those with pro-
jected separation a < 300AU. With the larger sample of TEPs we no longer see any
such correlation between binary separation and Safronov number. However, with the
exception of WASP-12 which has a θ = 0.027, the close binaries cover a narrow range
in θ between ∼ 0.061and ∼ 0.077.

5.5 Summary

We observed 21 TEP host stars in our Lucky Imaging survey for binary stellar com-
panions. Two previously unknown companion candidates were discovered, to the TEP
hosts HAT-P-8 and WASP-12. Future follow-up observations are necessary to confirm
common proper motion and hence physical companionship. Of the three TEP hosts
observed previously with AstraLux (Daemgen et al., 2009), TrES-4 could be confirmed
as a common proper motion couple from these follow-up observations. Observations
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Figure 5.9: Safronov number vs. equilibrium temperature on a linlog scale.

over a longer time baseline are still necessary for companion confirmation for the TrES-
2 and WASP-2 systems.

We divided the sample of TEP host stars into singles, close binaries with projected
separation a < 300AU, and wide binaries, and tested for possible correlations between
planet properties and planet host star binarity. While the sample of close binaries is
still very small (5 objects), the distributions of planetary radius, surface gravity, orbital
period and Safronov number do not differ significantly from the single-stars TEPs dis-
tributions. A Kolmogorov-Smirnov test was applied to the mass distributions of single-
star TEPs and planets in binary/multiple systems with binary separations ≤1 200 AU,
showing that the hypothesis that both samples can be drawn from the same parent
distribution can be rejected with 96.5% probability. Almost half of the transiting plan-
ets in the single-star sample have masses of less than the smallest-mass TEP in the
binary/multiple star sample. Hence, transiting exoplanets in multiples are on average
more massive than those hosted by single stars, which indicates that a stellar compan-
ion might influence the formation of planets.





CHAPTER 6

VLT/NACO ASTROMETRY OF THE

HR8799 PLANETARY SYSTEM:

L′-BAND OBSERVATIONS OF

THE THREE OUTER PLANETS

Abstract:

HR 8799 is so far the only directly imaged multiple exoplanet system. The orbital
configuration would, if better known, provide valuable insight into the formation and
dynamical evolution of wide-orbit planetary systems. We present L′-band observations
with NACO at VLT, which add to the astrometric monitoring of the planets HR 8799 b,
c and d. We investigate how well the two simple cases of (i) a circular orbit and
(ii) a face-on orbit fit the astrometric data for HR 8799 d over a total time baseline of
∼ 2years. The results indicate that the orbit of HR 8799 d is inclined with respect to
our line of sight, and suggest that the orbit is slightly eccentric or non-coplanar with
the outer planets and debris disk.

From Bergfors et al., 2011, A&A 528, A134
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6.1 Introduction

As the first and so far only directly imaged multiple exoplanet system, the HR 8799
system carries the promise of providing valuable insight into the structure and charac-
teristics of planetary systems. While more than 500 extrasolar planets have now been
discovered, most have been found by radial velocity and transit searches; the sam-
ple of known exoplanets is thus heavily biased towards short-period planets. Directly
imaged giant extrasolar planets provide a necessary complement to these indirect de-
tection techniques for a full picture of the characteristics of planets, and are crucial for
theories of planet formation.

Challenging as it may be to directly image planets, whose relatively faint light is
easily lost in the bright stellar glare, several confirmed companions are known. As of
November 2010, 7 planetary mass objects belonging to stars, including the quadruple-
planet HR 8799 system, have been discovered with direct imaging (Fomalhaut b, Kalas
et al. (2008); β Pic b, Lagrange et al. (2009, 2010); 1RXS J160929.1-210524 b,
Lafrenière et al. (2008, 2010), and HR 8799 bcde, Marois et al. (2008, 2010)). The
HR 8799 system is especially interesting since its multiple planet configuration allows
for comparison of the characteristics of planets within the same environment of forma-
tion and evolution. The star is a young (30-160 Myr, Marois et al., 2008) A5 V star at
at distance of 39.4 pc from the Sun (van Leeuwen, 2007), surrounded by a debris disk
(Rhee et al., 2007; Su et al., 2009). Three of the planets in the system, HR 8799 b, c
and d, were discovered in 2008 and an additional planet, HR 8799 e, in 2010 (Marois
et al., 2008, 2010), adding up to at least four giant planets of masses 7-10 MJ at pro-
jected separations 14.5, 24, 38 and 68 AU from the central star.

The astrometric analysis of the three outermost planets at the time of their dis-
covery provided evidence that the planets are co-moving with the star, and suggested
that their orbits are almost circular and seen close to face-on. However, dynamical
modelling of the HR 8799 system has since shown that this initially presumed con-
figuration of orbits is unlikely for reasons of orbital stability of the system (Fabrycky
& Murray-Clay, 2010; Reidemeister et al., 2009; Goździewski & Migaszewski, 2009).
Fabrycky & Murray-Clay (2010) found that for the masses derived by Marois et al.
(2008) and circular, face-on orbits, the system would become unstable at an age of
only ∼ 105 years, i.e. significantly younger than its assumed present age. Stable mean
motion resonance configurations were found for the three outer planets known at the
time by Fabrycky & Murray-Clay (2010); Goździewski & Migaszewski (2009) and Rei-
demeister et al. (2009), and Marois et al. (2010) found stable resonant configurations
including also the fourth planet.

In this chapter we present astrometric measurements of the three outermost plan-
ets in the HR 8799 system. The observations were obtained with NACO at VLT in
September 2009 – one year after the discovery of planets b, c and d. We investigate
how well two simple models with (i) a circular orbit and (ii) a face-on orbit fit the
astrometric data when the new observations are included.
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6.2 Observations and data reduction

Acquisition images of HR 8799 in L′-band were obtained with NACO/VLT (Lenzen
et al., 2003; Rousset et al., 2003) on the nights of October 5 and 6, 2009, as part of
the observation programme 084.C-0072, in which a spectrum of the planet HR 8799 c
was obtained (Janson et al., 2010). The observations were acquired in cube-mode and
consisted on each night of 2 sets of 10 data cubes, one set taken at the default orienta-
tion with north up and one rotated by 33o. The frames were obtained with the purpose
of checking the alignment for slit orientation. Each cube contained 749 usable frames
on October 5 and 1499 frames on October 6 with individual integration time 20.2 ms,
yielding a total integration time of 15 s and 30 s respectively per data cube.

Images of the astrometric binary HD 211742 obtained in September 2009 were
retrieved from the ESO (VLT) archive and used for calibration of plate scale and true
north orientation of the detector. We derive a field rotation of -0.6o ± 0.2o and plate
scale of 27.1 mas/px, consistent with the 27.2 mas/px of the L27 camera described in
the NACO User manual, assuming a systematical error of 0.2o and 0.3 mas/px (1% of
the pixel scale, see Köhler, 2008).

The data reduction was performed using IRAF and IDL. Skyframes were constructed
by averaging the sum frame of 10 data cubes obtained at the approximate same time
and airmass with the star in different dither positions, rejecting the 2-3 highest val-
ues at each pixel in order to remove the stellar flux. The skyframes were subtracted
from each frame in the cubes, and bad pixels were replaced by the mean value of
neighbouring pixels. The frames were aligned by fitting a 2-D Gaussian to the star and
measuring the centroid position and then co-added to remove residual tip-tilt between
individual frames of each data cube and produce one image per rotation angle for each
night. Frames of poor quality or with the target too close to the detector edge, hence
cutting out the planets, were rejected, resulting in a combination of 4-7 data cubes
for each final image (4 images in total, one for each rotation angle on each night).
Unsharp masking was used on the co-added frames by smoothing one version of the
image using a boxcar average with 15 pixels and subtracting the smoothed image from
the original. The positions of the planets and central star were determined using the
IRAF imexamine task. While the brightest planet, HR 8799 c, was clearly detectable
in all four images, the position of the fainter b-planet could only be determined from
3 measurements. Speckle contamination obscured planet d in the 33o rotated images
and the position could thus only be determined from 2 frames. The reported position
of planet e coincides with the third diffraction ring and is not detected with significant
counts. Fig. 6.1 shows rotated and subtracted images from both nights.

When imaging sources with vastly different spectral energy distributions through
a broadband filter at an airmass > 1.0, the effect of differential atmospheric refrac-
tion on the relative astrometry has to be considered (see, e.g., Hełminiak, 2009). An
effective wavelength λeff = 3.777µm for our NACO L′ imaging observation of the star
HR 8799 was computed by convolving a spectrum of a star of similar spectral type
from the IRTF SpeX spectral library (Cushing et al., 2005; Rayner et al., 2009) with
the L′ transmission curve from the NACO Usermanual. For the three exoplanets, an
effective wavelength of 3.905± 0.010µm was computed using model spectra (Burrows
et al., 2006, and priv. comm.) for an effective temperature of 1100 K and log g in the
range 3.0 to 5.0.
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Figure 6.1: Rotated and subtracted 3′′ x 3′′ images from observations on October 5 (left) and
October 6 (right) 2009. North is up and east is to the left. Scaling is linear.

As a consistency check, we also computed the effective wavelength for L′ imag-
ing observations of Jupiter based on the IRTF SpeX library, which resulted in λeff =

3.907µm. Hence, once effective temperatures in the atmospheres of substellar ob-
jects are low enough to allow for the pronounced presence of water, methane and CO
molecular absorption bands, the λeff values for L′ observations seem to show little de-
pendence on effective temperature and surface gravity.

Next, we used the model fits for the refractive index of humid air in the infrared
as computed by Mathar (2007) to estimate the amplitude of differential atmospheric
refraction of HR 8799 and its exoplanets. We found that this effect caused a shift of
≈ 5 − 6mas of the planet positions along the parallactic angle. The positions of the
planets relative to the star are presented in Table 6.1, together with all previously pub-
lished position measurements. The errorbars were estimated by introducing artificial
structures in the form of Gaussians with the same approximate peak flux and the same
separations from the star as the real planets but at different angles. The deviations
from the known positions were measured for a set of 3 different angles per planet and
image. The standard deviations of all measurements for each “fake planet” are the
estimated errors, mainly due to residual speckles for the two innermost planets.

6.3 Results and discussion

6.3.1 Astrometric measurements of HR 8799 b, c and d

The projected orbital motions of the two outermost planets b and c are slow (the
periods are Pb ∼ 460 and Pc ∼ 190 years respectively, Marois et al., 2008), and the
nominal mostly circular, face-on orbits are still consistent with observations when our
data are added to the previously published astrometry. However, observations in 2008
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Figure 6.2: Observations of HR 8799 d (see Table 6.1). A distance to the star of 39.4 pc is
assumed, and the nominal circular, face-on orbit at 24 AU is overplotted. The star is marked by
asterisk at (0,0). The triangle marks our NACO L′ observation.

and 2009 of planet d by Currie et al. (2011) and Hinz et al. (2010)1 together with our
observations suggest that the orbit of this planet might be eccentric and/or inclined.
All published astrometric measurements of HR 8799 d are plotted in Fig. 6.2.

6.3.2 Testing the cases of i = 0 and e = 0 for HR 8799 d

We now want to test if the observed changes in position angle and separation are in
agreement with different models. Fabrycky & Murray-Clay (2010) investigated the
stability of different possible orbital families for the HR 8799 system. Many of these
are for circular (e = 0) or face-on (i = 0) orbits. We modelled these two simple cases
for HR 8799 d from the astrometric observations over a ∼ 2year time baseline. The
nominal system mass of 1.5 M⊙ (Marois et al., 2008) was used to compute orbital pe-
riod from semi-major axis. We did not attempt to fit model orbits that are both inclined
and eccentric, since this would add two free parameters and reduce the statistical sig-
nificance of the result. For the following orbital fits we assumed errors as given in the
literature and listed in Table 6.1. We note, however, that while the literature measure-
ments are probably subject to systematic errors of the same order as the ones present
in the VLT/NACO set, systematic errors (plate scale, detector orientation) between the
different telescopes and instruments used are not necessarily included in these error
bars.

1The MMT/Clio data by Hinz et al. (2010) were re-reduced by Currie et al. (2011). We have adopted
the Currie et al. (2011) astrometry for this analysis.
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Figure 6.3: χ2-fit of eccentricity and semi-major axis for the orbit of HR 8799 d assuming i = 0
(face-on orbit). The best fit is marked by a cross and the contour lines show the 68.3% and
99.73%confidence regions.

Face-on orbit model for HR 8799 d

Assuming a face-on orbit (i = 0) for HR 8799 d, the χ2 was computed for a grid of
100 semi-major axes and 100 eccentricities and is shown in Fig. 6.3. The cross marks
the best fit and the contour lines surround the 68.3% and 99.73%confidence regions.
We find that a face-on orbit must have eccentricity e > 0.4 to fit the observations with
99.73%confidence. The system should have become dynamically stable at the assumed
age of 60 Myr, and one of the stability criteria of Fabrycky & Murray-Clay (2010) is that
the orbits of the planets do not cross: ad(1+ ed) < 0.85ac(1− ec). Our derived 99.73%
confidence minimum eccentricity of e ≈ 0.4 corresponds to an apastron distance of
rap(d) ≈ 34AU for the nominal semi-major axis of planet d at ad = 24AU, thereby vio-
lating the mentioned stability criterion for the nominal orbit of planet c (ac = 38AU).
The stability criterion cannot be fulfilled with respect to both the outer planet c and
the inner planet e even if the orbits of both c and e are perfectly circular. A face-on
orbit is, with the astrometric data points taken at face value, unstable because of the
high eccentricity, and not likely to represent the true orbit of the planet.

Circular orbit model for HR 8799 d

The case of zero eccentricity (e = 0) was considered by varying the orbital inclination
and semimajor axis in the same way as described above. Figure 4 shows the χ2 as a
function of inclination and semi-major axis for a circular orbit. We find that the incli-
nation is greater than 43o within the 99.73%confidence limits, with a best fit of i = 63o

and a = 36AU. This is consistent with the asteroseismic constraints on the stellar rota-
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Figure 6.4: χ2-fit of inclination and semi-major axis for the orbit of HR 8799 d, assuming e = 0
(circular orbit). The best fit is marked by a cross, and the contour lines show the 68.3% and
99.73% confidence regions.

tional inclination of i > 40o, with a best fit of i = 65o derived by Wright et al. (2011).
However, this inclination is higher than what has been derived for the orbit of planet
b from a 10 year baseline of observations (i ∼ 13− 23o for a circular orbit, Lafrenière
et al., 2009), and also for the debris disk (3σ upper constraint, idisk < 40o, Moro-
Martín et al., 2010). The observed configuration with four visible planets around the
star at very different position angles supports a low inclination, if the orbits are copla-
nar. With the astrometric data points taken at face value, the high inclination from the
fit with e = 0 thus indicates that the orbital eccentricity of HR 8799 d is non-zero, or
that the planetary orbits are non-coplanar.

6.4 Conclusions

The initial astrometric analysis performed by Marois et al. (2008) suggested mostly
face-on and circular orbits for the three planets of HR 8799 known at the time. The
orbital periods of the outermost planets b and c are of the order of hundreds of years,
and with our additional astrometric measurements of these planets the orbits are still
consistent with the nominal orbits.

Purely circular, face-on and coplanar orbits have been shown to be an unlikely con-
figuration for reasons of dynamical stability (Fabrycky & Murray-Clay, 2010; Goździewski
& Migaszewski, 2009; Reidemeister et al., 2009). Our analysis of the orbit of HR 8799 d
implies that such a configuration is also inconsistent with the astrometric observations
when recent observations by Hinz et al. (2010), Currie et al. (2011) and our NACO
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data are included. For a purely face-on orbit, the eccentricity of HR 8799 d is e > 0.4
within 99.7% confidence. The system is not stable for such high e and the orbit is
hence likely to be inclined with respect to our line of sight. In the case of a purely
circular orbit we find that the inclination is i > 43o within the 99.7% confidence limits.
While the astrometric data is still limited, this result agrees well with recent con-
straints on the the stellar rotational inclination (Wright et al., 2011), but not with
other measurements of the orbital inclination of planet b and the debris disk. The
current astrometric data still allow for different orbital planes for the individual plan-
ets and the debris disk (and hence for non-coplanar orbits). Continued astrometric
monitoring over a longer time baseline is required in order to put stronger constraints
on the orbits of the HR 8799 planets.





CHAPTER 7

SUMMARY AND OUTLOOK

In this thesis, the multiplicity properties of stars and a multiple planet system were
investigated with the aim of obtaining a deeper understanding of their physical prop-
erties, formation and dynamical evolution. The research includes two high-resolution
Lucky Imaging surveys, in which we searched for binary companions to a large num-
ber of M dwarfs in the first study, and to the host stars of transiting exoplanets in the
other. In addition, a spectroscopic study of four mid- to late-M dwarf binaries from
the first survey was presented, and astrometric observations of three directly imaged
exoplanets in the HR 8799 system. The efficiency of Lucky Imaging with AstraLux has
been demonstrated in the two surveys presented in this thesis. In both surveys, many
companion candidates were found within ≈ 1′′ to the target star, thus not detectable
in seeing-limited surveys. Some companion candidates were discovered close to the
diffraction limit of ∼ 0.1′′.

In the largest M dwarf multiplicity survey to date, we discovered 34 previously
unknown companion candidates to M dwarfs, in addition to confirming and providing
astrometric and photometric data to 17 known companions. We found that the mul-
tiplicity fraction and distributions of mass-ratio and separations are consistent with
smaller surveys of the same mass range. However, the large sample allowed for a more
detailed look at the distributions, in which we found that these multiplicity properties
vary with mass within the M dwarf spectral type. The early type M dwarfs appear more
similar to solar-type stars regarding distributions of mass-ratio and separation than the
later type M dwarfs, for which these distributions approach the close separations and
mass ratios close to unity observed in very low mass- and brown dwarf binaries. The
large number of ∼ 800 stars observed within the complete AstraLux M dwarf survey
will allow for a more detailed look at these trends.

Even though M dwarfs are the most common stars in our neighbourhood1, many
of their physical properties are poorly known, such as the precise mass-luminosity
relation. One aim of the AstraLux survey is to find and characterize close, nearby bi-
naries for which astrometric monitoring with AstraLux will provide dynamical masses
within a few years time. This will provide a unique opportunity to calibrate the mass-
luminosity relation and evolutionary models for very low mass stars and brown dwarfs.
We took the first step towards such a calibration by determining the spectral types and
looking for signs of chromospheric activity from near-infrared spectra of four close,

172% of stars within 10 pc from the Sun are M dwarfs,
see http://www.chara.gsu.edu/RECONS/census.posted.htm
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nearby M dwarf binaries, which are also targets for ongoing astrometric monitoring
with AstraLux.

The multiplicity properties of stars that host transiting exoplanets were investi-
gated in another Lucky Imaging survey. We discovered two previously unknown com-
panion candidates to the host stars Wasp-12 and HAT-P-8, and could confirm common
proper motion for the previously known binary candidate TrES-4. We found indica-
tions that planets belonging to binary/multiple star systems closer than ∼ 1200AU
have on average higher mass than planets in single star systems. However, the sample
of binary/multiple hosts to transiting exoplanets is still very small, and may not cor-
rectly represent the full population of binary/multiple star planets. Future surveys are
needed to increase the number of binary/multiple TEP host stars, and to infer how a
stellar companion affects formation and migration of exoplanets.

We added to the astrometric measurements of the planets in the HR 8799 system.
The multiple-planet configuration allows for putting dynamical constraints on the or-
bits of the planets. From published astrometry combined with our own observations,
and the assumption of dynamically stable orbits, we found that the orbit of HR 8799 d
is likely to be inclined with respect to our line of sight, and that the orbit is eccentric
and/or non-coplanar with the other planets in the system and the debris disk. This
provides observational confirmation to what has been found from models of dynami-
cal system stability. New data obtained with NACO at the VLT in August 2011 will, in
addition to L-band spectra of the planets c and d, provide additional astrometric data
for these planets.

The AstraLux survey of M dwarf multiplicity has also laid the ground for future
work. One may, for instance, also ask the question how the multiplicity properties
of low-mass binaries vary with binary separations. In the Lucky Imaging survey, the
closest companions were discovered close to the diffraction limit at ∼ 0.1′′, which cor-
responds to projected separation of a ≈ 3AU at the median distance of 30 pc. Hydrody-
namical models by Bate (2009) predict a relation between mass-ratio and separation,
in which very close systems tend to equal masses, and such a trend has also been
observed for early M dwarfs (Delfosse et al., 2004) and solar-type stars (Halbwachs
et al., 2003). Ongoing radial velocity spectroscopic observations with FEROS at the
ESO/MPG 2.2 m telescope at La Silla aim to investigate multiplicity at closer separa-
tions for a subsample of the AstraLux M dwarfs, to, e.g., find closely separated stellar
or substellar companions, and investigate the separation dependence of multiplicity
fraction and mass-ratio, and how a wide companion affects the properties of a close
couple in triple systems.

The low mass of M dwarfs also make them good targets for future astrometric
searches for exoplanets. For instance, GRAVITY will be a second generation VLTI
instrument, which will combine the light of all four 8 m Unit Telescopes to achieve
a positional accuracy of 10µas for targets as faint as Ks=16 mag (Eisenhauer et al.,
2008). Nearby M dwarf binaries identified in the AstraLux survey will make good tar-
gets for searching for planets of a few Earth-masses to Neptune-masses with GRAVITY
(Bergfors et al., 2010b).
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Table A.1: Properties of all stars observed 11-16 November 2008.

2MASS ID Other name SpTa D [pc]a J maga log [Lx/Lbol]a Filter Epochb

J00150240-7250326c M1.0 38 8.62 -3.01 i′, z′ 2008.86
J00155808-1636578 M4.0 9 8.74 -3.08 z′ 2008.87
J00171443-7032021 M0.5 48 9.00 -3.23 i′, z′ 2008.87
J00213729-4605331 GJ 3029 M3.0 20d 8.33 -2.56 z′ 2008.87
J00250428-3646176c M2.5 28 8.65 -3.30 i′, z′ 2008.86
J00275035-3233238g M3.5 28 8.97 -2.75 i′, z′ 2008.86
J00281434-3227556 M5.0 12 10.12 -2.85 z′ 2008.86
J00503319+2449009c GJ 3060A M3.5 12d 7.92 -3.06 i′, z′ 2008.86
J01025097+1856543 M4.0 13 9.51 -3.24 z′ 2008.86
J01071194-1935359c M1.0 30 8.15 -3.13 i′, z′ 2008.87
J01093874-0710497c HIP 5443 M1.5 38d 7.96 -3.70 i′, z′ 2008.87
J01112343-0525381 M3.5 35 9.47 -2.86 z′ 2008.87
J01132817-3821024c M0.5 37 8.49 -3.19 i′, z′ 2008.88
J01225093-2439505 M3.5 45 10.08 -3.18 z′ 2008.88
J01244246-1540454h NLTT 4703 M1.5 27 8.11 -4.01 z′ 2008.88
J01365516-0647379c NLTT 5400 M4.0 37 9.70 -2.89 z′ 2008.86
J01434512-0602400 M3.5 26 8.77 -3.00 i′, z′ 2008.86
J01452133-3957204c NLTT 5871 M0.0 32d 8.43 -3.81 i′, z′ 2008.86
J01511997+1324525 M1.5 31 8.56 -3.21 z′ 2008.86
J01535076-1459503c M3.0 18 7.94 -3.12 i′, z′ 2008.86
J02001277-0840516 M2.5 30 8.77 -3.11 i′, z′ 2008.86
J02002975-0239579c M3.5 48 10.07 -2.95 i′, z′ 2008.87
J02014384-1017295 NLTT 6782 M4.0 17 10.03 -3.34 z′ 2008.87
J02070198-4406444 M5.5 21 11.36 -2.26 z′ 2008.87
J02070786-1810077 M4.0 22 10.70 -2.73 z′ 2008.87
J02133021-4654505c M4.0 13 9.43 -2.99 i′, z′ 2008.87
J02155892-0929121c M2.5 26 8.43 -3.11 i′, z′ 2008.87
J02164119-3059181i GJ 3148 A M3.5 14d 7.99 -3.42 z′ 2008.87
J02165488-2322133c M3.5 40 9.79 -2.50 i′, z′ 2008.87
J02183655+1218579 M2.0 34 8.80 -3.40 z′ 2008.87
J02224418-6022476 M4.0 10 8.99 -2.58 z′ 2008.87
J02271603-2929263c M3.5 51 10.34 -3.27 i′, z′ 2008.87
J02303485-1543248 NLTT 8185 M2.5 39 9.29 -3.31 z′ 2008.87
J02335984-1811525c M3.0 50 10.09 -2.77 i′, z′ 2008.87
J02365171-5203036 M2.0 28 8.42 -3.01 z′ 2008.87
J02411510-0432177 NLTT 8687 M4.0 11 9.20 -3.64 z′ 2008.87
J02411909-5725185c M3.0 45 9.85 -3.15 i′, z′ 2008.87
J02414730-5259306 M2.5 27 8.48 -2.65 z′ 2008.87
J02451431-4344102c M4.0 7 8.06 -3.26 i′, z′ 2008.88
J02485260-3404246 M4.0 12 9.31 -2.90 z′ 2008.88
J02490228-1029220c M2.0 34 8.82 -3.21 i′, z′ 2008.88
J02492136-4416063 M3.0 45 9.88 -3.30 z′ 2008.88
J02543316-5108313 M1.5 34 8.67 -3.33 z′ 2008.88
J03033668-2535329c NLTT 9775 M0.0 39d 8.00 -3.65 i′, z′ 2008.88
J03050976-3725058c M2.0 45 9.54 -3.50 i′, z′ 2008.88
J03100305-2341308 NLTT 10115 M3.5 35 9.41 -3.29 z′ 2008.88
J03152341-2821404 M3.5 49 10.25 -2.41 z′ 2008.86
J03214689-0640242 GJ 3218 M2.0 16e 7.86 -4.74 z′ 2008.86
J03244056-3904227 M4.0 40 9.87 -2.27 z′ 2008.86
J03271433+2723087 NLTT 10933 M0.5 27d 8.64 -3.44 z′ 2008.86
J03432333-0819412 M2.5 49 9.86 -3.62 z′ 2008.88
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Table A.1: continued.

2MASS ID Other name SpTa D [pc]a J maga log [Lx/Lbol]a Filter Epochb

J03472333-0158195 NLTT 11853 M2.5 16d 7.80 -3.14 z′ 2008.88
J04071148-2918342c M0.0 51 9.06 -3.16 i′, z′ 2008.88
J04080543-2731349c M3.5 43 9.89 -3.14 i′, z′ 2008.88
J04093930-2648489 M1.5 49 9.51 -3.11 z′ 2008.88
J04132663-0139211c M4.0 12 9.38 -2.97 i′, z′ 2008.88
J04141730-0906544 M3.5 37 9.63 -2.70 z′ 2008.88
J04175717-3827038 M3.5 36 9.45 -2.91 z′ 2008.88
J04213904-7233562 M2.5 50 9.87 -2.97 z′ 2008.88
J04240094-5512223 M2.5 48 9.80 -3.26 z′ 2008.88
J04241156-2356365 M2.5 24 8.32 -3.70 i′, z′ 2008.88
J04353618-2527347 NLTT 13598 M3.5 20 8.24 -3.24 i′, z′ 2008.88
J04365738-1613065 M3.5 30 9.12 -2.63 i′, z′ 2008.88
J04373746-0229282c GJ 3305 M0.0 23 7.30 -2.71 i′, z′ 2008.88
J04380252-0556132 NLTT 13666 M4.5 12 9.73 -3.05 z′ 2008.88
J04441107-7019247c HD 270712 M1.5 19 7.46 -3.62 i′, z′ 2008.88
J04522441-1649219 NLTT 14116 M3.0 18 7.74 -3.17 i′, z′ 2008.88
J05082729-2101444 M5.0 11 9.72 -3.19 i′, z′ 2008.88
J05241914-1601153c M4.5 8 8.67 -3.14 i′, z′ 2008.88
J05254166-0909123c NLTT 15049 M3.5 22 8.45 -3.18 i′, z′ 2008.86
J05332802-4257205 M4.5 6 8.00 -3.13 i′, z′ 2008.88
J06045215-3433360 M5.0 4 7.74 -2.95 i′, z′ 2008.88
J06061342-0337082j M2.5 57 10.15 -3.03 i′, z′ 2008.88
J06161032-1320422c M4.0 31 11.35 -2.32 i′, z′ 2008.87
J06224133-2737531 M3.5 35 9.43 -3.21 z′ 2008.87
J06253604-4815598 M2.5 34 9.10 -3.74 z′ 2008.87
J06255610-6003273 M3.5 19 8.09 -2.90 z′ 2008.87
J06525392-0524413 M2.5 30 8.71 -3.17 z′ 2008.87
J06583980-2021526c M4.0 32 9.40 -3.23 i′, z′ 2008.87
J07020886-0626206 M2.0 52 9.80 -2.67 z′ 2008.87
J07065772-5353463 M0.0 41 8.54 -3.17 z′ 2008.87
J07102991-1637350c M2.5 49 9.75 -3.02 i′, z′ 2008.87
J07105990-5632596c M1.5 52 9.61 -2.43 i′, z′ 2008.87
J07120447-3048526 M2.5 47 9.71 -3.44 z′ 2008.87
J07174710-2558554c M2.0 47 9.53 -3.19 z′ 2008.88
J07285137-3014490c GJ 2060 M1.5 16d 6.62 -3.04 i′, z′ 2008.86
J08224744-5726530c LHS 2005 M4.5 8 8.63 -3.14 i′, z′ 2008.88
J19425324-4406278c M3.5 36 9.43 -3.12 i′, z′ 2008.87m

J19432464-3722108c M3.5 31 9.20 -3.31 i′, z′ 2008.87
J19513587-3510375 M4.0 8 8.58 -3.23 z′ 2008.87
J20100002-2801410c M3.0 26 8.65 -3.16 i′, z′ 2008.87
J20194981-5816431 M6.0 12 10.66 -2.28 i′, z′ 2008.87
J20500010-1154092c M3.5 38 9.68 -3.58 i′, z′ 2008.87
J21010793-4158536 M0.0 52 8.98 -3.46 z′ 2008.87
J21073678-1304581 M3.0 27 8.73 -3.16 z′ 2008.87
J21103147-2710578c M4.5 16 10.30 -3.00 i′, z′ 2008.87
J21235271-3908176 M3.5 32 9.33 -3.36 z′ 2008.87
J21505366-0553186 M1.0 51 9.38 -3.04 z′ 2008.87
J21574119-5100221k GJ 841 A M2.5 16d 6.75 -3.17 i′, z′ 2008.87
J22114208-2044181 M3.5 39 9.65 -3.18 i′, z′ 2008.87
J22171899-0848122c GJ 852 A M4.0 10 9.02 -2.75 i′, z′ 2008.87
J22174316-1546452 M4.0 22 10.79 -2.83 z′ 2008.87
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Table A.1: continued.

2MASS ID Other name SpTa D [pc]a J maga log [Lx/Lbol]a Filter Epochb

J22184009-5326405 M2.5 37 9.24 -3.25 i′, z′ 2008.87
J22230696-1736250 GJ 4274 M4.0 7f 8.24 -3.26 z′ 2008.87
J22332264-0936537c GJ 4282 M2.5 26 8.53 -2.96 i′, z′ 2008.87
J22382974-6522423c GJ 865 M3.5 15d 7.27 -3.37 i′, z′ 2008.87
J22401867-4931045c M5.5 10 9.84 -2.90 i′, z′ 2008.87
J23115362-4508004l HD 218860B M3.0 44 9.72 -2.54 i′, z′ 2008.88
J23131671-4933154 M4.0 15 9.76 -2.68 z′ 2008.87
J23261069-7323498 M0.0 46 8.84 -3.09 z′ 2008.87
J23285763-6802338 M2.5 38 9.26 -3.07 i′, z′ 2008.87
J23314492-0244395 GJ 1285 M4.5 11 9.51 -2.76 i′, z′ 2008.87
J23320018-3917368 M3.0 29 8.90 -2.83 i′, z′ 2008.88
J23323085-1215513 M0.0 25 7.45 -3.15 z′ 2008.87
J23324655-1645081n Gl 897 M2.5 12 6.71 -3.30 z′ 2008.87
J23341101-1531012o M0.0 47 8.91 -3.30 z′ 2008.87
J23452225-7126505 M3.5 48 10.19 -2.88 z′ 2008.87
J23474694-6517249 M1.5 42 9.10 -3.42 z′ 2008.87
J23483610-2739385 GJ 4362 M2.5 27 8.58 -3.23 z′ 2008.87
J23532520-7056410 M3.5 24 8.68 -3.53 z′ 2008.87
J23555512-1321238 NLTT 58441 M2.5 39 9.26 -3.46 z′ 2008.87
J23571934-1258406p GJ 4379 B M3.0 32 9.13 -2.88 z′ 2008.87
J23572056-1258487p GJ 4378 A M4.0 23 8.64 -3.03 z′ 2008.87
J23581366-1724338c NLTT 58589 M2.0 28 8.31 -3.14 i′, z′ 2008.87

a Integrated spectral types, J magnitude, and log[Lx/Lbol] from Riaz et al. (2006). Distance is spec-
troscopic distance from Riaz et al. (2006) if not otherwise indicated. The uncertainty in the spectro-
scopic distances is 37%.
bEpoch of z′-band observations, for which the astrometric properties of the multiple systems are
derived.
cBinary/multiple system observed with AstraLux, see Tables A.2 and A.3 for properties.
dParallax distance from Hipparcos (Perryman & ESA, 1997).
eParallax distance from Reid et al. (2004).
f Parallax distance from van Altena et al. (1995).
gThis is one component of a wide (ρ = 19.9′′, epoch 2001) visual double-star system (Mason et al.,
2001). The system is therefore not included in the statistical analysis.
hThis is the secondary component of a wide multiple system with the G-type primary star NLTT 4704.
The system is therefore not included in the statistical analysis.
iThis is the primary component of a Hipparcos visual double system, with the secondary component
outside our field of view at ρ = 105.0′′ (epoch 1991.25, Dommanget & Nys, 2000). The system is
not included in the statistical analysis.
jThe target J06061342-0337082 has spectroscopic distance 57 pc and is therefore not included in
the multiplicity analysis.
kThe star is part of a wide binary system with the white dwarf GJ 841 B (Holberg et al., 2002) and
is therefore not included in the statistical analysis.
lThe star is part of a wide binary system with the primary G8V star HD 218860A (Torres et al., 2006)
and is therefore not included in the statistical analysis.
mEpoch refers to the i′-band observation, from which astrometric properties were derived.
nThe star is part of a multiple system in which the K6V star (Torres et al., 2006) Gl 898 is the primary
(Dommanget & Nys, 2000). The star is therefore not included in the statistical analysis.
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oThe star is part of a wide binary system (Mason et al., 2001) and is therefore not included in the
statistical analysis.
pThe star is part of a common proper motion system (Mason et al., 2001) and is therefore not
included in the statistical analysis.
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Table A.2: Photometric and astrometric properties of the observed binary/multiple M dwarfs.

Primary ID ∆z′ ∆i′ ρ θ Newa fMult
b qc

(2MASS) [′′] [deg] (y/n)
J00150240-7250326 2.13±0.18 1.31±0.14 0.290±0.009 69.1 ± 0.3 y y y
J00250428-3646176 2.99±0.21 2.59±0.23 0.605±0.012 242.4 ± 0.3 y y y
J00503319+2449009 0.79±0.01 0.94±0.02 1.305±0.002 318.9 ± 0.3 n y y
J01071194-1935359 1.16±0.05 0.65±0.03 0.417±0.001 170.0 ± 0.3 y y y
J01093874-0710497 1.90±0.01 2.02±0.01 2.554±0.001 74.5 ± 0.3 n y y
J01132817-3821024 0.37±0.01 0.22±0.01 1.405±0.003 29.0 ± 0.3 y y y
J01365516-0647379 5.07±0.01 ... 5.587±0.004 179.9 ± 0.3 y y n
J01452133-3957204d 2.00±0.10 2.39±0.16 0.943±0.009 130.9 ± 0.3 y n n
J01535076-1459503 0.01±0.01 0.13±0.01 2.876±0.001 291.9 ± 0.3 y y y
J02002975-0239579 0.75±0.06 0.89±0.05 0.323±0.001 5.9 ± 0.3 y y y
J02133021-4654505 0.73±0.27 1.45±0.08 0.135±0.001 124.9 ± 0.3 y y y
J02155892-0929121AB 2.62±0.05 2.80±0.05 0.631±0.001 292.2 ± 0.3 y y y
J02155892-0929121AC 4.99±0.05 5.52±0.10 3.509±0.002 299.3 ± 0.3 y y y
J02165488-2322133 0.91±0.01 0.92±0.01 4.369±0.001 314.1 ± 0.3 n y y
J02271603-2929263 1.67±0.02 1.77±0.01 1.939±0.001 236.8 ± 0.3 y y y
J02335984-1811525 0.29±0.01 -1.02±0.05 0.854±0.001 48.9 ± 0.3 y y y
J02411909-5725185 1.31±0.02 1.47±0.02 1.526±0.001 287.1 ± 0.3 y y y
J02451431-4344102 1.12±0.07 0.87±0.03 0.257±0.001 214.6 ± 0.3 y y y
J02490228-1029220AB 1.33±0.06 1.42±0.12 0.481±0.006 209.5 ± 0.3 y y y
J02490228-1029220AC 1.39±0.06 1.49±0.11 0.622±0.012 210.7 ± 0.3 y y y
J03033668-2535329 5.14±0.06 3.69±0.16 0.834±0.005 7.6 ± 0.3 n y y
J03050976-3725058 0.93±0.10 0.94±0.07 0.242±0.004 53.7 ± 0.3 y y y
J04071148-2918342d 0.70±0.05 0.48±0.20 0.295±0.001 44.4 ± 0.3 y n n
J04080543-2731349 1.78±0.06 1.00±0.10 0.181±0.005 218.1 ± 0.3 y y y
J04132663-0139211 0.95±0.02 -0.45±0.03 0.771±0.001 358.8 ± 0.3 n y y
J04373746-0229282d,f 1.39±0.16 2.57±0.05 0.221±0.002 20.5 ± 0.3 n n n
J04441107-7019247 0.79±0.01 1.09±0.01 2.654±0.001 157.5 ± 0.3 n y y
J05241914-1601153 0.36±0.03 0.43±0.01 0.639±0.001 69.1 ± 0.3 y y y
J05254166-0909123 0.45±0.07 0.53±0.09 0.616±0.004 58.8 ± 0.3 n y y
J06161032-1320422 1.94±0.12 1.40±0.23 0.194±0.008 170.6 ± 0.3 y y y
J06583980-2021526AB 0.25±0.01 0.33±0.01 1.420±0.001 199.0 ± 0.3 y y y
J06583980-2021526ACe 5.89±0.02 ... 6.992±0.002 263.3 ± 0.3 y n n
J06583980-2021526AD 6.91±0.03 ... 5.149±0.001 253.9 ± 0.3 y y n
J07102991-1637350AB 0.46±0.09 0.64±0.05 0.568±0.001 354.9 ± 0.3 y y y
J07102991-1637350AC 5.26±0.46 ... 2.021±0.008 287.6 ± 0.3 y y y
J07105990-5632596 1.83±0.07 4.17±0.07 1.120±0.006 309.8 ± 0.3 y y y
J07174710-2558554f 6.35±0.04 ... 5.332±0.002 126.8 ± 0.3 y n n
J07285137-3014490 1.29±0.11 1.50±0.18 0.485±0.002 169.9 ± 0.3 n y y
J08224744-5726530AB 4.47±0.04 5.32±0.05 0.648±0.002 128.7 ± 0.3 y y n
J08224744-5726530ACe 1.83±0.04 ... 8.429±0.001 26.1 ± 0.3 n n n
J19425324-4406278 ... 1.39±0.11 0.836±0.002 349.8 ± 0.3 y y y
J19432464-3722108 2.84±0.08 2.89±0.07 1.623±0.004 303.7 ± 0.3 y y y
J20100002-2801410 0.80±0.04 0.75±0.03 0.615±0.001 280.4 ± 0.3 y y y
J20500010-1154092 1.04±0.22 1.17±0.20 0.486±0.046 348.3 ± 0.3 y y y
J21103147-2710578e 1.07±0.01 1.20±0.01 9.501±0.003 313.2 ± 0.3 ng n n
J22171899-0848122ABe 0.62±0.03 0.74±0.01 7.954±0.001 213.2 ± 0.3 n n n
J22171899-0848122ACe 3.77±0.03 ... 7.794±0.003 220.1 ± 0.3 n n n
J22332264-0936537 0.12±0.01 0.65±0.05 1.421±0.028 98.6 ± 0.3 n y y
J22382974-6522423 0.23±0.01 0.20±0.02 0.842±0.001 155.8 ± 0.3 n y y
J22401867-4931045 0.14±0.01 0.16±0.01 4.039±0.001 41.0 ± 0.3 n y y
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Table A.2: continued.

Primary ID ∆z′ ∆i′ ρ θ Newa fMult
b qc

(2MASS) [′′] [deg] (y/n)
J23581366-1724338 0.01±0.01 0.03±0.01 1.989±0.001 355.7 ± 0.3 n y y

aCompanion discovered in this survey (y) or previously known (n).
bIncluded in multiplicity fraction analysis (y/n).
cIncluded in mass-ratio analysis (y/n).
dThe primary star spectral type is earlier than M0 (see Table A.3). The system is therefore not
included in the statistical analysis.
eThe survey is not complete for component separations greater than 6′′ and these stars are therefore
not included in the statistical analysis.
f Our primary star is the secondary star in a known binary system in which the primary star is of
spectral type F. The system is therefore not included in the statistical analysis.
gThe companion is the star 2MASS J21103096-2710513. Although the position of the secondary star
is previously known, we could find no references to the couple as a common proper motion pair.
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Table A.3: Individual spectral types and projected separations.

2MASS ID Primary Secondary Separation
SpT SpT [A.U.]

J00150240-7250326 M0.5 M3.5 11.0 ± 4.1
J00250428-3646176 M2.5 M5.0 16.9 ± 6.3
J00503319+2449009 M3.5 M4.5 15.7 ± 1.3
J01071194-1935359 M0.5 M2.5 12.5 ± 4.6
J01093874-0710497 M1.0 M4.0 97.1 ± 13.0
J01132817-3821024 M0.0 M1.0 52.0 ± 19.2
J01365516-0647379 M4.0 >L0 206.7 ± 76.5
J01452133-3957204a K7.5 M3.5 30.2 ± 2.2
J01535076-1459503 M3.0 M3.0 51.8 ± 19.2
J02002975-0239579 M3.5 M4.5 15.5 ± 5.7
J02133021-4654505 M4.0 M5.0 1.8 ± 0.7
J02155892-0929121AB M2.5 M5.0 16.4 ± 6.1
J02155892-0929121AC M2.5 M8.0 91.2 ± 33.8
J02165488-2322133 M3.5 M4.5 174.8 ± 64.7
J02271603-2929263 M3.5 M5.0 98.9 ± 36.6
J02335984-1811525 M3.0 M3.5 42.7 ± 15.8
J02411909-5725185 M2.5 M4.0 68.7 ± 25.4
J02451431-4344102 M4.0 M4.5 1.8 ± 0.7
J02490228-1029220AB M1.5 M3.5 16.4 ± 6.1
J02490228-1029220AC M1.5 M3.5 21.2 ± 7.8
J03033668-2535329 M0.0 M6.0 32.5 ± 2.8
J03050976-3725058 M1.5 M3.0 10.9 ± 4.0
J04071148-2918342a K7.5 M1.0 15.1 ± 5.6
J04080543-2731349 M3.5 M4.5 7.8 ± 2.9
J04132663-0139211 M4.0 M4.0 9.3 ± 3.4
J04373746-0229282a,c K7.5 M3.0 5.1 ± 1.9
J04441107-7019247 M1.0 M2.5 50.4 ± 18.7
J05241914-1601153 M4.5 M5.0 5.1 ± 1.9
J05254166-0909123 M3.5 M4.0 13.6 ± 5.0
J06161032-1320422 M3.5 M5.0 6.0 ± 2.2
J06583980-2021526AB M4.0 M4.0 45.4 ± 16.8
J06583980-2021526ACb M4.0 >L0 223.7 ± 82.8
J06583980-2021526AD M4.0 >L0 164.8 ± 61.0
J07102991-1637350AB M2.5 M3.0 27.8 ± 10.3
J07102991-1637350AC M2.5 M9.0 99.0 ± 36.6
J07105990-5632596 M1.5 M4.5 58.2 ± 21.6
J07174710-2558554c M2.0 >L0 250.6 ± 92.7
J07285137-3014490 M1.0 M3.0 7.8 ± 0.3
J08224744-5726530AB M4.5 >L0 5.2 ± 1.9
J08224744-5726530ACb M4.5 M6.0 67.4 ± 25.0
J19425324-4406278 M3.5 M4.5 30.1 ± 11.1
J19432464-3722108 M3.5 M6.0 50.3 ± 18.6
J20100002-2801410 M2.5 M3.5 16.0 ± 5.9
J20500010-1154092 M3.5 M4.5 18.5 ± 7.1
J21103147-2710578b M4.5 M5.5 152.0 ± 56.3
J22171899-0848122ABb M4.0 M4.5 79.5 ± 29.4
J22171899-0848122ACb M4.0 M8.5 77.9 ± 28.8
J22332264-0936537 M2.5 M3.0 37.0 ± 13.7
J22382974-6522423 M3.5 M3.5 12.6 ± 1.2
J22401867-4931045 M5.5 M5.5 40.4 ± 14.9
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Table A.3: continued.

2MASS ID Primary Secondary Separation
SpT SpT [A.U.]

J23581366-1724338 M2.0 M2.0 55.7 ± 20.6

aThe primary star spectral type is earlier than M0. The system is therefore not included in the
statistical analysis.
bThe survey is not complete for component separations greater than 6′′ and these stars are therefore
not included in the statistical analysis (see Table A.2).
cOur primary star is the secondary star in a known binary system in which the primary star is of
spectral type F. The system is therefore not included in the statistical analysis.
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Table A.4: Separations and position angles for previously known multiple systems.

2MASS ID ρ θ Epoch Ref.
[′′] [deg]

J00503319+2449009 1.0 315 1960 1
2.080 316.0 1991.25 2
1.648 317.12 2002.64 3
1.305 318.9 2008.86 4

J01093874-0710497 2.680 77.0 1991.25 2
2.554 74.5 2008.87 4

J02165488-2322133 4.3 315 1998.67 5
4.369 314.1 2008.87 4

J04132663-0139211 0.79 217.11 1998.9 6
0.771 358.8/178.8 2008.88 4

J04373746-0229282 0.225 195 2003.05 7
0.093 189.5 2004.95 7
0.221 20.5 2008.88 4

J04441107-7019247 2.3 174 1990 8
2.654 157.5 2008.88 4

J05254166-0909123 0.537 69.40 2005.78 9
0.616 58.8 2008.86 4

J07285137-3014490 0.175 143.71 2002.83 9
0.485 169.9 2008.86 4

J08224744-5726530 8.6 23 1999.99 5
8.429 26.1 2008.88 4

J21103147-2710578 9.4 313 1998.59 5
9.501 313.2 2008.87 4

J22171899-0848122AB 7.8 213 1998.79 5
7.95 213.2 2008.87 4

J22171899-0848122BC 0.978 305.8 2001.60 10
0.97 316.7 2008.87 4

J22332264-0936537 1.66 272.25 1997.6 6
1.571 279.73 2005.44 9
1.421 98.6/278.6 2008.87 4

J22382974-6522423 0.770 16 1991.25 2
0.842 155.8 2008.87 4

J22401867-4931045 4.2 40 1999.72 5
4.039 41.0 2008.87 4

J23581366-1724338 1.904 355.3 2005.54 9
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Table A.4: continued.

2MASS ID ρ θ Epoch Ref.
[′′] [deg]

1.989 355.7 2008.87 4

References: (1)Dommanget & Nys (2002); (2)Perryman & ESA (1997); (3)Strigachev & Lampens
(2004); (4)This work; (5)Cutri et al. (2003); (6)McCarthy et al. (2001); (7)Kasper et al. (2007); (8)Mason
et al. (2001); (9)Daemgen et al. (2007); (10)Beuzit et al. (2004).





APPENDIX B

NOTES ON INDIVIDUAL M DWARF

BINARIES AND MULTIPLE SYSTEMS

Table A.4 summarizes our measured angular separations and position angles, and pub-
lished results for previously known components.

J00503319+2449009 This star, also known as GJ 3060A or NLTT 2805, is a flare
star (Norton et al., 2007) with a known stellar companion, NLTT 2804. The Catalog of
Components of Double & Multiple Stars (CCDM, Dommanget & Nys, 2002) provides
the astrometric measurements ρ = 1.0′′ and θ = 315o for epoch 1960. Hipparcos

observations provide positions of the two components of ρ = 2.080′′ and θ = 316o

(epoch 1991.25, Perryman & ESA, 1997). Strigachev & Lampens (2004) present
photometric and astrometric observations of visual double stars and for this binary
estimate the angular separation to be ρ = 1.648′′ and the position angle θ = 317.12o

(epoch 2002.64). Our measured separation is ρ = 1.305′′ and position angle θ = 318.9o,
indicating orbital motion.

J01093874-0710497 This is a high proper motion star with µRA=-235.5 mas/yr
and µDEC=-351.6 mas/yr. Also known as HIP 5443, it is a Hipparcos double star (Per-
ryman & ESA, 1997) with separation ρ = 2.7′′ and position angle θ = 77o (epoch
1991.25). We measure the separation ρ = 2.554′′ and position angle θ = 74.5o, hence
both components form a common proper motion pair. The small change in separation
and position angle in the more than 15 years that have passed between the Hipparcos

and our measurements can be attributed to orbital motion.
J01365516-0647379 The primary star is a high proper motion star for which

Shkolnik et al. (2009) estimated an age between 25 and 300 Myr. Because of its
faint magnitude, the secondary star could not be seen at the time of observation but
only after additional analysis. The star therefore ended up partly outside the field of
view in the i′-band observation and we present only z′-band data in this paper.

J02165488-2322133 In 2MASS PSC (Cutri et al., 2003), we find the star J02165465-
2322103 at separation ρ = 4.3′′ and position angle θ = 315o from our primary (epoch
1998.67), which corresponds well to our measured separation ρ = 4.369′′ and position
angle θ = 314.1o.

J02335984-1811525 In this double system, the B component is brighter than the
A component in i′-band. Since the i′ and z′ band observations were performed on
different nights, the unusual i′ − z′ colour might indicate that the star is variable or
possibly of T Tauri-type. We tentatively assign spectral types M3±1 + M3.5±1 to the
stars, but further investigation of this couple is necessary to determine their character-
istics.
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J02490228-1029220 The B and C components of this triple star are close, ρBC =

0.145′′ corresponding to 4.93 AU.
J03033668-2535329 The primary star is a high proper motion star also known

as NLTT 9775. We measure a separation ρ = 0.834′′ between the two companions.
A possible candidate for the secondary star is the high proper motion star LTT 1453,
which has J2000 coordinates RA=03h 03m 36.6s, Dec= −25o35′33′′, at an angular
separation of 1.42′′ from our primary star. Frankowski et al. (2007) studied the bi-
nary content of the Hipparcos catalogue, listing the primary star as a candidate proper
motion binary.

J04080543-2731349 The images in both i′- and z′-band of this binary are affected
by “fake tripling”. The real B component and the fake triple are equally bright in z′-
band but unequal in i′. This means that, although unlikely, the true position angle
might be systematically incorrect by 180o.

J04132663-0139211 This binary system was discovered by McCarthy et al. (2001),
with a separation ρ = 0.79′′ and position angle θ = 217.11o (epoch 1998.9). We mea-
sure ρ = 0.771′′ and θ = 358.8o, indicating significant orbital motion between obser-
vations. In our observations, the B component is brighter than the A component in
i′-band. Since the i′ and z′ band observations were performed on different nights, the
unusual i′ − z′ colour may indicate that the star is variable or possibly of T Tauri-type.
If our secondary star is the primary star of McCarthy et al. (2001), the position angle
is instead ρ = 178.8o. We tentatively assign the stars spectral types M4± 1 + M4± 1,
but further investigation of this double system is needed to determine its character.

J04373746-0229282 The primary star is also known as GJ 3305, a member of
the young β Pictoris moving group (Zuckerman et al., 2001), which has an estimated
age of 12 Myr (Shkolnik et al., 2009). The faint close companion that we see was
discovered by Kasper et al. (2007) in their L-band NACO imaging of young, nearby
stars in search of substellar companions. Kasper et al. (2007) present NACO K-band
data from the ESO/ST-ECF Science Archive with which they determine the separation
ρ = 0.225′′ and position angle θ = 195o (epoch 2003.05), and their obtained L-band
data for which ρ = 0.093′′ and position angle θ = 189.5o (epoch 2004.95), and the
proper motion combined points to a bound companion in a highly eccentric orbit. Our
observations are affected by the stellar companion ghost image at 180o discussed in
Sect. 3.2.2, which may cause uncertainty in the true position angle. However, the as-
sumed position at ρ = 0.221′′ and θ = 20.5o is consistent with physical companionship,
and with the non-detection of the secondary companion by Daemgen et al. (2007)
(epoch 2005.74) indicates that the orbit has a high inclination, i.e., is seen close to
edge-on.

Feigelson et al. (2006) agree with Zuckerman et al. (2001) and conclude from
the proper motion and stellar activity that GJ 3305 is part of a wide binary system
(ρ = 66′′, or ∼ 2000AU at 30 pc) with the F0 star 51 Eri. Since the primary star is then
of earlier spectral type than M0, the system is not included in our statistical analysis.

J04441107-7019247 This is a previously known visual binary, also known as HD
270712. Mason et al. (2001) provides the astrometric measurements ρ = 2.3′′ and
θ = 174o for epoch 1990. We measure ρ = 2.654′′ and θ = 157.5o, indicating orbital
motion.

J05254166-0909123 This high proper motion binary (NLTT 15049) was discov-
ered by Daemgen et al. (2007), at a separation of ρ = 0.537′′ and position angle
θ = 69.40o (epoch 2005.78). We assign spectral types M3.5+M4 to the couple, consis-
tent with the spectral types of Daemgen et al. (2007). We find a separation ρ = 0.616′′

and position angle θ = 58.8o, indicating significant orbital motion. Shkolnik et al.
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(2009) estimates the age of the stars to between 35 and 300 Myr.
J06583980-2021526 This possibly quadruple system consists of one close M4+M4

pair and two more distant suspected L dwarfs. The two faintest components (C and
D) are separated from the brightest star by 5.15′′ and 6.99′′, respectively, and had
not been discovered at the time of observation. They therefore ended up outside the
FoV in i′-band. The separation between components A and B is ρAB = 1.420′′, and
the two faint stars C and D are separated by ρCD = 2.093′′ with position angle θCD =

107.3o. The separation between the primary star and the C component is greater than
our completeness limit, and the component is therefore not included in the statistical
analysis.

J07102991-1637350 The tertiary companion is too faint in i′ for accurate pho-
tometry and astrometry. We therefore present only z′-band data in this paper.

J07105990-5632596 We obtain different spectral types for the secondary star in
i′ and z′ (SpTi′ ≈ M5.5, SpTz′ ≈ M4). Since we did not observe the stars in both filters
on the same night, the brightness of either companion might have changed from one
observation to the next if the stars are variable. We tentatively assign the secondary
spectral type M4.5±1.

J07174710-2558554 Our primary star is also known as CD-25 4322B, the sec-
ondary star in a wide double system with CD-25 4322. Our wide but faint secondary
component is not, however, found in any catalogue. The star CD-25 4322 is an F-star
(F0/F3V, Dommanget & Nys, 2002; Perryman & ESA, 1997) and not within our field
of view (CCDM separation ρ = 12.4′′, epoch 1897, Dommanget & Nys, 2002). Be-
cause of the faintness of our secondary companion, it was not detected at the time of
observation and not observed in i′. Since our primary star is the secondary star in a
system with an F-star primary, it is not included in the statistical analysis.

J07285137-3014490 This is a known binary system also known as GJ 2060 (Zuck-
erman et al., 2004), which was concluded by Allen & Reid (2008) to probably be part
of a quadruple system with another close, equal mass M dwarf binary at a separa-
tion of ρ = 67.2′′. GJ 2060 is a likely member of the ∼50 Myr old AB Dor association
(Zuckerman et al., 2004). We obtain spectral types M1+M3, while Daemgen et al.
(2007) find spectral types M0.5+M1.5. The primary star is a known variable star
(V372 Pup). Daemgen et al. (2007) determine the binary separation and position an-
gle to be ρ = 0.175′′ and θ = 143.71o (epoch 2002.83), while we find ρ = 0.485′′ and
θ = 169.9o, indicating significant orbital motion.

J08224744-5726530 The primary star of this triple system is also known as LHS
2005, a high proper motion star. Our separation and position angle for the tertiary
component, which is also known as LHS 2004, is ρ = 8.429′′ and θ = 26.1o. This is
consistent with data from the 2MASS PSC (Cutri et al., 2003) for the star J08224787-
5726451 with a separation 8.6′′ and position angle θ = 23o (epoch 1999.99) and is
indicative of orbital motion. LHS 2004 and LHS 2005 form a known common proper
motion pair. The close secondary was not previously known. The wide companion
was noticed at the time of observation and fitted into the field of view by placing
the primary star in the corner of the detector for the z′-band observations. The wide
companion is outside the field of view in i′-band. Since the C component separation
from the primary is greater than 6′′, it is not included in the statistical analysis.

J19425324-4406278 The secondary star is previously unknown. Only i′-band im-
ages could be used in our analysis since the secondary star was too faint in z′. The
position angle, separation, and individual spectral types are therefore obtained from
the i′-band observation.

J21103147-2710578 The companion is J21103096-2710513 at a 2MASS PSC dis-
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tance of 9.4′′ and position angle θ = 313o (epoch 1998.59, Cutri et al., 2003). We find
a separation ρ = 9.50′′, which is greater than our limits for completeness. The system
is therefore not included in the statistical analysis.

J22171899-0848122 This is a known visual binary system where the primary star
(also known as V* FG Aqr or GJ 852A) and the secondary star (J22171870-0848186,
or GJ 852B) are both flare stars (Gershberg et al., 1999). The tertiary companion,
close to our secondary star GJ 852B at ρBC = 0.97′′ and θBC = 316.7o, was discovered
by Beuzit et al. (2004) at ρ = 0.978′′ and θ = 305.8o (epoch 2001.60), hence the system
shows orbital motion. The C component is in our observations too faint to be resolved
in i′ band. Photometric measurements in i′ for the B component therefore include
the very faint flux from the close C component. The 2MASS PSC (Cutri et al., 2003)
infer a proximity of 7.8′′ and position angle of θ = 213o (epoch 1998.79), relating the
positions of GJ 852 A and GJ 852 B. Our measured separation between these stars is
ρ = 7.95′′ and position angle θ = 213.2o.

J22332264-0936537 Also known as GJ 4282, this flare star was discovered to be
a binary by McCarthy et al. (2001), who derived a separation of ρ = 1.66′′ and position
angle θ = 272.25o for epoch 1997.6. Daemgen et al. (2007) observed a separation of
ρ = 1.571′′ and θ = 279.73o for epoch 2005.44. We find ρ = 1.421′′ and θ = 98.6o, a
separation that agrees with previous observations but at a position angle that is clearly
inconsistent with the previous measurements by Daemgen et al. (2007) and McCarthy
et al. (2001). With an estimated orbital period of approximately 380 years, we need
to assume that our primary star (the eastern component) is actually the secondary star
of Daemgen et al. (2007) and McCarthy et al. (2001), and our revised position angle
is in that case θ = 278.6o, indicating orbital motion. Since in our observations the
eastern star is slightly brighter than the western component, one or both of the stars
might be variable, causing the discrepancy in position angle between our observations
and the observations by McCarthy et al. (2001) and Daemgen et al. (2007). We as-
sign the stars spectral types M2.5 and M3, respectively, in agreement with Daemgen
et al. (2007)(M3+M3) and Shkolnik et al. (2009) (eastern component M2.5, west-
ern component M2.6). Shkolnik et al. (2009) estimate the age of the system to be
20-150 Myr.

J22382974-6522423 This flare star, which is also known as GJ 865, was identified
by Montes et al. (2001) as a possible member of the ∼ 600Myr Hyades supercluster.
The star GJ 865 is part of a known triple system. We observed the two close compo-
nents, separated by ρ = 0.842′′, which is in agreement with the separation ρ = 0.770′′

and position angle θ = 16o found by Perryman & ESA (1997) for epoch 1991.25. The
third companion is outside our field of view, with a separation from our primary star
of ρ = 30.4′′ (epoch 1974, Dommanget & Nys, 2002). While we could not find the
spectral type of this companion in literature, the V magnitudes of the three compan-
ions differ only slightly (VA = 12.0,VB = 12.1,VC = 12.3, Dommanget & Nys, 2002,
where the close components are B and C) and we assume that the third component is
also an M star. We therefore include this system in the binary statistics as an M dwarf
binary/multiple system.

J22401867-4931045 This couple of high proper motion stars (Lépine, 2005) are
also known as LSR J22403-4931W (our primary star) and LSR J22403-4931E located
at RA = 22h 40m 18.96s, Dec = −49o31′01.4′′ (J2000). Cutri et al. (2003) found
ρ = 4.2′′ and θ = 40o for epoch 1999.72. We measure ρ = 4.039′′ and θ = 41.0o.

J23581366-1724338 The binary character of this high proper motion star, also
known as NLTT 58589, was discovered by Daemgen et al. (2007), who derived the
same individual spectral types M2+M2, as we do. We find ρ = 1.989′′, in good agree-
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ment with the Daemgen et al. (2007) separation ρ = 1.904′′ for epoch 2005.54, al-
though our measured position angle θ = 355.7o disagrees with the Daemgen et al.
(2007) result of θ = 265.30o by 90o. Reanalysis of the Gemini data by Daemgen et al.
yields a position angle of 355.3o, which is in good agreement with the AstraLux Sur
measurement and indicates some orbital motion. Shkolnik et al. (2009) determine
individual spectral types M1.9 (north)+M1.9 (south) and an age of 20-150 Myr for
the system.

J23534173-6556543: We also observed this star, which is the secondary star in a
widely separated G0 V+M1 V system, and its primary. The primary is HIP 117815 and
the secondary is CPD-66 3810B. Our separation of ρ = 12.3′′ at θ = 112.2o is in good
agreement with Eggenberger et al. (2007) (ρ = 12.14′′, θ = 112.37o, epoch 2005.70)
for this bound system. This system was only observed in z′-band and is not included
in any statistical analysis in this paper because the primary star is a G star.
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Table C.1: System parameters for transiting exoplanet systems in January 2011. The table lists
planet name, planet mass, planet radius, orbital period, semimajor axis, stellar mass, metallicity,
effective temperature, stellar velocity amplitude, orbital inclination and eccentricity.

Planet name mp rp P a Ms Rs [Fe/H] Teff K∗ i e Ref.
[MJ] [RJ] [days] [AU] [M ⊙] [R⊙] [dex] [K] [ms−1] [o]

CoRoT-1 b 1.030 1.490 1.5089 0.0254 0.950 1.110 -0.30 5950 188.0 85.10 0 1
CoRoT-10 b 2.750 0.970 13.240 0.1055 0.890 0.790 0.26 5075 301.0 88.55 0.530 2
CoRoT-11 b 2.330 1.430 2.9943 0.0436 1.270 1.370 -0.03 6440 280.0 83.17 0 3
CoRoT-12 b 0.916 1.450 2.8280 0.0402 1.078 1.116 0.16 5675 125.5 85.48 0.070 4
CoRoT-13 b 1.308 0.885 4.0351 0.0510 1.090 1.010 0.01 5945 157.8 88.02 0 5
CoRoT-14 b 7.600 1.090 1.5121 0.0270 1.130 1.210 0.05 6035 1230.0 79.60 0 6
CoRoT-16 b 0.500 0.813 5.3534 ... ... 0.810 ... ... ... 85.82 0 7
CoRoT-17 b 2.450 1.470 3.7681 ... ... 2.000 ... ... ... 77.47 0 7
CoRoT-2 b 3.310 1.465 1.7429 0.0281 0.970 0.902 ... 5625 563.0 87.84 0 8
CoRoT-3 b 21.660 1.010 4.2568 0.0570 1.370 1.560 -0.02 6740 2190.0 85.90 0 9
CoRoT-4 b 0.720 1.190 9.2020 0.0900 1.160 1.170 0.05 6190 63.0 90.00 0 10,11
CoRoT-5 b 0.467 1.388 4.0378 0.0495 1.000 1.186 -0.25 6100 59.1 85.83 0.090 12
CoRoT-6 b 2.960 1.166 8.8865 0.0855 1.055 1.025 -0.20 6090 280.0 89.07 0.100 13
CoRoT-7 b 0.015 0.150 0.8535 0.0172 0.930 0.870 0.03 5275 3.3 80.10 0.070 14,15
CoRoT-8 b 0.220 0.570 6.2122 0.0630 0.880 0.770 0.30 5080 26.0 88.40 0 16
CoRoT-9 b 0.840 1.050 95.273 0.4070 0.990 0.940 -0.01 5625 38.0 89.99 0.110 17
GJ 1214 b 0.020 0.245 1.5804 0.0140 0.153 0.210 0.39 2949 12.2 88.62 0.270 18,19,20
GJ 436 b 0.074 0.365 2.6438 0.0289 0.459 0.454 -0.03 3500 18.3 86.43 0.150 21,22
HAT-P-1 b 0.524 1.217 4.4652 0.0554 1.134 1.112 0.13 5975 59.3 86.25 0 21
HAT-P-11 b 0.081 0.452 4.8878 0.0530 0.810 0.750 0.31 4780 11.6 88.55 0.198 23,24
HAT-P-12 b 0.211 0.959 3.2130 0.0384 0.733 0.701 -0.29 4650 35.8 89.07 0 25
HAT-P-13 b 0.850 1.280 2.9162 0.0426 1.220 1.560 0.43 5638 106.1 83.40 0.021 26,27,28
HAT-P-14 b 2.200 1.200 4.6276 0.0594 1.386 1.468 0.11 6600 222.0 83.50 0.095 29,30
HAT-P-15 b 1.946 1.072 10.863 0.0964 1.013 1.080 0.22 5568 180.6 89.10 0.190 31
HAT-P-16 b 4.193 1.289 2.7759 0.0413 1.218 1.237 0.17 6158 531.1 86.60 0.036 32
HAT-P-17 b 0.530 1.010 10.338 0.0882 0.857 0.837 ... 5246 58.4 89.20 0.346 33
HAT-P-18 b 0.197 0.995 5.5080 0.0559 0.770 0.749 0.10 4803 27.1 88.80 0.084 34
HAT-P-19 b 0.292 1.132 4.0087 0.0466 0.842 0.820 0.23 4990 42.0 88.20 0.067 34
HAT-P-2 b 8.740 1.190 5.6334 0.0674 1.279 1.680 0.14 6290 983.9 85.90 0.517 21,35
HAT-P-20 b 7.246 0.867 2.8753 0.0361 0.756 0.694 0.35 4595 1246.0 86.80 0.015 36
HAT-P-21 b 4.063 1.024 4.1244 0.0494 0.947 1.105 0.01 5588 548.3 87.20 0.228 36
HAT-P-22 b 2.147 1.080 3.2122 0.0414 0.916 1.040 0.24 5302 313.3 86.90 0.016 36
HAT-P-23 b 2.090 1.368 1.2128 0.0232 1.130 1.203 0.15 5905 368.5 85.10 0.106 36
HAT-P-24 b 0.685 1.242 3.3552 0.0465 1.191 1.317 -0.16 6373 83.0 88.60 0.067 37
HAT-P-25 b 0.567 1.190 3.6528 0.0466 1.010 0.959 0.31 5500 74.3 87.60 0.032 38
HAT-P-26 b 0.059 0.565 4.2345 0.0479 0.816 0.788 -0.04 5079 8.5 88.60 0.124 39
HAT-P-27 b1 0.6600 1.038 3.0395 0.0403 0.945 0.898 0.29 5300 96.1 84.70 0.078 40
HAT-P-3 b 0.599 0.890 2.8997 0.0389 0.936 0.824 0.27 5185 89.1 87.24 0 41
HAT-P-4 b 0.680 1.270 3.0565 0.0446 1.260 1.590 0.24 5860 81.1 89.67 0 42,43
HAT-P-5 b 1.060 1.260 2.7884 0.0408 1.160 1.167 0.24 5960 138.0 86.75 0 44
HAT-P-6 b 1.057 1.330 3.8529 0.0524 1.290 1.460 -0.13 6570 115.5 85.51 0 45
HAT-P-7 b 1.800 1.421 2.2047 0.0379 1.490 1.920 0.26 6350 213.2 84.10 0 46
HAT-P-8 b 1.520 1.500 3.0763 0.0487 1.280 1.580 0.01 6200 153.1 87.50 0 47
HAT-P-9 b 0.780 1.400 3.9228 0.0530 1.280 1.320 0.12 6350 84.7 86.50 0 48
HD 149026 b 0.356 0.610 2.8758 0.0429 1.271 1.290 0.36 6143 43.3 88.00 0 21
HD 17156 b 3.191 1.095 21.216 0.1623 1.275 1.508 0.24 6079 274.2 86.49 0.677 49,50
HD 189733 b 1.150 1.151 2.2185 0.0314 0.840 0.752 -0.03 5050 200.6 85.78 0 21
HD 209458 b 0.714 1.380 3.5247 0.0475 1.148 1.162 0.02 6117 85.1 86.59 0.014 21,51
HD 80606 b 3.940 0.980 111.43 0.4490 0.970 0.978 0.43 5645 474.0 89.32 0.933 52,53
Kepler-10 b 0.014 0.127 0.8374 0.0168 0.895 1.056 -0.15 5627 3.3 84.40 0 54
Kepler-4 b 0.077 0.357 3.2134 0.0456 1.223 1.487 0.17 5857 9.3 89.76 0 55
Kepler-5 b 2.114 1.431 3.5484 0.0506 1.374 1.793 0.04 6297 227.5 86.30 0 56
Kepler-6 b 0.669 1.323 3.2342 0.0457 1.209 1.391 0.34 5647 80.9 86.80 0 57
Kepler-7 b 0.433 1.478 4.8855 0.0622 1.347 1.843 0.11 5933 42.9 86.50 0 58

1Also known as WASP-40 b
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Table C.1: continued.

Planet name mp rp P a Ms Rs [Fe/H] Teff K∗ i e Ref.
[MJ] [RJ] [days] [AU] [M ⊙] [R⊙] [dex] [K] [ms−1] [o]

Kepler-8 b 0.603 1.419 3.5225 0.0483 1.213 1.486 -0.06 6213 68.4 84.07 0 59
Kepler-9 b 0.252 0.842 19.243 0.1400 1.000 1.100 0.17 5722 ... 88.55 0 60
Kepler-9 c 0.171 0.823 38.908 0.2250 1.000 1.100 0.17 5722 ... 88.12 0 60
Kepler-9 d 0.022 0.147 1.5928 0.0273 1.000 1.100 0.17 5722 ... ... 0 60,61
KOI-428 b 2.200 1.170 6.8734 0.0800 1.480 2.130 0.10 6510 179.0 89.70 0 62
Lupus-TR-3 b 0.810 0.890 3.9140 0.0464 0.870 0.820 ... 5000 114.0 88.30 0 63
OGLE-TR-10 b 0.680 1.720 3.1012 0.0452 1.277 1.520 0.28 6075 80.9 83.87 0 21
OGLE-TR-111 b 0.540 1.077 4.0144 0.0465 0.833 0.842 0.19 5044 78.0 88.11 0 21
OGLE-TR-113 b 1.240 1.110 1.4324 0.0228 0.768 0.780 0.15 4804 267.0 87.70 0 21
OGLE-TR-132 b 1.170 1.250 1.6898 0.0303 1.297 1.370 0.37 6210 167.0 83.30 0 21
OGLE-TR-182 b 1.060 1.470 3.9791 0.0521 1.187 1.530 0.37 5924 120.0 84.30 0 21
OGLE-TR-211 b 0.750 1.262 3.6772 0.0511 1.312 1.560 0.11 6325 82.0 88.00 0 21
OGLE-TR-56 b 1.300 1.200 1.2119 0.0239 1.233 1.260 0.25 6119 212.0 79.40 0 21
OGLE2-TR-L9 b 4.340 1.614 2.4855 0.0404 1.420 1.503 -0.05 6933 510.0 82.07 0 21
Qatar-1 b 1.090 1.164 1.4200 0.0234 0.850 0.823 0.20 4861 218.0 83.47 0 64
SWEEPS-04 3.800 0.810 4.2000 0.0550 1.240 1.180 ... ... ... ... 0 65
SWEEPS-11 9.700 1.130 1.7960 0.0300 1.100 1.450 ... ... ... ... 0 65
TrES-1 0.761 1.099 3.0300 0.0395 0.892 0.818 0.06 5226 115.2 88.67 0 21
TrES-2 1.253 1.261 2.4706 0.0364 1.049 1.002 0.06 5795 181.3 83.80 0 21
TrES-3 1.910 1.305 1.3061 0.0228 0.929 0.818 -0.19 5650 369.0 82.07 0 21
TrES-4 0.877 1.810 3.5539 0.0497 1.292 1.920 0.14 6200 97.4 81.53 0 21
WASP-1 b 0.860 1.484 2.5199 0.0390 1.243 1.455 0.23 6110 111.0 88.00 0 21
WASP-10 b 3.160 1.067 3.0927 0.0378 0.752 0.703 0.03 4675 553.1 88.81 0.057 21,66
WASP-11 b2 0.4870 1.005 3.7224 0.0435 0.830 0.790 0.13 4980 74.5 88.60 0 67
WASP-12 b 1.410 1.790 1.0914 0.0229 1.350 1.570 0.30 6300 226 83.10 0.049 68
WASP-13 b 0.460 1.210 4.3529 0.0527 1.030 1.340 0.00 5826 55.7 86.90 0 69
WASP-14 b 7.341 1.281 2.2437 0.0360 1.211 1.306 0.00 6475 993.0 84.32 0.091 70
WASP-15 b 0.542 1.428 3.7520 0.0499 1.180 1.477 -0.17 6300 63.4 85.50 0 71
WASP-16 b 0.855 1.008 3.1186 0.0421 1.022 0.946 0.01 5550 116.7 85.22 0 72
WASP-17 b 0.490 1.740 3.7354 0.0510 1.200 1.380 -0.25 6550 56.9 87.80 0.129 73
WASP-18 b 10.29 1.158 0.9414 0.0203 1.256 1.222 0.00 6400 1816.9 85.00 0.009 21,74
WASP-19 b 1.168 1.386 0.7888 0.0166 0.970 0.990 0.02 5500 257.0 79.40 0.005 75,76
WASP-2 b 0.847 1.043 2.1522 0.0303 0.803 0.807 -0.08 5150 153.6 84.81 0 21
WASP-21 b 0.300 1.070 4.3224 0.0520 1.010 1.060 -0.40 5800 37.2 88.75 0 77
WASP-22 b 0.560 1.120 3.5326 0.0468 1.100 1.130 -0.05 6000 70.0 89.20 0.023 78
WASP-23 b 0.870 0.960 2.9400 ... ... ... ... ... ... ... 0 79
WASP-24 b 1.071 1.300 2.3412 0.0365 1.184 1.331 0.07 6075 145.2 83.64 0 80
WASP-25 b 0.580 1.220 3.7648 0.0473 1.000 0.920 -0.05 5750 75.5 88.00 0 81
WASP-26 b 1.020 1.320 2.7566 0.0400 1.120 1.340 -0.02 5950 135.5 82.50 0 82
WASP-28 b 0.910 1.120 3.4088 0.0455 1.080 1.050 -0.29 6100 116.2 89.10 0.046 83
WASP-29 b 0.244 0.792 3.9227 0.0457 0.825 0.808 0.11 4800 35.6 88.80 0.030 84
WASP-3 b 2.060 1.454 1.8468 0.0319 1.260 1.377 0.00 6400 290.5 84.10 0 21
WASP-31 b 0.478 1.537 3.4059 0.0466 1.161 1.241 -0.19 6203 58.2 84.54 0 85
WASP-32 b 3.600 1.180 2.7186 0.0394 1.100 1.110 -0.13 6100 487.0 85.30 0.018 86
WASP-33 b 4.590 1.438 1.2198 0.0256 1.501 1.457 0.10 7435 590.0 87.70 0 87,88
WASP-34 b 0.590 1.220 4.3176 0.0524 1.010 0.930 -0.02 5700 72.1 85.2 0.038 89
WASP-36 b 2.400 1.400 1.5000 ... ... ... ... ... ... ... 0 7
WASP-37 b 1.800 1.160 3.5774 0.0446 0.925 1.003 -0.40 5800 250.7 88.82 0 90
WASP-38 b 2.691 1.094 6.8718 0.0752 1.203 1.331 -0.12 6150 253.9 89.69 0.0314 91
WASP-4 b 1.237 1.357 1.3382 0.0231 0.914 0.905 -0.03 5500 242.1 89.00 0 21
WASP-41 b 0.920 1.210 3.0523 0.0403 0.940 0.910 -0.08 5450 135.0 87.30 0 92
WASP-5 b 1.565 1.164 1.6284 0.0271 1.004 1.077 0.09 5700 268.7 85.80 0 21
WASP-6 b 0.503 1.224 3.3610 0.0421 0.880 0.870 -0.20 5450 74.3 88.47 0.054 93
WASP-7 b 0.960 1.330 4.9546 0.0617 1.276 1.432 0.00 6400 97.0 87.03 0 94,95
WASP-8 b 2.244 1.038 8.1587 0.0801 1.030 0.945 0.17 5600 222.23 88.55 0.310 96
XO-1 b 0.924 1.206 3.9415 0.0494 1.037 0.942 0.02 5750 116.0 89.06 0 21
XO-2 b 0.555 0.992 2.6158 0.0365 0.946 0.970 0.45 5340 85.0 88.80 0 21

2Also known as HAT-P-10 b
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Table C.1: continued.

Planet name mp rp P a Ms Rs [Fe/H] Teff K∗ i e Ref.
[MJ] [RJ] [days] [AU] [M ⊙] [R⊙] [dex] [K] [ms−1] [o]

XO-3 b 11.83 1.248 3.1915 0.0453 1.206 1.409 -0.18 6429 1488.0 83.89 0.260 21
XO-4 b 1.521 1.290 4.1250 0.0548 1.285 1.530 -0.04 6397 163.0 89.90 0 21
XO-5 b 1.084 1.089 4.1877 0.0494 0.914 1.065 0.05 5370 144.9 87.04 0 21

References: (1) Barge et al. (2008); (2) Bonomo et al. (2010); (3) Gandolfi et al.
(2010); (4) Gillon et al. (2010); (5) Cabrera et al. (2010); (6) Tingley et al. (2011);
(7) The Extrasolar Planets Encyclopaedia, http://exoplanet.eu; (8) Alonso et al. (2008);
(9) Deleuil et al. (2008); (10) Moutou et al. (2008); (11) Aigrain et al. (2008); (12)
Rauer et al. (2009); (13) Fridlund et al. (2010); (14) Léger et al. (2009); (15) Queloz
et al. (2009); (16) Bordé et al. (2010); (17) Deeg et al. (2010); (18) Charbonneau
et al. (2009); (19) Kundurthy et al. (2010); (20) Berta et al. (2010); (21) Southworth
(2010) and references therein; (22) Deming et al. (2007); (23) Bakos et al. (2010b);
(24) Dittmann et al. (2009); (25) Hartman et al. (2009); (26) Bakos et al. (2009a);
(27) Winn et al. (2010); (28) Szabó et al. (2010); (29) Torres et al. (2010); (30)
Simpson et al. (2010); (31) Kovács et al. (2010); (32) Buchhave et al. (2010); (33)
Howard et al. (2010); (34) Hartman et al. (2011); (35) Pál et al. (2010); (36) Bakos
et al. (2010a); (37) Kipping et al. (2010); (38) Quinn et al. (2010); (39) Hartman
et al. (2010); (40) Béky et al. (2011); (41) Torres et al. (2007); (42) Kovács et al.
(2007); (43) Christiansen et al. (2011); (44) Bakos et al. (2007b); (45) Noyes et al.
(2008); (46) Pál (2009); (47) Latham et al. (2009); (48) Shporer et al. (2009); (49)
Nutzman et al. (2011); (50) Winn et al. (2009); (51) Kipping (2008); (52) Naef et al.
(2001); (53) Pont et al. (2009); (54) Batalha et al. (2011); (55) Borucki et al. (2010);
(56) Koch et al. (2010); (57) Dunham et al. (2010); (58) Latham et al. (2010); (59)
Jenkins et al. (2010); (60) Holman et al. (2010); (61) Torres et al. (2011); (62) San-
terne et al. (2011); (63) Weldrake et al. (2008); (64) Alsubai et al. (2010); (65) Sahu
et al. (2006); (66) Christian et al. (2009); (67) Bakos et al. (2009b); (68) Hebb et al.
(2009); (69) Skillen et al. (2009); (70) Joshi et al. (2009); (71) West et al. (2009);
(72) Lister et al. (2009); (73) Anderson et al. (2010b); (74) Nymeyer et al. (2010);
(75) Hellier et al. (2011); (76) Hebb et al. (2010); (77) Bouchy et al. (2010); (78)
Maxted et al. (2010c); (79) Hellier et al. (2010a); (80) Street et al. (2010); (81) Enoch
et al. (2011); (82) Smalley et al. (2010); (83) The Extrasolar Planets Encyclopaedia,
http://exoplanet.eu; (84) Hellier et al. (2010b); (85) Anderson et al. (2010a); (86)
Maxted et al. (2010a); (87) Cameron et al. (2010); (88) Smith et al. (2011); (89)
Smalley et al. (2011); (90) Simpson et al. (2011); (91) Barros et al. (2011); (92)
Maxted et al. (2010b); (93) Gillon et al. (2009); (94) Hellier et al. (2009); (95)
Southworth et al. (2011); (96) Queloz et al. (2010).
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Table C.2: Calculated system parameters. Surface gravity, Safronov number and equilibrium
temperature for all known transiting exoplanet systems in January 2011.

Planet name log gp θ Teq

CoRoT-1 b 3.06 0.037 1896
CoRoT-10 b 3.86 0.671 670
CoRoT-11 b 3.45 0.112 1740
CoRoT-12 b 3.04 0.047 1441
CoRoT-13 b 3.62 0.138 1276
CoRoT-14 b 4.21 0.333 1948
CoRoT-16 b ... ... ...
CoRoT-17 b ... ... ...
CoRoT-2 b 3.58 0.131 1537
CoRoT-3 b 4.72 1.782 1700
CoRoT-4 b 3.10 0.094 1076
CoRoT-5 b 2.77 0.033 1440
CoRoT-6 b 3.73 0.411 1017
CoRoT-7 b 3.22 0.004 1809
CoRoT-8 b 3.21 0.055 856
CoRoT-9 b 3.28 0.657 412
GJ 1214 b 2.89 0.015 551
GJ 436 b 3.14 0.025 669
HAT-P-1 b 2.94 0.042 1291
HAT-P-11 b 3.01 0.023 867
HAT-P-12 b 2.76 0.023 958
HAT-P-13 b 3.11 0.046 1645
HAT-P-14 b 3.57 0.157 1582
HAT-P-15 b 3.62 0.345 899
HAT-P-16 b 3.80 0.220 1625
HAT-P-17 b 3.11 0.108 779
HAT-P-18 b 2.69 0.029 848
HAT-P-19 b 2.75 0.029 1009
HAT-P-2 b 4.18 0.773 1514
HAT-P-20 b 4.38 0.797 971
HAT-P-21 b 3.98 0.413 1274
HAT-P-22 b 3.66 0.179 1281
HAT-P-23 b 3.44 0.063 2050
HAT-P-24 b 3.04 0.043 1635
HAT-P-25 b 3.00 0.044 1203
HAT-P-26 b 2.66 0.012 993
HAT-P-27/WASP-40 b 3.18 0.054 1206
HAT-P-3 b 3.27 0.056 1150
HAT-P-4 b 3.02 0.038 1687
HAT-P-5 b 3.22 0.059 1538
HAT-P-6 b 3.17 0.064 1673
HAT-P-7 b 3.34 0.064 2179
HAT-P-8 b 3.22 0.077 1703
HAT-P-9 b 2.99 0.046 1528
HD 149026 b 3.37 0.039 1624
HD 17156 b 3.82 0.741 893
HD 189733 b 3.33 0.075 1191
HD 209458 b 2.96 0.043 1459
HD 80606 b 4.01 3.717 402
Kepler-10 b 3.35 0.004 2148
Kepler-4 b 3.18 0.016 1613
Kepler-5 b 3.41 0.109 1807
Kepler-6 b 2.98 0.038 1503
Kepler-7 b 2.70 0.027 1557
Kepler-8 b 2.86 0.034 1662
Kepler-9 b ... 0.084 773
Kepler-9 c ... 0.093 610
Kepler-9 d ... 0.008 1751
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Table C.2: continued.

Planet name log gp θ Teq

KOI-428 b 3.59 0.203 1620
Lupus-TR-3 b 3.40 0.097 1013
OGLE-TR-10 b 2.76 0.028 1699
OGLE-TR-111 b 3.06 0.056 1035
OGLE-TR-113 b 3.40 0.066 1355
OGLE-TR-132 b 3.27 0.044 2014
OGLE-TR-182 b 3.08 0.063 1549
OGLE-TR-211 b 3.07 0.046 1686
OGLE-TR-56 b 3.35 0.042 2144
OGLE2-TR-L9 b 3.62 0.153 2039
Qatar-1 b 3.30 0.052 1389
SWEEPS-04 ... 0.416 ...
SWEEPS-11 ... 0.468 ...
TrES-1 3.19 0.061 1147
TrES-2 3.29 0.069 1467
TrES-3 3.44 0.072 1631
TrES-4 2.82 0.037 1859
WASP-1 b 2.99 0.036 1800
WASP-10 b 3.85 0.297 972
WASP-11/HAT-P-10 b 3.08 0.051 1023
WASP-12 b 3.04 0.027 2515
WASP-13 b 2.89 0.039 1416
WASP-14 b 4.05 0.340 1880
WASP-15 b 2.82 0.032 1653
WASP-16 b 3.32 0.070 1268
WASP-17 b 2.62 0.024 1643
WASP-18 b 4.28 0.287 2392
WASP-19 b 3.18 0.029 2051
WASP-2 b 3.29 0.061 1281
WASP-21 b 2.81 0.029 1263
WASP-22 b 3.04 0.042 1421
WASP-23 b ... ... ...
WASP-24 b 3.20 0.051 1768
WASP-25 b 2.98 0.045 1223
WASP-26 b 3.16 0.055 1660
WASP-28 b 3.25 0.068 1413
WASP-29 b 2.98 0.034 973
WASP-3 b 3.38 0.072 2028
WASP-31 b 2.70 0.025 1544
WASP-32 b 3.80 0.218 1561
WASP-33 b 3.69 0.109 2705
WASP-34 b 2.99 0.050 1158
WASP-36 b ... ... ...
WASP-37 b 3.52 0.149 1326
WASP-38 b 3.75 0.307 1247
WASP-4 b 3.22 0.046 1661
WASP-41 b 3.19 0.065 1249
WASP-5 b 3.46 0.073 1731
WASP-6 b 2.92 0.039 1194
WASP-7 b 3.13 0.070 1487
WASP-8 b 3.69 0.336 927
XO-1 b 3.20 0.073 1210
XO-2 b 3.15 0.043 1328
XO-3 b 4.28 0.711 1729
XO-4 b 3.36 0.100 1630
XO-5 b 3.36 0.107 1202
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