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1. Introduction

1.1. Motivation

Since the first indisputable extrasolar planet! around a solar like star
was discovered in 1995 by Mayor and Queloz [116], more than 450
exoplanets are detected so far (Schneider [171]). Almost all of them
were detected indirectly, mainly by the radial velocity (RV) method,
where the Doppler shift in the spectra of a star (introduced by an
orbiting object) is measured. Another very successful method is the
transit method, which measures the decreasing star flux while an ob-
ject is moving in front of the star through the line of sight. Both
methods detected more than 90 % of all known exoplanets today and
are a perfect example of how the combination of different observation
techniques could gain much more information than each method on
its own.

Due to the unknown orbital inclination of the planetary compan-
ion the RV method just measured its minimum mass, whereas transit
measurements delivers the inclination angle and the radius of a sur-
rounding object, but no information about its mass. Combining both
techniques the true mass, the radius, and the density of the exoplanet

can be obtained. That allows an insight into the interior structure

1 An extrasolar planet (exoplanet) is a planetary object orbiting another star than our sun.
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of the exoplanet, which is an important key to distinguish and char-
acterize them as e.g. solid earth-like or Jovian planets. However,
transit measurements are only applicable for nearly edge-on? orbits
and are mainly sensitive for exoplanets very close to their host star.
Almost all transiting exoplanets have orbital periods of less than one
week. Looking at the mass-orbit diagram of exoplanets found so far
(Fig. 1.1), one can identify areas with a higher rate of exoplanet
detections. The reason for that is not only an astrophysical back-
ground of planetary formation, but also different sensitivities of the
detection methods. By improving the measurement precision and in-
cluding other types of target stars one can enter neighboring regions in
the parameter space (e.g. RV measurements recently entered the re-
gion of lower mass exoplanets with smaller orbital periods, especially
around low mass stars). But exoplanets with larger orbital periods
are still undiscovered. The reasons are the observational timeline of
current search programs and the decrease of the sensitivity for RV
measurements toward larger orbital periods.

As one can see by the lines of sensitivity in Fig. 1.1 that parameter
region can be perfectly filled by astrometric observations. Astrom-
etry is complementary to the RV technique and measures the two
transverse dimensions instead of the radial dimension of the stellar
reflex motion (also called wobble), which is induced by an orbiting
exoplanet. In contrast to RV or transit observations astrometry is
applicable for exoplanets with larger orbital periods and delivers the
true planetary mass independently from its orbital inclination. Es-
pecially in order to detect planetary system similar to our own solar

system one has to consider outer planets with larger orbital periods

2 edge-on ... inclination angle of about 90°
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like Jupiter, Neptune or Saturn.

The formation of exoplanets is still a poorly understood process and
knowledge from observations is strongly biased by the observation
technique and selection criteria for the target stars. For example, by
using our own planetary system as an archetype almost all exoplanet
search programs so far excluded stellar multiple systems as target
stars, although the multiplicity of solar like stars is determined to be
about 50 % (Abt and Levy [1], Duquennoy and Mayor [46], Raghavan
et al. [158]). Today, almost all multiplicity studies of exoplanet host
stars (Mugrauer et al. [134], Eggenberger et al. [50], Chauvin et al.
|29]) were carried out after an exoplanet detection, thus the original
selection effects are still present in these samples. These studies mea-
sured an exoplanet host star multiplicity of about 20 %. As described
above, selection effects have an influence on the multiplicity rate, but
are they the only explanation for such different multiplicity rates?

From the theoretical point of view, there should be an interaction
between the protoplanetary disk around a star and a close stellar
companion (Kley et al. [88], Haghighipour and Raymond [71], and
references therein). Up to now, no exoplanet in a stellar binary with
a semi-major axis of less than 20 AU? is found. Previous studies of ex-
oplanets in stellar multiple systems indicate, that a close stellar com-
ponent affects the formation, the dynamical behavior, the evolution,
and the stability of an exoplanet (Eggenberger et al. [48|, Bonavita
and Desidera [15], Desidera and Barbieri [39], Holman and Wiegert
[81]). Hence, it seems very likely that the difference in the multiplicity
rate is also a result of real restrictions for planet formation and not

only of observational bias and selection effects.

31 AU (Astronomical Unit) = 149598 000 km
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1.2. Aims of this work

The main goal of this work is to study the occurrence and the prop-
erties of exoplanets in stellar multiple systems by develop a suitable
observation strategy to search for exoplanets in such systems. This
work is especially concentrated on close binaries, where planet forma-
tion should theoretically be truncated or influenced at a certain lower
binary separation of about 20 AU. In contrast to the most previous
multiplicity studies this work searches for exoplanets in stellar mul-
tiple systems and not for stellar components around exoplanet host
stars. That avoids to adopt already existing selection effects. Another
project with a similar approach is the project by Desidera et al. [41],
who are using the RV technique to search for exoplanets in stellar
binaries.

As described before astrometric observations are useful to fill up
currently unobservable regions in the exoplanet parameter space (Fig.
1.1). Furthermore, it is a suitable method to search for exoplanets
in very close binaries. A binary with a separation of ten AU at a
distance of 50 parsec* has an angular separation of 0.2 arcsec®, thus
a high spatial resolution is needed to observe both stars separately.
Normally, RV observations are limited to a lower stellar separation of
about 2 arcsec, due to the size of the slit or fiber. Also, the spatial
resolution of transit observations is usually not sufficient to resolve
such close binaries.

The best astrometric performance will be obtained by space based
observations like GAIA (Global Astrometric Interferometer for Astro-
physics) with a proposed accuracy of 10 pas (Lindegren [100], Quist

4 1 parsec (pc) = 3.0857 x 106m
® One arcsec (as) is 1/3600 of one degree.
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[155]) or ground based interferometric observations like PRIMA (Phase
Referenced Imaging and Microarcsecond Astrometry) with a proposed
accuracy of 20 pas (Delplancke [37], Launhardt [94]).

However, besides the fact that both projects are presently not avail-
able for the astronomical community, neither GAIA nor PRIMA will
be able to resolve such close binaries. GAIA, which is an astrometric
satellite build by ESA (European Space Agency) and the successor
of the Hipparcos satellite, is designed to map billion of stars and not
for high resolution imaging. Dual-beam interferometers like PRIMA,
which is operated by ESO (European Southern Observatory) at the
VLTI (Very Large Telescope Interferometer) on Paranal in Chile, are
limited by an optical device called star separator to a lower stellar
separation limit of about 2 arcsec (Launhardt [94]).

On the other hand, current optical large telescopes like the ESO-
VLT in Chile or the SUBARU telescope operated by the NAOJ (Na-
tional Astronomical Observatory of Japan) on Hawaii are equipped
with 8 meter apertures and adaptive optics (AO) systems to correct
the turbulences of earth’s atmosphere. Depending on the atmospheric
conditions these facilities achieve a spatial resolution down to about
0.1 arcsec, which is ideal for astrometric observations of close binaries.

In summary, there are the following three main aspects, which will

be presented and discussed in this work.

1. Statistical analysis of exoplanets in stellar multiple systems.

2. Development of observation, calibration and analysis strategies
for a long term exoplanet search program by ground based as-

trometric imaging.

3. Feasibility study of the designed astrometric search program.
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1.3. Astrometry - a short review

Astrometry itself, as the position and velocity measure of celestial
bodies, is one of the oldest branches in astronomy. In 1844, the
German mathematician and astronomer Friedrich Wilhelm Bessel de-
tected a periodic deviation of the nearby and bright star Sirius su-
perposed on its stellar proper motion (Bessel [13]). He assumed an
unseen companion as perturber, which was confirmed about 20 years
later by a direct detection. Thus, Bessel did the first indirect detec-
tion of an astrometric companion. That astrometric detection started

a controversy about stellar multiplicity:.

Several groups of astronomers were fascinated by the idea that ev-
ery star could be in fact a multiple system and in the first half of
the 20th century, astrometry was a very popular method to study
the multiplicity of stars (Lippincott [101] and references therein). Al-
ready in 1956, van de Kamp [193] proposed to search for planetary
objects around nearby stars by measuring their reflex motion. Several
years later, in 1963, he published the astrometric detection of a Jo-
vian planet around the nearby M-dwarf Barnard’s star (van de Kamp
[194]). However, other groups like e.g. Gatewood and Eichhorn [66]

could not redetect the published reflex motion of Barnard’s star.

In 1973, Hershey [79] measured systematic effects for the astromet-
ric properties of the “Sproul refractor”, which was also used by van de
Kamp for his observations of Barnard’s star. Hence, van de Kamp’s
supposed astrometric detection was in fact caused by systematic er-
rors, due to a change of the telescope optics. Today, several observa-
tions with current telescopes and modern instruments excluded the

existence of Jovian planets around Barnard’s star. Unfortunately, van
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de Kamp never acknowledged any systematic errors and believed in
his astrometric detection until he died in 1995 (van de Kamp [195]).

After an international discussion about this false detection astrom-
etry was discarded as suitable method to find exoplanets and in the
following decades efforts were concentrated on other techniques like
e.g. the radial velocity technique. But with the realization of obser-
vational bias and selection effects the need of different observational
techniques, in order to study the exoplanetary diversity, becomes more
relevant in the last years.

The first successful application of astrometry regarding exoplanets
was done by Benedict et al. [11] in 2002. The authors used the HST®
to confirm the planetary nature of the RV planet candidate GI876 b,
detected by Marcy et al. [110] in 1998. The astrometric measurements
were done with the FGS” of the telescope, which is a white light
interferometer. Other confirmations of RV planet candidates using
the HST are 55 Cncd by McArthur et al. [118] in 2004 and € Eridanib
by Benedict et al. [12] in 2006. Furthermore, some RV exoplanet
candidates could be ruled out as planets by HST astrometry (e.g.
HD 33636 b by Bean et al. [§]).

In addition to space based observations, also ground based astro-
metric observations are done to find exoplanets. One of these pro-
grams is STEPS® by Pravdo and Shaklan [149]. In 2009, Pravdo and
Shaklan [150] claimed the first astrometric detection of an exoplanet
around the nearby M-dwarf VB 10. However, RV follow up observa-
tions done by Bean et al. [9] have ruled out that proposed exoplanet.

Furthermore, Lazorenko et al. [97], who perform astrometric observa-

6 Hubble Space Telescope
” Fine Guiding Sensor
8 STEllar Planet Survey
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tions at the pas’ level using the optical imager FORS2' at the VLT
(Lazorenko et al. [96]), did not measure the published reflex motion
of VB 10.

Another ground based project is PHASES!!, which uses the Palo-
mar Testbed Interferometer (PTI). The PTI was operated from 2002
until 2008 and one outcome of the data was recently published by
Muterspaugh et al. [137] at the end of 2010. The authors claim the
detection of a Jovian planet in the nearby stellar binary HD 176051.
This astrometric detection has now to be confirmed by other obser-

vational methods.

Besides the astrometric accuracy, the observational timeline has also
to be taken into account for astrometric observations. In contrast to
transiting exoplanets with orbital periods of usually less than one
week astrometry is most sensitive for large orbital periods of several
years or decades. Such kind of long-periodic exoplanets are still unde-
tectable today (Fig. 1.1) because the reflex motion of their host stars
is to slow for RV measurements and they are still not resolvable by
direct imaging techniques. To determine the orbital elements of an
astrometric companion the complete astrometric reflex orbit should
be covered with measurements. Hence, the observational timeline
needed for astrometric observations could be larger than the typical
lifetime of satellite missions or instruments. Therefore, special ob-
servation and calibration strategies are needed for astrometric search

programs.

9 1 pas = 1/1000 mas
10 FQcal Reducer/low dispersion Spectrograph 2
11 Palomar High-precision Astrometric Search for Exoplanet Systems
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1.4. Search for extrasolar planets

After the discovery of more than 450 exoplanets so far (Schneider
[171]) the task to characterize them has started recently. Planet for-
mation and evolution can now be studied by comparing the prop-
erties of exoplanets regarding also the environment of their origin.
However, one question is still open today, namely the definition of an
exoplanet. The most common and generally accepted criterion for an
exoplanet is a mass less than the theoretical deuterium burning mini-
mum mass (DBMM) of about 13 My,,,'2. But especially the transition
zone around this DBMM is a dispute. In fact, to specify substellar
objects!® one has to know the interior structure (e.g. density) and
the origin of their formation (e.g. within a circumstellar disc or from
a molecular cloud, by fragmentation or gravitational collapse).

However, working with exoplanet data one has to use a tentative
definition. In this work the exoplanet definition from the FExtrasolar
Planets Encyclopaedia (called EPE) by Jean Schneider [171] is used,
thus all objects listed there are exoplanets by definition. This includes
all detected and confirmed substellar objects with a mass less than
20 My, within a 20 uncertainty. Because of a controversial plane-
tary status and missing references in the EPE, GJ433b, GJ676A b,
GJ667Ch, HIP 12961 b and HD 28254 b are rejected as exoplanets in
this work.

Analysing current exoplanet data one has to keep in mind obser-
vational bias and selection effects, especially with respect to global

statistics.

121 Myyp = 1.899 x 10%" kg. .. the mass of Jupiter

13 A substellar object (brown dwarf or planet) has a mass less than 0.08Mg
(1Mg = 1.989 x 103°kg ... the mass of our sun), which is not heavy enough for stable
hydrogen fusion.
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Selection effect

Taking our own solar system as an archetype almost all exoplanet
search programs are concentrated on single and solar like stars, thus
the majority of all detected exoplanets have such a host star. Recently,
the target selection for RV and transit observations was enlarged, es-
pecially to lower mass (e.g. late-type) main sequence stars in order

to detect lower mass planets.

Observational bias

There are several different methods to search for exoplanets, whereas
the RV and transit method are the very most productive ones. How-
ever, every method has pros and cons. Furthermore, every method
delivers other information about the exoplanet and is sensitive for dif-
ferent exoplanet properties (Fig. 1.1). The transit method measures
the decreasing star flux while an object is moving in front of the star
through the line of sight. The decrease of the flux and the transit
probability (p) can be calculated as

AF  [Ry\° R,
?%?T)’ P recostim)- (L)

The probability (p) to detect a transit event is inverse proportional
to the planetary semi-major axis (ap), thus almost all transiting ex-
oplanets have an orbital period of less than one week and are very
close to their host star. Transit observations achieve no information
about the planetary mass. Therefore, RV follow-up observations are
needed, which can deliver (in combination with the orbital inclination
and planetary radius by transit measurements) the true mass and the

density of the exoplanet.

10
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1. Introduction

The RV method measures the radial velocity of an exoplanet host
star, which can be determined by the Doppler shift of stellar spectral
lines. That shift is caused by the periodic reflex motion of the exo-
planet host star around the common center of mass. The RV signal

K of an exoplanet can be calculated as

_ myy sin (i) 2rG\ V3 o1

For shorter planetary periods (Pp;) the radial velocity of its host star
increases. Hence, the RV method is mostly sensitive for massive and
short period exoplanets. Because the RV signal depends on the orbital
inclination only the minimum mass my sin (i) of the exoplanet can
be achieved, which is the reason why every RV exoplanet is a planet

candidate until its inclination angle is determined.

The astrometric method is based on the same principle as the RV
technique, but measures the spatial displacement (two transverse di-
mensions) of the host star’s reflex motion and not the radial velocity.
The astrometric signal of an exoplanet (©) is the reflex motion of the
host star around the common center of mass and can be calculated
for a circular orbit as

my) [Myyp] ap [AU]

© [mas] = 1.91 M, M. d[pd]

(1.3)

The astrometric signal is proportional to the planetary semi-major
axis (ap), thus astrometry is most sensitive for massive and long
period planets. That makes astrometry complementary to the RV
method and in contrast to RV and transit observations it delivers the

true mass of the orbiting exoplanet independently from its inclination.

12
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Every detection method produces a higher number of planet detec-
tions in a certain parameter region, where it is most sensitive. Hence,
the distributions of exoplanets in Fig. 1.1 does not only reflect real
planetary formation processes, but is also based on different detection

methods. This effect is known as observational bias.

1.5. Extrasolar planets in stellar multiple systems

Speaking about exoplanets in stellar multiple systems one has to dis-
tinguish two types of configurations. The one is called “S-type” orbit
and describes the common case of an exoplanet around one stellar
component of a binary. In contrast to that, the “P-type” orbit de-
scribes a situation, where an exoplanet orbits the complete stellar bi-
nary. Such exoplanets are called circumbinary planets. It is not easy
to find exoplanets in an “S-type” orbit, but it is much harder to detect
a circumbinary planet. The most promising approach for that is the
technique of “Transit Timing Variations” (TTV), which is only appli-
cable for a nearly edge-on orbit of the stellar binary. The TTV method
is still a new technique and measures the time of a transit event very
precisely. A detected periodic deviation of the mid-transit time can
then be modelled as a gravitational influence of a further surround-
ing object. Today, just three systems with a circumbinary planet are
known, namely NN Serpentis (Beuermann et al. [14]), DP Leo (Qian
et al. [152]) and HW Vir (Lee et al. [98]). Of course, all of them still
have to be confirmed by other techniques. Because both orbit types
has to be observed by different techniques this work concentrates on
exoplanets in the commonly “S-type” orbits, which are detectable by

astrometric imaging.

13
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Similar to the definition of an exoplanet one need a criterion if
two ore more stars form a multiple system or not. Basically, no closer
stellar companion around an exoplanet host star should exist, because
such systems were excluded as target stars in the past. But multiplic-
ity studies done in the last years (Eggenberger et al. [48], Mugrauer
et al. [129], Raghavan et al. [157], Chauvin et al. [29], Desidera and
Barbieri [39], Daemgen et al. [35]) reveal a lot of former believed sin-
gle host stars to be in fact a member of a stellar multiple system.
Such multiplicity studies are not complete, thus the multiplicity rate
of host stars will increase in future by further detections of stellar
companions.

The final proof for a bound membership of two objects is the pres-
ence of orbital motion. However, due to the large orbital periods
of visible binaries, it is usually impossible to measure such orbital
motion. Hence, a common proper motion is usually accepted as a
sufficient proof for multiplicity. In this work, the multiplicity of an
exoplanet host star is defined by either a published common proper
motion or an entry in the CCDM! by Dommanget and Nys [44].

Working with observational catalogues one has to deal with incom-
pleteness and false detections. Especially the order of multiplicity
given for some stars in the CCDM are strange and arguable. How-
ever, to abide the definition of multiplicity declared above the infor-
mation from the CCDM are adopted in this work. But if the stellar
companion is only mentioned in the CCDM this host star is especially
marked by the symbol T in the tables 1.1, 1.2 and 1.3.

By searching the literature and matching the host stars of exoplan-
ets detected by transit or RV observations from the EPE with the

14 Catalogue of Components of Double and Multiple Stars
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1.5. Extrasolar planets in stellar multiple systems

Host-star Ny mysiniay py,,  Reference
Miwp] [AU] [AU]

1~ Cephei A 1 1.60 2.04 124 |28, 76, 141]

2 GIS6A 1 401 0.11 20.7 [153,127], T

3 HD41004 A 1 254 1.64 21.5 207, 157|

4 HD41004 B 1 18.40 0.02 21.5 [206, 157]

5 tau Boo A 1 3.90 0.05 452 |21, 157]

6 GJ3021A 1 3.37 049 669 [139, 133]

7T GJT743.2A 1 1.28 1.00 94.4 [198, 50

8 WASP-2A 1 091siné 0.03 111.7 |27, 35|

9 HIP 64426 A 1 11.02  0.30 134.0 [93, 131]

10 GJ4.2A 1 1.03 1.00 138.2 [184, 157
11 GJ4130A 1 1.13sini 0.03 216.2 [19, 50]
12 HIP 12048 A 1 0.23 0.35 222.6 |[111, 131]
13 TrES-2A 1 120sini 0.04 2322 [145, 35]
14 HIP110852A 1 045 0.04 2332 [102, 128]
15 HIP 84856 A 1 10.45 0.99 249.9 [182, 128|
16 eps Ret A 1 1.28 1.18 251.2 |23, 157, 29|, §
17 HIP 64459 A 1 0.82 2.08 280.0 [24, 157|
18 HIP 31246 A 1 0.25 0.04 310.2 [111, 157]
19 HIP 61595 A 1 0.28 0.06 489.7 [59, 39|
20 HIP43177A 1 042 0.05 621.4 [192, 157]
21 HIP97769 A 1 1.26  1.19 676.0 [113, 157
22 HD16760A 1 143 113 7379 [20], %
23 TrES4A 1 092sini 0.05 756.6 [106, 35]
24 HD 142022 A 1 4.40 2.80 793.6 [49, 157]

Tab. 1.1.: Extrasolar planets detected with transit or RV observations in closer

binaries (pj,,,,

< 1000 AU), sorted by the increasing apparent separation
of the binary (p;,,)-

I... multiplicity is only mentioned in the CCDM |[44]
T... B component is a white dwarf, see Mugrauer and Neuh&user [127]
§... B component is a white dwarf, see Chauvin et al. [29]
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1. Introduction

Host-star Ny my, sini apl p;pp Reference
[Mup] [AU]  [AU]
1 GJ8L.1A 2 0.11&0.61 0.23&3.34 1010 |25, 157
2 HD121504A 1 1.22 0.33 1030 [117],
3 55CncA 5 0.02...3.84 0.04...5.77 1050 [157]
4 HIP 45982 A 1 3.94 sin1 0.45 1203 |21, 112, 118, 157
5 30AriB 1 9.88 1.00 1521 [70]
6 HAT-P-1B 1 0.52 sin? 0.06 1557 [4]
7 rtho CrBA 1 1.04 0.22 1559 [143, 144], 1
8 61VirA 3 0.02...0.07 0.05...048 1968 [200], {
9 GJ3683A 1 0.30 0.30 2227 [104, 134]
10 HIP 50786 A 1 7.99 0.89 2457 [90, 130]
11 GJTT7TA 2 0.06&1.50 0.13&3.92 3312 [140, 199, 157|
12 HIP111143A 1 4.50 2.03 3909 [166, 131], T
13 kappa CrBA 1 1.80 2.70 4186 [83], 1
14 GJ620.1 A 1 1.00 1.26 4451 [117, 127, 147|, §
15 HIP 116906 A 1 7.75 1.35 4746 |25, 157|
16 HIP 70123 A 3 0.06...7.2 0.05...4.2 4752 |60, 103, 128]
17 70VirA 1 7.44 0.48 5187 [109], t
18 HIP 75458 A 1 8.82 1.27 7969 [63], §
19 eps Tau A 1 7.60 1.93 8626 [168], T
20 HIP 15527 A 1 1.90 1.38 9072 [86, 39|
21 6LynA 1 1.90 1.38 10219 [169], t
22 HIP 27253 A 2 0.78&17.70 0.13&3.69 11928 [56, 58, 157]
Tab. 1.2.: Extrasolar planets detected with transit or RV observations in wider
binaries (p7,, > 1000 AU), sorted by the increasing apparent separation

16

of the binary (p},,)-

I... multiplicity is only mentioned in CCDM [44]
T... closer B component listed in the CCDM was disproved by Mugrauer

et al. [131]

§... B component is a white dwarf, see Porto de Mello and da Silva

[147]



1.5. Extrasolar planets in stellar multiple systems

Host-star N N, my,) Sin 1 apl p;pp Reference
(M) [AU]  [AU]
1 HD 196885 A 1 3 2.58 237 231 32,29, 53], T
2 HD19994 A 1 3 1.68 142  51.5 [117, 157, 161]
3 HIP100970A 1 3 3.70 0.14 130.6 [55, 157, T
4 HD 33564 A 1 3 9.10 1.10 2184 [65], &
5 HIP 38558 A 1 3 1.21 1.37  249.2 [117, 134]
6 HD 62509 A 1 7 2.90 2.90 306.1 [75,77], 1
7 WASP-8A 1 3 2.25 sin1 0.08 348.0 [154] 1
8 HD3651A 1 3 0.20 0.28 477.3 [57,132], 1, 1
9 83LeoB 1 3 0.11 0.12 506.2 [113, 157], &
10 HIP 101806 A 1 3 3.00 2.50 511.2 |85, 131, 50]
11 HD 164922 A 1 3 0.36 2.11 689.9 [25], 1
12 ups And A 3 4 0.69...11.6 0.06...2.55 702.0 [22,48|, 1
13 HD178911B 1 3 6.29 0.32  756.7 [205, 47]
14 16CygB 1 3 1.68 1.68 859.7 [31, 157|
15 HD 192263 A 1 4 0.72 0.15 1345 [165, 167, T
16 GJ893.2A 1 5 2.90 0.30 2095 [122, 157], T
17 HIP 28767 A 1 3 3.32 0.81 6336 [58, 47, 133|
18 HD 81688 A 1 3 2.70 0.81 6826 [169], T
19 18 Del A 1 3 10.30 2.60 14488 [169], t
20 HD 110014 A 1 4 11.09 2.14 16902 [36], §
Tab. 1.3.: Extrasolar planets detected with transit or RV observations in stellar

systems with more than two components, sorted by the increasing ap-
parent separation of the host star and the nearest stellar component

(Papp)-

I... at least one component is only mentioned in the CCDM [44]
T... B component is a brown dwarf, see Mugrauer et al. [132]
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1. Introduction

Host-star exoplanets planetary systems
Single 379 321

Multiple 79 66

Total 458 387

Multiplicity 17.25% 17.1%

Tab. 1.4.: Host star multiplicity of exoplanets detected with transit or RV ob-
servations obtained by matching the Extrasolar Planets Encyclopaedia
with the Catalogue of Components of Double and Multiple Stars plus
literature search (October 2010).

CCDM catalog a number of 66 stellar multiple systems harboring at
least one exoplanet out of 387 planetary systems in total was found.
These systems are listed in the tables 1.1, 1.2, and 1.3. The multi-
plicity rate of the exoplanet host stars is shown in table 1.4 and has a
value of about 17 % . This is sligthly less than the value obtained by
Raghavan et al. [157] in 2006 of about 23 %. The reason for that are
the transiting exoplanets, which are also included in addition to RV
exoplanets in this work. Raghavan et al. [157] on the other hand just
analysed exoplanets detected by the RV technique. Multiplicity stud-
ies of host stars of transiting exoplanets have just started recently in
2009 by e.g. Daemgen et al. [35]. This fact causes an underestimation
of the host star multiplicity. The number of transiting exoplanets rises
rapidly, especially due to satellite missions like COROT® (ESA) and
KEPLER!® (NASA). Hence, doing a statistical analysis of planetary
properties, these exoplanets should be considered.

However, compared to the multiplicity rate of solar like stars of
about 50 % (Abt and Levy [1], Fischer and Marcy [54], Duquennoy
and Mayor [46]), the multiplicity of exoplanet host stars is quite low.

15 “COnvection, ROtation and planetary Transits”, see Bordé et al. [16] and Lammer et al. [91]
16 see Borucki et al. [18] and Torres et al. [186]
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1.5. Extrasolar planets in stellar multiple systems

The most recent work done in the field of stellar multiplicity is the
extensive study of nearby solar like stars by Raghavan et al. [15§]
using speckle and long-baseline interferometry as well as RV and direct

imaging data. The authors determined a multiplicity rate for solar
like stars of 46 % £ 2 %.

Does stellar multiplicity affect and inhibit the formation of planets
or is the difference in the multiplicity rates only based on observational
bias and selection effects? Of course, these effects have an influence
on the multiplicity, but there is also a correlation between the binary
and the planetary properties as one can see in Fig. 1.2, Fig. 1.3, and
Fig. 1.5.

Very common diagrams to compare exoplanets around single stars
and in multiple systems are the mass-period and the eccentricity-
period diagram (Fig. 1.2) as published by e.g. Eggenberger et al. [4§]
in 2004 for all RV exoplanets detected so far. The authors conclude
that high mass (mp 2 2 Mjyp) and short period (P < 40 days) exo-
planets are only present in stellar multiple systems. Another conclu-
sion is that such short period planets in stellar multiple systems have
nearly zero eccentricity. Following publications like Halbwachs et al.
|72], Mugrauer et al. |[131], Desidera and Barbieri [39], and Bonavita
and Desidera [15] come to similar conclusions.

However, including also all exoplanets detected by transit observa-
tions into the analysis, the situation for the mass-period relation has
changed dramatically due to the increasing number of the transiting
exoplanets (Fig. 1.2). The region of high mass and short period plan-
ets is now dominated by exoplanets around single stars. The situation
in the updated eccentricity-diagram is comparable to the conclusions

of previous studies.

19



1. Introduction

25p E
C o)
E 20F O 1
2 o
Eg © Q
n o
n 15fF J
: o ® o
—_ C
£ © o ®
3
g 10 O 6] ‘ O c 1
£
£
5, m
ot o
10°

orbital period [days]

(a) (Minimum) mass vs. orbital period of ex-
oplanets. The size of the markers represents
the mass of the exoplanet host star.

T T L
L | o b
|
L | i
]
156 - I =
L (Q) | ,
|
L ! - i
r | o ]
|
— + e -
- |
2,10 1 5 ¥ =
= | | 5 |
w L | o ]
~ o o
= L i © o o °8 J
| ) o o |
5 | °o |
i 0%,
+ L ] [} | ® o
L L ! o 8o s}
| % o ® ®50
******* o-—---—" PO o 1
° 0 RS»_o
o o °
[ &2, 20905 0 §oo B o %8 1
ol &ho P %Cecow; 1,
0 1 2 3 4

log(Period) [days]

1.0f 1

[ ]
[
o
0.8} 8 E
‘0o
o 8 5%
%‘ 0.6 o © o % |
E O ® C ° é‘)E@ OO
S ° 0 @@ %@
19
g 0.4f o Cmooegﬁ . -
o8
[ )
> ® %>
5 z
o i
(’ O
e |
10° 10* 102 10° 10* 10°

orbital period [days]

(b) Eccentricity vs. orbital period of exoplan-
ets. The size of the markers represents the
(minimum) mass of the exoplanet.
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(¢) Same diagrams as above by Eggenberger et al. [48] from 2004 based on RV exoplanet

detections.
exoplanets in a stellar multiple system.

The black circles are exoplanets around single stars while the red dots are

Fig. 1.2.: Properties of exoplanets around single stars (red circles), in binaries
(red dots) and in triple-stars (green dots). For comparison, Jupiter
(brown dot) and Neptune (blue dot) are also shown. The upper two
diagrams consists of current exoplanets (data from EPE, [171]) detected
by RV or transit observations, while the lower two are only based on
RV exoplanet candidates detected until 2004.
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Fig. 1.3.: Two-dimensional Kolmogorov-Smirnov test of exoplanets around single
stars (blue circles) and in stellar multiple systems (red dots). The
probability P that both samples have the same parent distribution is
shown in the title of the diagrams and less than 20%. For further
details on the two-dimensional Kolmogorov-Smirnov test see chapter
14 in Press [151].

To check if both samples (exoplanets around single stars and in
stellar multiple systems) have the same parent distribution a two-

1.3). The
probability for that hypothesis is lower than 20 %, thus it is very un-

dimensional Kolmogorov-Smirnov test was done (Fig.

likely, that both samples have the same parent distribution. However,
one has to keep in mind observational effects like the clump of tran-
siting exoplanets, where multiplicity studies around their host stars
have just recently started. For further details on the two-dimensional

Kolmogorov-Smirnov test see chapter 14 in Press [151].

The largest difference in relative frequency between both samples
(numbers in each quadrant of diagrams in Fig. 1.3) for the mass-
period relation is the region of exoplanets more heavy than Jupiter

and with orbital periods greater than ten days. This is not the region,
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where the clump of transiting exoplanets is located. Instead, it is the
region with the most planets detected by RV observations. About
2/3 of all planets in stellar multiples systems, but only the half of all
exoplanets around single stars are situated in this parameter region.
That implicates a higher number of higher mass planets in stellar

multiple systems as around single stars.

For the eccentricity-period relation the largest difference is present
for larger orbital periods (P 2 100days) and smaller eccentricities
(e £ 0.3). In this region about the half of all exoplanets around sin-
gle stars, but only less than 1/3 of all planets in stellar multiples
systems are located. Like for the mass-period relation that region in
the eccentricity-period diagram is dominated by RV detections and
not by transiting exoplanets. The large difference in that region seems
to be a hint for dynamically instabilities of exoplanets with a higher

ratio of planetary to stellar semi-major axis.

To unveil the reasons for these distinctions one has to take a closer
look on the dependencies of the planetary properties and the char-
acteristics of the stellar host system. The dynamically stability of a
planetary orbit around one star of a binary depends among others
on the masses, the planetary apastron, and the stellar periastron dis-
tance. For further details see Rabl and Dvorak [156], Holman and
Wiegert [81], and Haghighipour and Raymond [71]. Thus, one has to
know the whole set of orbital elements for the planetary and the stel-
lar system. But normally, the stellar orbital elements are unknown,
due to the large orbital period of visual binaries. To compare the
properties of the exoplanet and the stellar system the apparent stel-
lar separation, is used in this work to characterize the stellar multiple

systems. Fig. 1.4(a) shows the planetary semi-major axis over the
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Fig. 1.4.: Properties of exoplanets in stellar multiple systems. The size of the
markers represents the (minimum) mass of the exoplanet (dots are stel-
lar binaries and triangles are stellar multiple systems with more than
two components).

apparent separation between the host star and its nearest stellar com-
panion. The four systems between the p; = 2ap and p},, = 50 a
relations are v Cep, HD 196885, HD 41004 and HD 19994. According
to Holman and Wiegert [81], the critical semi-major axis for a stable

planetary orbit can be calculated by

Aerit

= (0,464 0.006) + (~0.380 £ 0.010) jus
bin

+ (—0.631 £ 0.034) epiy + (0.586 & 0.061) fipin €vin

1.4
+ (0.150 £ 0.041) €2 + (—0.198 = 0.074) pipin €2, 4

Hbin = Mcomp/(Mhost + Mcomp)

and varies from ac; ~ (0.02...0.45) api,, depending on the mass ra-
tio ppi, and the eccentricity epy, of the binary. To test if these plan-

etary orbits are stable, the required orbital elements from the stellar
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Host star Mhost Mcomp Hbin €bin abin Acrit €pl apl r;{)ast Ref.
Me]  [Mg] [AU] __[AU] [AU] _[AU]

v Cep A 1.4 0.41 0.23 0.41 20.2 3.86 0.05 2.0 2.1 [141]

HD 196885 A 1.3 045 025 042 21.0 384 048 26 3.85 [30]

HD 41004 A 0.7 0.42 0.38 040 20.0 338 039 1.6 2.28 [30]

HD 19994 A% 1.3 0.9 04 00 ~100 ~31 0.3 1.5 1.9 [162, 48]

Tab. 1.5.: Critical semi-major axis a.q of close stellar binaries. Because all sys-
tems presented in this work are hierarchical, the exoplanet host star
(Mpost) and its nearest stellar companion (Meomp) can be treated as a
binary system. The critical semi-major axis of all these systems are
larger than the respective planetary semi-major axis, thus all planetary
orbits are stable.

§... less than 25% of the HD 19994 orbit is covered with measure-
ments but the eccentricity seems to be zero and the semi-major axis is
assumed to be about 100 AU; Moy is determined in section 5.3

binaries and the exoplanets are gathered from the literature and listed
in Table 1.5. After calculating the critical semi-major axis using Equ.
1.4, all exoplanets in these four systems appear to be long-term sta-
ble, because their critical semi-major axis is larger than the planetary
semi-major axis. Considering the planetary eccentricity and compar-
ing the apastron distance of the exoplanet (riﬁ’agt) with the critical
semi-major axis (aey) of the HD 196885 system that planet grazes an
“unstable region” during the apastron passage. However, considering
the age of the F8V host star HD 196885 A of 2.0 + 0.5 Gyr (Correia
et al. [32]) the planetary system can be regarded as long-term stable.

The closest binaries observed so far harboring an exoplanet are
v Cep and GI186. For the binary v Cep, Neuhéduser et al. [141] de-
termined a semi-major axis of about 20 AU. Both systems are still a
challenge for current planet formation theories, as mentioned by Kley
and Nelson [87]. However, from the observations a binary semi-major

axis of about 20 AU seems to be the lower limit for stable planet for-
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1.5. Extrasolar planets in stellar multiple systems

mation. A very interesting system is G186, where the secondary is
found to be a white dwarf by Mugrauer and Neuhduser [127]. The
evolution of a star to a white dwarf in such close binaries should have

major impact to the evolution and stability of a planetary system.

Marcy et al. [107] fitted the histogram of all known RV exoplanet
minimum masses in 2005 by a simple power law and yield an expo-
nent of -1.07 for the mass distribution. In 2009, Mordasini et al. [125]
could reproduce a similar value of -1.05 for a sample of synthetic ex-
oplanets detectable by current RV observations. In this work, current
RV planets and exoplanets found by transit observations are analysed.
Using also a simple power law an exponent of -0.99 was determined,
which is similar to the results of previous works. Splitting the sample
of exoplanets into two subsamples by the criterion of a present stellar
companion (Fig. 1.5), different values for the exponent were found.
The exponent is -0.89 and -1.01 for exoplanets in stellar multiple
systems, repectively around single stars. This also results in different
values for the exoplanet mean masses, which are about 2.5 My, for
exoplanets around single stars and 3.5 My, for the case of stellar mul-
tiplicity. Interesting is a second peak in the histogram of exoplanets

in stellar multiple systems at about 10 My,p,.

Furthermore, there is a slight difference between both exoplanet
subsamples regarding the numbers of planets in one system. Fitting
the planet occurence histogram by a simple power law (Fig. 1.5), one
gets an exponent of -3.25 for single host stars and -3.98 for multi-
ple systems. Multiple planet systems seems to be truncated in the
case of stellar multiplicity, which results in a higher number of single-
planet systems. The reason for the preference of higher mass and

single-planet systems seems to be the presence of a close stellar com-
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(a) Histogram of the (minimum) mass of exoplanets
around single stars (left), in stellar multiple systems
(middle) and for all exoplanets (right). The black
line shown in the graph is a power-law fit and p is

the mean mass.

10? : ‘ ;
[ ] : [
— 10 | ° ° ]
oL
=
il e o ° .. [ ]
2 ° A A o4 °
ﬁ ° A A ® ©
e _ @ oo
[} I ° i
E 10 R. LI SN ® .
E 1\ ° [ [ ]
= [ Q
g ! \.. g ®
£ oA 4 s
£ 10t} N ]
1 \
X . t P
I \
1 \ °
I \
| \ ®
10?2 L \ .
10* 102 103 10* 10°

apparent stellar separation [AU]

(c¢) Planetary (minimum) mass vs. apparent
stellar separation (red: binaries, green: triples
or higher stellar multiplicity). The separation
between the exoplanet host star and the near-
est stellar component has a strong influence
on the exoplanet mass, while the number of
stellar components seems to be nonrelevant.

n = 2.68 M,

o M~ 099

10 15 20 25 30 00

An/AN, o« N~ 08 An/AN,; o« N %

relative quantity n

T2 s a5 s F
Exoplanets around single-stars Exoplanets in stellar multiple systems

(b) Histogram of the number of exo-
planets around single stars (left) and
in stellar multiple systems (right). The
black line shown in the graph is a
power-law fit.
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Fig. 1.5.: Mass and number of exoplanets in stellar multiple systems. In stellar
systems with an apparent separation of the nearest stellar companion
of less than 100 AU only high mass and single planet systems are found.
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1.5. Extrasolar planets in stellar multiple systems

panion, as one can see in the figure 1.5(c) and 1.5(d). Stellar systems
can be distinguished into four types. Very close systems with stel-
lar apparent separations less than ten AU, close systems with sepa-
rations between ten AU and 100 AU, intermediate systems between
100 AU and 1000 AU, and wide systems with apparent separations
of more than 1000 AU. While exoplanets in wider systems are more
or less uniformly distributed over the whole detectable mass regime
no exoplanet is detected so far in very close systems. In close sys-
tems all detected exoplplanets have a mass greater than 1 Mj,,. For
intermediate systems, the planetary mass decreases with an increas-
ing stellar separation. Furthermore, multi-planet systems are only
present in stellar systems with a separation of more than 500 AU. For
smaller separations, only single-planet systems are found. The order
of the stellar multiplicity plays no important role for the properties
of the planet. Due to the hierarchic structure, multiple systems can
be treated as binaries consisting of the exoplanet host star and its
nearest stellar companion.

However, one also should mentioned that observational bias and se-
lection effects are still present in the analysed data. Thus, the reason
for the presence of only high mass and single-planet systems in stellar
systems with a separation less than 100 AU could also be an observa-
tional effect due to the influence of the close stellar companion, which
perhaps obscures the RV signal of a possible planet. But, assuming
a stellar binary with a total mass of one solar mass and a separation
of 50 AU, the RV signal for a circular edge-on orbit would be about
4250 m/s with a period of about 350 years. Such a strong and long
period signal should be easily distinguishable from a short period RV

signal of an exoplanet.
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2. Observational challenges

As described in chapter 1.5, there are differences between exoplanets
in close binaries and around single stars, regarding their number and
mass. To develop a method to observe and study such close systems
is one of the main aspects of this work and will be presented in this
chapter.

For an observation program two important facts have to be con-
sidered. First, in order to minimize observational bias and selection
effects, it has to be a search for exoplanets in stellar multiple systems
and not, like it was done so far, a search for stellar companions around
exoplanet host stars. The reason is that all bias and selection effects
are adopted from the original exoplanet search programs.

The second point is the requirement of a high spatial resolution
to resolve close stellar systems. Close systems are binaries with an
apparent separation of less than 100 AU. At a distance of 50 pc this
results in an angular separation of less than 2 arcsec. Binaries at
50 pc with a separation of less than 20 AU, which is assumed to be
the lower limit in semi-major axis for stable planet formation, would
have an angular separation of less than 0.2 arcsec.

Spectrographs have typically a lower limit in the angular resolution
of about 2 arcsec, due to the size of their slit or fiber. Space missions

like Hipparcos or GAIA were designed to measure a lot of stars and not
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to resolve close systems. The ESPRI project! will also have a lower
separation limit of about 2 arcsec, due to the star separator, which
is needed for dual-beam interferometry. In contrast, imaging with
the support of adaptive optics by ground based large apertures yield
a spatial resolution of about 0.1 arcsec. This is sufficent to observe
such close binaries, where planet formation should theoretically be
inhibited by the stellar companion.

In this chapter the observation, analyse and calibration strategies
of an astrometric search for exoplanets by ground based imaging will
be presented. The astrometric search program described in this work
consists of the observation of a target and a calibration system. The
latter one is a specific field of an old globular cluster (see chapter 4).
Hence, all effects presented in this chapter are discussed for both, the

target and the calibration system.

2.1. Astrometric method

An unseen companion orbiting a star introduce a reflex motion (also
called “wobble”) of its host star around the common center of mass.
Whereas RV observations measure the radial dimension of this mo-
tion, astrometry observes the spatial displacement of the reflex mo-
tion. To reach the needed precision to detect an exoplanet, which is
usually less than one mas, one has to do relative astrometry. Stellar
positions are not known accurate enough to detect such a small reflex
motion by absolute astrometry. Hence, the angular separation and
the position angle of the host star to a reference star is measured over

the time very precisely.

I “Exoplanet Search with PRIma” is an astrometric exoplanet search program using the dual-
beam interferometric instrument PRIMA at the VLTI.
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2.1. Astrometric method

Fig. 2.1.: Sketch of a stellar binary harboring an unseen astrometric companion.
While orbiting one stellar component of the binary, the astrometric
companion causes a periodic deviation in the separation and position
angle of the binary.

In this work stellar multiple systems are observed and the reference
star is always one of the stellar components (e.g. the secondary of
a binary). By observing the binary over the time very precisely, one
can search for a periodic deviation in the separation and the position
angle measurements of the binary. Such a periodic deviation could be
the astrometric signal of an unseen companion around one of these
stars (Fig. 2.1).

The astrometric signal depends on the mass ratio, the distance of
the system, and the orbital period of the astrometric companion. For
the case of zero eccentricity it is twice the semi-major axis of the reflex

orbit (# = 2a,) and can be calculated as

Meomp [MJup] acomp [AU]

6 [mas|] = 1.91 (2.1)
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2. Observational challenges

Fig. 2.2.: Sketch of a circular and unresolved binary. What is in fact observable is
the reflex motion of the common flux center around the common center
of mass.

However, what can be measured in reality is just the reflex orbit
of the common flux center around the common center of mass (Fig.
2.2). A not resolvable binary with a given mass ratio can counterfeit
the astrometric signal of a planetary companion, due to an unsuitable

brightness ratio.

-1
M = (1+ M )
Meomp

I F* B 0.4Am\—1

F = (L) = (e 22)
F‘ -1

o, = a, | 1-— ﬁ = A¢otal (M - F)

In the case of a negligible brightness of the astrometric companion
(Ey 3> Foomp = F~ 0) the orbital motion of the flux center can be
equated with the orbital motion of the masses around the common

center of mass (a, = a,).
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2.2. Stellar effects

Stellar effects are based on the properties of the star itself or the ob-
served stellar system. They could influence or even falsify astromet-
ric measurements (e.g. stellar activity, distance and proper motion).
Especially for the case of relative astrometry, effects like differential
parallaxe and differential proper motion between the target and the
reference star have to be considered. Furthermore, the stellar activ-
ity can produce an astrometric noise level or even a false astrometric
signal in case of a stellar spot on the surface of a large rotating star.

In this section these stellar effects, which could influence ground

based astrometric observations will be presented and discussed.

2.2.1. Differential parallaxe

In this work the astrometric reference star is always a stellar compan-
ion of the target system itself, which means both stars have more or
less the same distance and proper motion. Using a background star as
reference star one would have to consider differential parallaxe as well
as differential proper motion effects. But, as one can see in Fig. 2.3,
the effect of differential parallaxe is also present in binaries, especially
in nearby and wide edge-on systems. In the case of a pole-on orbit
(inc = 0°) this effect vanishes away. The differential parallaxe A7 is
a result of the difference in the distances Ad between the target and

the reference star.

7 [as] = 1AU/d [pc], Ar = % (2.3)

Fig. 2.3 illustrates the amount of the differential parallaxe for cir-

cular and edge-on binaries, which depends on the binary maximum
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the distance of both stellar components.

Fig. 2.3.: Effect of the differential parallaxe in a circular and edge-on binary.

separation and distance. All target systems observed in this work
have an apparent separation of less than 10as and are further away
than 3 pc. Hence, assuming that the measured is similar to the maxi-
mum separation, the effect of differential parallaxe is always less than
16 pas. Such a precision will not be achieved in this work, but future
projects like ESPRI or GAIA will have to consider this effect.

The calibration clusters used in this work are very far away, namely
about 4.5 kpc? for 47 Tuc and 10kpe for M 15 (see chapter 4). Due to
this huge distances, the influence of the differential parallaxe is small,
even considering the whole diameter of the clusters. The diameter of
the old globular cluster 47 Tuc is assumed to be less than 200 parsec
(Giersz and Heggie [67]), which results in a differential parallaxe of
less than 10 pas.

2 1kpe = 1000 pc = 3.0857 x 10" m
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2.2. Stellar effects
2.2.2. Stellar activity

For RV observations the stellar activity is one of the biggest prob-
lems. A present rotating stellar spot could counterfeit a RV signal of
an exoplanet and has to be ruled out by special analyze methods (e.g.
bisector analysis, see Povich et al. [148|, Martinez Fiorenzano et al.
[114]). However, stellar spots can also produce an artificial astromet-
ric signal due to a periodic shift of the stellar flux center, which is
called the astrometric jitter 3. Eriksson and Lindegren [52] modeled
the amount of this astrometric jitter for several spectral types and

luminosity classes.

Spectral Type ¥ [107° AU| (10 pe) [pas]
B8V - MOV <30 <3

OOIIT - MOIII ~ 1...1400 ~0.1...140
MO III - M5 III ~ 1400. .. 16000 ~ 140...1600
OI-MI ~ 25...100000 ~ 2.5...10000

Tab. 2.1.: Astrometric jitter caused by stellar activity modeled for different spec-
tral types by Eriksson and Lindegren [52].

As one can see in table 2.1 the astrometric jitter is dominant for
giant stars, because it linear depneds on the stellar radius. The stellar
radius affects the astrometric jitter even stronger than the effect of
the spot filling factor, which is mainly based on the age and the spec-
tral type of the star. For main sequence stars with a distance of more
than three parsec the astrometric jitter is always less than 10 pas.
Such small perturbations of the stellar flux center are not detectable

in this work, but have to be considered for future astrometric projects
like ESPRI or GATIA.
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Most of the observable stars in the calibration clusters are not dwarf
but giant stars. However, because of the huge distance of these clus-
ters of more than 4kpc (see chapter 4) the effect of the astrometric
jitter is still very small. Assuming the presence of supergiants (lumi-
nosity class I) the astrometric jitter is less than 0.1 AU. In case of
the old globular cluster 47 Tuc with a distance of about 4.5 kpc that
results in an amount less than 25 pas. The distance of the old glob-
ular cluster M 15 is 10 kpc, thus the astrometric jitter is always less

than 10 pas.

2.3. Atmospheric effects

One of the biggest problems for astrometric observations from the
ground is the atmosphere of the earth. It is not constant, neither
spatial nor temporal. Thus, the optical properties of the atmosphere,
like the refraction index, will change in time. It depends on the ob-
servational site as well as on the climatic conditions, like the air tem-
perature, the air pressure, and the relative humidity. The influence of
earth’s atmosphere regarding ground based astrometric observations

will be discussed in this section.

2.3.1. Atmospheric turbulences

Observing through earth’s atmosphere is comparable to looking at a
coin located at the ground of a fountain through the bumpy water.
The apparent position of the coin will always changes just like the ap-
parent position of a star observed through the disturbed atmosphere.

The turbulences of earth’s atmosphere can be described by Fried’s

coherence length 1y (Fried [61]), the isoplanatic angle 6, and the
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Fig. 2.4.: Relationship between the wavelength \ and the coherence length r, the
isoplantic angle 6y, and the Greenwood frequency fg (Tyson [190]).

Greenwood frequency fg. These parameters are, in simplification, the
size of one turbulence cell (one cell has constant optical properties per
definition), the angle where light passes through the same cell (thus
it is disturbed the same way), and the velocity of the cell, which is
the temporal behaviour of the turbulences (Equ. 2.4). The often
used parameter seeing is defined as the wavelength divided by the
coherence length (s = \/rg) and describes the angular FWHM (Full
Width at Half Maximum) of the stellar point spread function (PSF)

blurred by the atmospheric turbulences.

_ ~3/5

rg = [0.423k*sec8 [ C%(z)dz oc \6/5
i path
- ~3/5

0 = [291k%sec®?p [ C2(z)2°/3 dz] oc \6/5 (2.4)
i path

3/5
fo = 2311705 [sec[i’ i CI%(Z)VB/3 (z)dz] ox 1/rg

wind
path
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As one can see in equation 2.4 all parameters described above de-
pends on the wavelength A (or the wave number k = 27/)), the zenith
angle (3, and the so called atmospheric refractive structure constant
C2(z). That constant describes the variations of the refraction in-
dex, thus the strength of the atmospheric turbulences. However, this
constant is not constant, but it depends on the altitude z and the at-
mospheric conditions above the observational site. The most common
model to calculate C2(z) is the “Hufnagel-Valley-Boundary” (HVB)

model which is defined as

C2(z) = 5.94 x 1078202 W/27

2.5
+2.7x 10710 22/3 1 Ae 107, (2:5)

where W and A are adjustable parameter based on the current at-
mospheric conditions (for further details see Rasouli and Tavassoly
[159], Tyson [190], Fried [61]).

An adaptive optics system is, in simple terms, a system consisting of
a wavefront sensor (measuring the distortion of a wavefront), a com-
puter, and a deformable mirror to correct all incoming light for the
measured wavefront distortions. As shown in Fig. 2.4 the atmosphere
gets less turbulent for longer wavelengths, thus the Greenwood fre-
quency decreases by switching from optical to infrared observations.
Because of the high Greenwood frequency of the turbulent atmosphere
in the optical, AO systems are currently only operable for infrared ob-

servations.

However, atmospheric turbulences are very chaotic and the AO sys-
tem just corrects the distortion of the atmosphere in front of that
star observed by the wavefront sensor (called AO guide star). But

this specific star can be behind another turbulent cell than the tar-
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get star observed by the scientific instrument. The distortions of the
wavefronts are only identical if both stars are within the isoplanatic
angle, which is typically 6y ~ 10”...20" for the near infrared (NIR),
depending on the atmospheric conditions.

The observation strategy chosen in this work can be described as
NIR AO assisted lucky imaging, where the AO guide star is always
one component of the observed stellar multiple systems. It is not
important how the atmosphere disturbes and how the AO system
corrects the stellar PSF'| as long as these influences are identically for
all observed stars. In that case, the relative astrometric measurements
are not influenced by atmospheric turbulences. Hence, all stars of the
multiple systems should be observed simultaneously and within the
isoplanatic angle.

Lucky imaging is an observation strategy, where the exposure time
is decreased until it is less than the typical coherence time 7y5. That
coherence time is the corresponding period to the Greenwood fre-
quency and a measure how long one turbulent cell is stable above
the telescope. At the end, the frames with the best strehl ratio
will be selected and coadded. By doing so, nearly diffraction limited
frames can be obtained and the resulting frame is barely blurred out
by the atmosphere. For further information about lucky imaging, see
Fried [62], Baldwin et al. [5], Law et al. [95], Tubbs [188] and refer-
ences therein. For relative astrometry the selection criterion is not the
strehl ratio, but the statistical behavior of the separation and position
angle measurements. After the standard data reduction (bad pixel,

dark, and flat-field correction) several thousand of single frame mea-

3 The strehl ratio is defined by the ratio of the peak intensities of a real image and of a
diffraction-limited image with the same total flux. For further information see Soummer
and Ferrari [178]
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surements of one binary are analysed using a Kolmogorov-Smirnov
test (Wall and Jenkins [201]) in order to extract the Gaussian core of
the measurements. At the end, the error of the mean is the standard
deviation of the Gaussian distributed measurements divided by the
square root of the number of measurements. This is a similar strategy
as done for RV observations, where thousands of spectral lines of one

spectrum are used to measure the Doppler shift with high precision.

2.3.2. Differential atmospheric refraction

As described above, the atmospheric refractive structure constant C2
is not constant but depends on the wavelength and changes in time
and space. Hence, the atmospheric refraction is different for targets
with different colors, zenith angles, and climatic conditions.

In general the refraction angle depends on the zenith angle 7, the
wavelength A, the air temperature T, the air pressure P, and the
relative humidity H. According to Stone [180] the refraction angle R
can be calculated for Z < 75° as

R = ky(1-p)tan(Z) — k(8 —7/2) tan’ (Z)

k = 1+5.302 x 1073 sin® (¢)

_ —6 ;2 _ -7
5.83 x 107° sin” (2¢) — 3.15 x 10~ h (2.6)

v\, T,P) = n(\,T,P)—1

f = 1254 x 10~* <M>

273.15

whereas x considers the geographic coordinates of the observational

site (latitude ¢ and altitude h), v correlates with the atmospheric re-

40



2.3. Atmospheric effects

fraction index n, and 8 with the air tempertaure T. The calculation of
the atmospheric refraction index n, which is a function of the climatic
conditions and the wavelength, can be found in appendix B.

In case of relative astrometry the absolute refraction angle is not im-
portant, but the differential refraction angle between the target and
the reference star have to be considered. The pointing of the tele-
scope and the climatic conditions during the observation are saved
and written to the FITS header* of each frame. With these informa-
tion, the differential refraction based on different zenith angles and
climatic conditions can be calculated.

In addition to the zenith angle and the climatic conditions different
wavelenghts also cause a different atmospheric refraction angle. This
effect is known as the differential chromatic refraction (DCR). How-
ever, the incoming stellar light onto the detector is a combination of
the spectral type and the spectral properties of the star as well as
of the used filter properties. But these information are in general
not known with the needed accuracy. Thus, one has to choose an
observation strategy, where the DCR can be neglected. By observ-
ing in the infrared with a narrow-band filter the DCR effect can be
minimized to less than 15 pas for the extrem case of two blackbod-
ies with effective temperatures of 2 000 K and 20 000 K and for zenith
angles of less than 70° (Fig. 2.5). For approaching spectral types,
the DCR effect decreases. The filter curves for the Ks broad-band
and NB2.17 narrow-band filter shown in Fig. 2.5 are obtained from
the ESO website [138]. The largest zenith angles reached in this work
are Z ~ 50°...55° for the observations of the astrometric calibra-

tion cluster 47 Tuc. Hence, a zenith angle larger than 60° will never

4 Flexible Image Transport System, see Calabretta and Greisen [26]
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line). The effective temperatures of the
blackbodies are 2000K (dashed line) and
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(c) DCR effect for the ESO Ks broad-band
filter using the effective wavelengths from
(a) and typical climatic conditions (dashed
lines) for the ESO/VLT observational site
on Paranal in Chile.
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Fig. 2.5.: Transmission and DCR for the ESO Ks broad-band and the ESO
NB2.17 narrow-band filter. Two extrem different blackbodies were cho-
sen, with effective temperatures of 2 000 K and 20 000 K. While the DCR
effect is several milli-arcsec using the Ks broad-band filter, it is always
less than 15 pas in case of using the NB2.17 narrow-band filter and for

zenith angles of Z < 70°.
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47 Tuc HD 19994

Parameter 1 o

wavelength [nm)] 2167.35 0.05
pixel scale [mas/pixel] 13.24 0.1
separation of two stars |pixel] 1000 200 0.1
zenith angle 60° 50° 10”
difference of position and parallactic angle 0° 0.1°
air temperature [°C] 10 0.1
relative humidity [%] 10 1

air pressure [mbar] 750 0.1

Tab. 2.2.: All parameters needed to calculate the differential refraction for the
binary HD 19994 and the astrometric calibration cluster 47 Tuc. Each
parameter is assumed as a Gaussian distribution described by a mean
value 1 and a standard deviation ¢. The standard deviation is chosen
conservatively and the weather conditions are typically values for the
VLT on Paranal in Chile.

be reached in this work. It has to be mentioned that stars are not
pure blackbodies, but the Bry emission line at 2.17um, for which the
NB2.17 narrow-band filter was designed for, is mostly present in the
case of accretion. Espacially young stars still accreting material from
their protoplanetary disk or contact binaries with a mass overflow
have this spectral feature. Because this astrometric search program
is concentrated on main-sequence stars such young stars are not be
observed and using speckle interferometry one can check for close and
brighter companions. This is done anyway in this work in order to
analyze the brightness of a detected astrometric companion and will

be described in section 3.4.

While the DCR effect can be neglected by using a NIR narrow-band
filter, the shares in different zenith angles and climatic conditions have

to be corrected (Equ. 2.7, Roe [160]). The differential refraction angle
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Fig. 2.6.: Monte-Carlo simulation to determine the influence of all parameter un-
certainties listed in table 2.2 on the differential refraction correction for
47 Tuc (left) and HD 19994 (right). The mean value p is the correction
term and the standard deviation o is the correction uncertainty.

itself can be calculated by Equ. 2.6 presented earlier.

AR ... differential refraction angle in mas
P position angle in degree
Q ... parallactic angle in degree 2.7)
ps ... pixel scale in mas/pixel
AX = A—Rsim(P—Q), AY:@COS(P—Q)
ps ps

To determine the precision of the differential refraction correction a
Monte-Carlo simulation is done. All needed parameters are listed in
table 2.2 with conservatively chosen uncertainties. The influence of
these parameters on the differential refraction correction is shown in
Fig. 2.6. The final correction uncertainty is 110 pas for the globular
cluster 47 Tuc and less than 15 pas for HD 19994.
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2.4. Relativistic effects

Another source of interference are relativistic effects, which are mainly
based on the finit speed of light as well as on a deformation of the
space caused by high gravitational masses. These effects and their
influence on ground based astrometric observations will be presented

and dicussed in this section.

2.4.1. Differential stellar aberration

Because of the finit speed of light and the permanent motion of the
observer relatively to the star a displacement between the true and
the apparent stellar position in the sky occures. This effect, called
stellar aberration, is mainly based on the earth revolution around the
sun and depends on the world coordinates of the star and the exact
observational time.

As described in the Astronomical Almanac [191] the differential ef-
fect of the stellar annual aberration can be calculated by the following

equation.

Oeorr = alAa+bAI
Ocorr = cAa+dAd

The corrections ey and dgopr are in units of 0.001 seconds and 0.01
arcsec, while the separation of two stars (A« and Ad) are in units of

1 minute and 1 arcmin.
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The coefficients a,b,c, and d are correlated to the observation time

and the world coordinates. They can be calculated as

a = —5.701 cos (H + a) sec(9)
b = —0.380 sin (H+ «) sec (d) tan (0) 29)
2.9
¢ = 8.552 sin (H + «) sin (9)
d = —0.570 cos (H + «) cos (6),
wheras H is defined by
Hhowrs] = 23.4—D/15.2
(2.10)
D ... day of the year.

After calculating the correction terms o and deorr ONE can correct
the pixel position of the target star relatively to the reference star

using Equ. 2.11.

AX = a;(;rr cos (0) cos (180° —n) + 5;0: sin (1)
AY = 29 oo (0) sin (180° — 1) + Ocor cos (7).
b ps (2.11)
n ... detector orientation in degree
0 ... declination in degree
ps ... pixel scale in mas/pixel
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Similar to the differential refraction one has to determine the final

precision of the differential aberration correction, which is influenced

by the uncertainties of the parameters listed in Tab. 2.3. This is

done by a Monte-Carlo simulation and the results are presented in

Fig. 2.7. The final correction uncertainty is 95 pas for the globular
cluster 47 Tuc and less than 5 pas for HD 19994.

47 Tuc HD 19994
Parameter 1 o
pixel scale [mas/pixel] 13.24 0.1
stellar separation [pixel] 1000 200 0.1
position angle 0° 200° 0.1°
RA |h:min:sec] +00:24:06 +03:12:46 | 10"
DEC [dim:s| —72:04:53 +01:11:46 | 10

Tab. 2.3.: All parameters needed to calculate the differential stellar aberration
for the binary HD 19994 and the astrometric calibration cluster 47 Tuc.
Each parameter is assumed as a Gaussian distribution described by a
mean value p and a standard deviation o, which is chosen conserva-

tively.
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(b) Monte-Carlo simulation to estimate the influence of all parameters uncertainties listed

in

Tab. 2.3 on the correction of the differential stellar aberration for the HD 19994 system.

Fig. 2.7.: Monte-Carlo simulation to estimate the influence of all parameters un-
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certainties (Tab. 2.3) on the correction of the differential stellar aberra-
tion for the calibration cluster 47 Tuc (upper panel) and the HD 19994
system (lower panel). The mean value p is the correction term and the
standard deviation ¢ is the correction uncertainty.



2.4. Relativistic effects
2.4.2. Differential gravitational light deflection

The absolute deflection angle caused by the gravitational mass of a
deflecting body can be calculated by the following formula given in
Turyshev [189]. The Eddington parameter describes the deflecting
strength of the gravitational mass and is equal to one for the theory

of general relativity.

G M 1+ cos(x)

Ay = — 1) = —
X o+ )02 r sin(y)
v ... Eddington paramater (y = 1)
(2.12)
M ... mass of the deflecting body
r ... distance to the deflecting body
X ... angle between star and deflecting body

In general our sun is the strongest deflecting body for ground based
observations because of its mass. The deflecting angle of a target
observed 20° away from the sun is about 24 mas. However, for relative
astrometry the absolute deflecting angle is not relevant, but relative
measurements between the target and the astrometric reference star
are affected by the different angular separations to the deflecting body.
According to Turyshev [189] the differential deflecting angle of two

objects can be calculated as

GM  cos[(x2—x1)/2|
c® 1 sin(x1/2) sin (x2/2)’

whereas y; and ys are the angular separations to the deflecting body.

ox=(v+1) (2.13)
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2. Observational challenges

Object \ X Ax in pas dx in pas Xmin
Sun 20° 23500 10 20°
Jupiter 20/ 340 8.3 18.2
Saturn 20/ 50.1 1.2 6.8’
Moon 20/ 21.3 0.6 4.4'

Tab. 2.4.: Maximum absolute (Ay) and differential (dx, x2 — x1 = 30”) gravita-
tional light deflection for the strongest deflecting bodies in our solar
system. Furthermore, the minimum angular separation X, where the
differential gravitational light deflection is dy = 10 pas in maximum is
shown in the last column.

In table 2.4 the strongest deflecting bodies in our solar system are
listed. As an absolute distance the smallest possible distance to the
earth is chosen as well as an angular separation of yo — x1 = 30”. The
field of view of the NIR imager used in this work is about 15" x 15”.
Hence, the values listed in table 2.4 are a worst case scenario.

For ground based and nightly observations the angular separation
to the sun will always be larger than 20°. Furthermore, the apparent
diameter of the moon is about 30 arcmin, which is much larger than
the minimum separation of xpin = 4.4arcmin. That minimum sep-
aration corresponds to a differential deflecting angle of dxy = 10 puas.
The apparent diameters of Jupiter and Saturn are about 50 arcsec
and 20 arcsec, but due to their brightness they usually are observed
at a larger angular separation than their i, values. In contrast to
space based observations the earth plays no role as a deflecting body
for ground based observations. Hence, the influence of differential
gravitational light deflection caused by a body of the solar system is

always less than 10 pas.
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2.5. Target and instrument selection

2.5. Target and instrument selection

In this section the criteria for a suitable instrument as well as the
target selection criteria are discussed. Some of these criteria were
already adressed in previous sections, but their will be summarized

here.

2.5.1. Instrument requirements

An instrument used for an astrometric search program for exoplanets
in close binaries by ground based imaging have to provide the fol-
lowing properties due to the disturbing effects discussed in previos

sections.
e NIR imager equipped with a narrow-band filter
e adaptive optics system and a high spatial resolution
e field of view equal or less than the isoplanatic angle

e fast read-out mode and low read-out noise level

These requirements lead to a large aperture with an AO assisted
NIR imager like the large telescopes located on Mauna Kea (Hawaii)
or on Paranal in Chile. For the astrometric search program in this
work the instruments NACO?® at the ESO/VLT on Paranal and CIAQS
at the SUBARU telescope on Maua Kea are chosen. Both telescopes
have a mirror diameter of about eight meter and both instruments
are AO assisted NIR imager with a pixel scale of about 13 mas/pixel.

Furthermore, the instruments are available with a Bry narrow-band

® Nasmyth Adaptive Optics System with a Near-Infrared Imager and Spectrograph (Rousset
et al. [163], Lenzen et al. [99])
6 Coronagraphic Imager with Adaptive Optics (Murakawa et al. [136])
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2. Observational challenges

filter. NACO is operable in the so called cube-mode. With that obser-
vation mode frames can be saved in a data container called cube with
nearly no loss of time during the read-out. By doing so one can obtain
about 2000 frames within 15 minutes for the minimum exposure time
of 0.35 seconds. To reduce this minimum exposure time one can just

read-out a specified window instead of the whole detector, which is
possible for both detectors, NACO and CIAO.

In 2009, CIAO was decomissioned and the successor instrument Hi-
CIAOT is still not available. Also NACO is expected to be decomis-
sioned in 2011. However, because astrometric observations are ideal
to search exoplanets with orbital periods larger than the typically life-
time of satellite missions and instruments a change of the instrument
has to be considered already at the beginning of astrometric observa-
tions. As long as the requirements mentioned above are considered
and the same stars of the same calibration cluster will be observed
to monitor the astrometric stability (chapter 4), a real change of the
instrument will then occur as a dramatic change of the astrometric
properties of a fictive continuous instrument. These changes can be
measured and used to combine the astrometric observations of differ-

ent instruments.

" High-Contrast Instrument with Adaptive Optics (Suzuki et al. [181])
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2.5. Target and instrument selection

2.5.2. Target requirements

Not every star or binary is dedicated for astrometric observations.
The target stars selected for the astrometric search program described
in this work have to fulfill the following requirements. These require-
ments are needed, due to the sensitivity of the astrometric method
itself as well as the observational constraints presented earlier in this

chapter.

e stellar separation less than 10”
e distance less than 100 pc

e main sequence stars

e solar like or less mass stars

e suitable NIR brightness and contrast (K < 10™, AK < 3™)

Up to now, six stellar systems on the northern and six systems on
the southern hemisphere have been observed in the course of this as-
trometric search program. The instrument CIAO at the SUBARU
telescope on Mauna Kea (Hawaii), which was used for targets on the
northern hemisphere, was decomissioned in 2009 and the successor
HiCIAO is still not available. Hence, only two epoch observations for
the northern targets could be done so far. Further epoch observa-
tions of the northern target systems are planned with the successor
instrument HiCIAO.

For targets on the souhern hemisphere the NIR imager NACO at
the VLT on Paranal (Chile) is used. Currently, four target systems
are observed once, one target system is observed two times so far and

for one target system, namely HD 19994, already four observations
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2. Observational challenges

Name SpTy d [pc] Sepapp [as] Sepapp [AU]  Epoch Ref.
HD 200466 G5  43.8 5.0 ~ 220 2 [40]
HD 186858 K3  20.0 3 ~ 60 2 [115]
GJ 22! M2 102 43/05  ~44/5 2 143]
GJ 856 MO 16.1 1.7 ~ 28 2 [175, 126]
GJ 2005 M6 77 15/035 ~12/3 2 [173]
GJ 860 M2 4.0 2.4 ~ 10 2 [115]

Tab. 2.5.: Already observed target systems on the northern hemisphere using the
AOQ assisted NIR imager CIAO at the SUBARU telescope on Mauna
Kea (Hawaii). The astrometric calibration cluster for the northern
hemisphere is M 15. If the apparent separation Sep,,, has more than
one value, the system consists of more than two components.

SpTy. . .spectral type

T G122 is a triple system, where a fourth and very low mass component
around G122 B is assumed. [43]

are available. The used calibration clusters are the globular clusters
M 15 for the northern, and 47 Tuc for the southern hemisphere.

The astrometric reference star is always one component of the ob-
served stellar multiple system, thus differential parallax and proper
motion effects can be neglected. However, the orbital motion of the
components affects their separations and position angles. That influ-
ence is fitted as a second order polynomial and then subtracted from
the separation and position angle measurements (chapter 3).

Because three measurements are necesary to fit that influence by a
second order polynomial, at least four measurements are needed to
check the data for the presence of an astrometric signal. However,
for a faithful orbital solution of the astrometric companion more than
four measurements are advised.

That is the reason, why in this work HD 19994 is the only system

presented in more detail. At this time, with only one or two epoch
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2.5. Target and instrument selection

Name SpTy d [pc] Sepapp[as] Sepapp [AU]  Epoch Ref.
HD 199947  F8 22.6 2.3 ~ 52 4 [179, 117, 124]
GJ2005 M6 77 15/035 ~12/3 2 173]
HD 19063 F8  49.0 0.6 ~ 30 1 82]
AT Mic M4 10.2 2.7 ~ 28 1 [105]
GJ 568 M4 10.2 1.2 ~ 13 1 [176]
GJS66* M6 3.3 0.2 ~ 0.7 1 185, 172]

Tab. 2.6.: Stellar systems already observed on the southern hemisphere using the
AO assisted NIR imager NACO at the VLT on Paranal (Chile). The
astrometric calibration cluster for the southern hemisphere is 47 Tuc.
If the apparent separation Sep,p, has more than one value, the system
consists of more than two components.

SpTy. . .spectral type

T HD 19994 A is known to harbor a RV exoplanet candidate [117]
* GJ866 A is a very close binary itself [185]

measurements for the other target systems, no conclusion about the
existence of an astrometric signal can be made.

In 2004, Mayor et al. [117] published the detection of a RV planet
candidate around the primary of the HD 19994 binary. This exo-
planet candidate has a minimum mass of M sini ~ 1.7 My, and the
expected astrometric signal is about (0.15...1.5) mas, depending on
the orbital inclination. Hence, the HD 19994 binary is an ideal target
system to test the feasibility of the ground based astrometric search
program developed and presented in this work.

All stellar systems listed in the tables 2.5 and 2.6 have a distance
of less than 50 pc and their apparent separations are mostly less than
100 AU. Therefore, they are exactly those close systems of interest,
where planetary formation is affected by the stellar companion.

This astrometric search program is planned as an ongoing and long

term observation program. New suitable target systems will be con-
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2. Observational challenges

tinuously included and other systems, where no deviation could be
detected after five observations, will be exluded or postponed. By
matching the Gliese catalogue of nearby stars (Gliese and Jahreiss
|68]) with the CCDM (Dommanget and Nys [44]) more than 150 suit-
able stars can be found with a spectraltype later or equal than GO, a
distance of less than 60 pc, and a stellar companion with an apparent
separation between 0.1 arcec and 15 arcsec. That extended target list

can be found in appendix F.
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3. Data analysis

In this chapter the data analysis is presented. It consists of the usual
standard data reduction for astronomical observations including dark
subtraction, flat-field, and bad-pixel correction. Usually, NIR ob-
servations are dithered to subtract the sky, which is brighter in the
infrared than in the optical. For several reasons the observations in
this work are not dithered. First the flux of the sky background is less
than the usual read-out noise per exposure and can be neglected. The
second reason bases on the requirement of a large number of measure-
ments for the statistical analysis. Dithering, which is a slightly move-
ment of the telescope, will cause a time loss and thus a lower number
of frames. Last but not least, regarding that one deals with non per-
fect optics, the target systems should be placed on the same detector
region for every epoch observation. Further information about geo-
metric distortions of the NACO S13 camera are presented in section
4.3.

3.1. Object detection

The pixel coordinates of all stars on the detector are determined with
the IDL program Starfinder written by Diolaiti et al. [42]. It uses
an empirical PSF obtained by averaging the best PSFs on the same
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3. Data analysis

frame, e.g. the brightest point sources on the frame, to measure the
position of a star on the detector. A PSF disturbed by the atmosphere
and corrected by an AO system has not a Gaussian shape and the
shape changes in time, depending on the atmospheric conditions and
the AO performance. Hence, an empirical reference PSF obtained
from the same frame is superior in measuring the pixel coordinates
than a typical theoretical Gaussian like PSF.

As long as all stars are observed within the isoplanatic angle the
perturbations of the different PSFs are identical and the astrometric
measurements at the end can be described as a Gaussian distribution.
If some frames are taken at worse atmospheric conditions, where the
isoplanatic angle is smaller than the binary separation, both PSFs will
be different in shape. In that case, the resulting separation and po-
sition angle measurements can be identified as systematic outliers in
the Gaussian measurement distribution. At the end, more measure-
ments results in a better measurement statistic, thus several thousand

frames per target system are taken.

3.2. Statistical analysis

After standard data reduction the effects of differential refraction and
aberration have to be corrected as described in the sections 2.3.2 and
2.4.1. Afterwards, the binary separation and position angle are mea-
sured on every frame, which results in several thousand separation
and angle measurements per binary. Using a Kolmogorov-Smirnov
test! in combination with a 2 o clipping, all systematical outliers are

excluded and the Gaussian distributed measurements are left. The

! see Wall and Jenkins [201] and chapter 14 Press [151] for further information
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3.3. Check for an astrometric signal

standard deviation of this distribution correlates with the atmospheric
conditions and the AO performance. The measurement error, which is
the error of the mean value, can be calculated as the standard devia-
tion divided by the square root of the number of Gaussian distributed
measurements (flerror = Omeas/ vN ). This procedure has also be done
for the observations of the calibration cluster.

Comparing the relative alignment of the cluster stars for all epoch
observations the astrometric stability of the instrument can be moni-
tored. Without such a monitoring it is not possible to combine single
epoch measurments because the astrometric properties of the instru-
ment and the telescope could change from one to another observation.
If systematic effects between the epoch observations are detected, the
corresponding astrometric correction terms are calculated. These cor-
rection terms will then be applied on the astrometric measurements
of the target system (Fig. 3.1). Further information about the cali-

bration strategy can be found in the next chapter.

3.3. Check for an astrometric signal

In order to detect the astrometric signal of an unseen companion the
influence of the stellar orbital motion has to be removed from the
data. Because of the huge orbital periods of visual double stars (typ-
ically more than several hundred years) the orbital elements of such
binaries are not known accurate enough to calculate the orbital mo-
tion of the binary at a sub-mas level. But the change of the separation
and position angle of such a double star will be just slightly curved
over the observational timeline of several years. Hence, this influence

can be fitted by a second order polynomial. After subtracting those
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3. Data analysis

Calibration cluster measurements

Binary measurements per epoch per epoch
\ Standard reduction >
—>
Statistical analysis —>

Iterative calibration cycle
v over all epoch
Corrected binary measurements <:| Astrometric correction terms
for all epoch for all epoch

Fit binary influence as a 2nd order polynomial
and subtract it from binary measurements

Apply pixel scale
and fit orbit

Orbital parameters of the <: <:| Wobble motion in
astrometric companion pixel units
Fig. 3.1.: Analysis strategy developed in this work to search for an astrometric
signal within the binary measurements. Because of the influence of the
stellar orbital motion (which is fitted as a second order polynomial) at
least four measurements are needed to search for an astrometric signal.

fitted values a present periodic deviation can be interpreted as an

astrometric signal.

Up to now, all separation measurements as well as the fit of the
influence by the stellar orbital motion are done in pixel units. The
reason for that is the pixel scale, which is not known with an accuracy
appropriate to search a sub-mas signal over the range of several pixel.
For a pixel separation of 200 pixel, an accuracy of 0.5 pas/pixel is
needed to achieve a separation measurement error of 0.1 mas, but
such an accurate known (and stable) calibration system does not exist

today.
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3.3. Check for an astrometric signal

Published values for the pixel scale of the NACO S13 camera dif-
fers from (13.22...13.26) mas/pixel, while its accuracy varies from
50 pas/pixel up to 200 pas/pixel (e.g. Neuhduser et al. [142], Schmidt
et al. |[170], Mugrauer et al. [135] and Correia et al. [33]). Because
Schmidt et al. [170] considered a maximum possible orbital motion of
their calibration binary the authors achieved the largest uncertainty
of 200 pas/pixel. Normally, the pixel scale of the NACO S13 camera
is determined with an accuracy better than 0.1 mas per pixel. For this
work, a conservativly chosen pixel scale of (13.24 + 0.1) mas/pixel is
used.

The astrometric signal of an exoplanet is usually less than one milli-
arcsec, which corresponds to less than a tenth of a NACO S13 pixel.
By adopting the pixel scale after the subtraction of the fitted orbit mo-
tion influence the uncertainty of the pixel scale has much less impact
on the final measurement precision. The difference of the measured
and the fitted binary separation, which is the deviation caused by an
astrometric companion, is converted in angular units using the pixel

scale.

po= psxo,  Ap=+/(psx A0)?+ (Aps x )

p ... deviation in mas, 0 ...deviation in pixel (3.1)

ps ... pixel scale in mas/pixel

A polynomial of second order has three parameters, thus with only
three epoch observations one will never find a deviation between
the measurements and the fitted influence of the binary orbit. At
least four observations are needed to check for an astrometric sig-
nal. To determine all seven orbital parameters (see appendix A for

further details) of a detected astrometric companion one has to fit
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74 (2 x 3) = 13 parameters in total, thus the binary has to be ob-

served at least seven times.

3.4. Speckle interferometry

As mentioned in section 2.1, the astrometric signal depends on the
mass- and the brightness ratio of the star and its astrometric com-
panion. Therefore, one has to check the brightness of a detected
astrometric companion. This is done in this work with speckle inter-
ferometry using a program written by Rainer Kohler. The theory of
speckle interferometry is complex and not part of this work. Further
information about this topic and especially about the used program
can be found in Kéhler et al. [89].

In simple terms, the power spectrum? of a not resolvable binary
is folded with the power spectrum of a single star. The resulting
power spectrum is the brightness distribution of the binary and can
be modeled with the theoretically visibiliy of a binary model. Fig.

3.2 demonstrates how the complex visibility (square root of the power

spectrum) looks like for different kind of binaries.

Fig. 3.2.: Examples of complex visibilities for different binaries (Kohler et al. [89)]).
The shown visibilities illustrates (from left to right) a wide and bright
companion, a wide and faint companion, a bright and close companion,
and a single star.

2 square of the Fourier transform
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4. Calibration

The calibration strategy chosen in this work is based on the same prin-
ciple as used for the calibration of Hipparcos observations and which
will be also used for JWST (van der Marel et al. [196]), GAIA (Lam-
mers et al. [92]), and ESPRI (Elias et al. [51]), namely an iterative
calibration strategy. That means that the astrometric measurements
as well as the calibration system itself will be recalibrated after each
new observation in order to identify systematic long-term trends con-

cerning the astrometric properties of the instrument.

That iterative approach is owed to the fact that no absolute sta-
ble reference system exist. For example binaries and stellar clusters,
which are often used for astrometric calibrations, have an orbital mo-
tion, respectively a velocity dispersion. The spectral calibration unit
of a spectrograph is affected by pressure and temperature. Photomet-
ric calibrations are influenced by the stellar activity of the photometric
standard star. At the end, every calibration system is unstable if one
increases the needs of the precision far enough. Hence, to monitor the
stability of the calibration system itself with an iterative method is a

faithful calibration approach.
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4.1. Calibration clusters

In this work the old globular clusters 47 Tuc and M 15 are chosen for
the southern, respectively northern hemisphere. 47 Tuc has a distance
of about 4.5 kpc and an age of about 11 Gyrs (e.g. McLaughlin et al.
[119], Thompson et al. [183], Gratton et al. [69]). The distance of the
globular cluster M 15 is about 10kpc and the age is determined to
about 13 Gyrs (e.g. McNamara et al. [120]). Hence, both globular
clusters are old and far away.

Fig. 4.1 is a negative image from the core region of 47 Tuc taken
with the WFPC! of the HST (image from the ST-ECF Hubble Science
Archive). The field observed in this work is also shown in Fig. 4.1 as
a black rectangle. The criteria are a high rate of well distinguishable
and detectable point sources within the NACO S13 field of view (FoV).

" FoV NACO (135" x 13.5")
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Fig. 4.1.: Negative HST/WFPC image from the core region of the old globular
cluster 47 Tuc, taken from the ST-ECF Hubble Science Archive. The
black rectangle marks the field observed with the NACO S13 camera
for the astrometric monitoring in this work.

! Wide Field Planetary Camera
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4.2. Iterative calibration cycle

The calibration strategy described in this chapter is indepedent from
the cluster itself, thus it is the same for 47 Tuc and M 15. In order
to measure deviations at the sub-mas level the calibration cluster has
to be promptly observed in the same nights as the scientific target
system. Also the clusters have to be observed with the same NIR
narrow-band filter and with the same instrument settings as the target
systems. In simple terms, the complete optics have to be the same.
In contrast to the target systems the exposure time is increased to
obtain a sufficient signal to noise ratio for the cluster stars.

The measure, which is used to monitor the intrument’s astrometric
properties is the mean value of the separations and position angles
from each to each star. In other words, the relative alignment of
the cluster stars is measured and compared. These values, the mean
separation and the mean position angle, are called Master-Baseline
in this work. Besides the intrinsic instability of the cluster, which is
based on the transverse velocity dispersion of the cluster stars, this
Master-Baseline should be the same for all epoch observations. A
measured change of this Master-Baseline from one to another epoch
observation is interpreted as a change of the astrometric properties
of the instrument. The corresponding correction terms are applied
to the separation and position angle measurements of the observed

target system.

4.2. lterative calibration cycle

An iterative calibration has one disadvantage. The final measurement
value and its precision will be known just at the end of the program

due to a possible correction obtained by the final iteration (i.e. the
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1. Bootstrapping

Statistical approach to find
the most stable cluster stars.

(generating a set of stars)

b

Best measurement precision per epoch and most
stable over all epoch observations ?

2. Kolmogorov-Smirnov Test

Test for Gaussian distribution and
eliminate statistical outliers.

3. Compare cluster stars
Compare relative alignment of
chosen cluster stars for all epoch
observations.

(,Master-Baselines")

6. Re-Compare cluster stars

Monitor astrometric stability
over all epoch observations,
regarding the intrinsic instability.

5. Monte-Carlo Simulation

Simulate the alignment evolution
of chosen cluster stars
based on measured
transverse velocity distribution.

(model intrinsic instabilty)

4. Measure proper motion
Measure of the relative
pixel proper motion
of chosen cluster stars.

(transverse velocitiy dispersion)

—

Fig. 4.2.: Sketch of the iterative calibration cycle, which is used in this work to
monitor the astrometric stability of the instrument. This calibration
cycle will be redone after each new observation for all cluster data ob-
tained so far.

last observation). Furthermore, a sufficient number of observations
is needed to analyse the kinematic behaviour of the observed cluster
stars. The more observations, the better one can determine the kine-
matic properties of the cluster stars, thus the intrinsic instability of
the calibration cluster. The reason for that is the increasing measure-
ment precision of the proper motions (of the cluster stars) due to an

increasing epoch difference.

Fig. 4.2 illustrates the iterative calibration cycle developed in this
work. This cycle consists of four major steps. First, a bootstrapping
algorithm (Press [151]) statistically generates a set of cluster stars.
The measurement precision per epoch and the over-all epoch stability
is saved and compared to the next generated set of cluster stars. At
the end, the outcome of the bootstrapping algorithm is the set of the

most stable stars in the observed cluster field.
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The second step is the measurement of the Master-Baseline on ev-
ery frame. Using a Kolmogorov-Smirnov test in combination with a
2 0 clipping, systematical outliers are identified and excluded. The
mean of all Master-Baselines measured on all frames of one epoch
observation represents the Master-Baseline for that epoch (number
two and three in Fig. 4.2). As third, the relative proper motions of
the cluster stars are measured (using the oldest and newest observa-
tions), whereas the proper motions are determined relatively to the
mean position of all these stars. Hence, it is not the absolute proper
motion of the star, but that portion disturbing the relative alignment
of all stars (number four in Fig. 4.2).

The simulation of the temporal behaviour of the Master-Baseline,
affected by the relative proper motions of the cluster stars is the fourth
step of the calibration cycle (number five and six in Fig. 4.2). An
offset between the expected (i.e. simulated) and the measured values
of the Master-Baseline is interpreted as a change of the instrument’s

astrometric properties.

4.3. Geometric field distortions

In the past, the NACO S13 camera was expected to have no measur-
able geometric field distortions due to its small field of view (15" x 15")
compared to other instruments. However, no optics system is really
perfect. In 2009 the binary HD 19994 was placed in different detector
regions on purpose in order to study possible field distortions. Be-
fore 2009 all observations were concentrated on the inner part of the
detector. Placing the target system always on the same inner detec-

tor region, no systematic effects regarding the location on the chip
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HD19994 measurements from 29/ 9/2009 HD19994 measurements from 29/ 9/2009

1740F = 173.08992 + 4.3e-03, o = 17e-01
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surements ments

Fig. 4.3.: Binary measurements of HD 19994 observed in 2009. In the left diagram
the effects of geometric field distortions are clearly visible. On the right
the mean value of each cube is standardized to the mean value of all
cubes, where the target system has the closest distance to the center of
the detector. The both upper panels are the separation and the position
angle measurements of the binary. In the lower panel the binary position
(mean position of both stellar components) on the detector is shown.

are found. However, scattering the target system over the whole chip
such effects are clearly visible. Fig. 4.3(a) illustrates how the binary

separation and position angle depends on the location on the chip for

the 2009 measurements.

In addition to HD 19994 also the observations of the calibration clus-
ter 47 Tuc were dithered in 2009. The goal is to measure and model
the geometric field distortions on the NACO S13 detector. Typically
distortion models are among others two dimensional polynomials or
simple radial models. The latter ones only depends on the distance
relatively to the center of the distortion. To determine geometric
distortions, the number of stars used for the calculation are impor-
tant. Using just two stars of a binary it is impossible to determine

any distortion. In simple terms, the more parameters the distortion
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4.3. Geometric field distortions

model has the more stars are needed to fit that model. Hence, the
observed cluster stars and not the target systems are used to measure

and model the geometric distortions.

Until now, no distortion model could be modeled to the dithered ob-
servations of 47 Tuc. The distortion models attempt to fit are several
simple radial, barrel, and pincushion models as well as multivariate
polynomials of different orders and a published distortion model used
for the HST (Meurer et al. [121]). Thus, the analysis of the geometric

field distortions, which are present, is still in progress.

In 2008, Trippe et al. [187] analyzed the geometric distortions of the
NACO camera. The authors used the following radial approach with
T as the true image position and Tqist as the distorted image position,

both relatively to a distortion center.

F=Taigt (1 — B X Tigy) (4.1)

While the chip curvature § could be determined for the S27 cam-
era (FoV ~ 27" x 27"), the authors could not find a convergent solu-
tion for the S13 camera with classical fitting algorithm. At the end,
they used a statistical approch and came up with a chip curvature
of B~ (2...14) x 1071 /pixel®. The large spread for this parameter

clarifies how difficult it is to measure such relatively small distortions.

The position displacement is & — Tgist| = 8 X fﬁist, which corresponds
for a separation of 530 pixel to (2...14) x 0.015 pixel. Looking at
Fig. 4.3(a) one can estimate a change of the binary separation of
about 0.2 pixel over a range of 530 pixel (~ 0.04%). This value is
in good agreement with the expected value using the chip curvature

from Trippe et al. [187].
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4. Calibration

For further analysis of the binary measurements an artificial refer-
ence value for the separation and the position angle are defined. In
case of a radial distortion, the geometric distortion is weakest at the
center of the detector. Assuming such radial distortions, this artificial
reference is defined as the mean value of all cubes, where the binary
has the closest distance to the center of the detector. The mean value

of all other cubes were standardized to this reference value.
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5. Results

In this chapter the observational results of 47 Tuc and HD 19994 are
presented. HD 19994 is one of the target systems on the southern
hemisphere observed with VLT /NACO four times so far. The obser-
vations were done in November 2006!, July 20072, October 20083, and
September 2009%.

The astrometric precision is the crucial point for astrometric obser-
vations and constrains the detectable mass of astrometric companions.
The total precision consists of the measurement precision per epoch,
the remaining uncertainties of the astrometric corrections as described
in chapter 2, and the multi-epoch stability of the instrument’s astro-
metric properties. The latter one is determined by monitor specific
stars of the calibration cluster 47 Tuc for all epoch observations as
described in chapter 4. It has to be reminiscent, that the calibration
strategy used in this work is iterative, thus the calibration results
presented in here could change after the next observation. A change
of the calibration would also affect the measured astrometric signal.
However, with each new observation more information about the in-
trinsic instability of the cluster stars are gained and the precision of

the calibration will increase.

1078.C-0249
2 079.C-0106
3 382.C-0329
4083.C-0150

PI: R. Neuhé&user) observed by A. Seifahrt

PI: R. Neuhé&user) observed by T. Ro6ll and A. Seifahrt
PI: R. Neuhé&user) observed by T. Roll

PIL: N. Vogt) observed by M. Mugrauer

NN S
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5. Results

5.1. Astrometric precision - lower limits

Table 5.1 summarizes the remaining uncertainties of the astrometric
corrections (chapter 2), which are in total less than 150 pas for the cal-
ibration cluster 47 Tuc and less than 30 pas for the binary HD 19994.
These uncertainties have to be added to the detection errors for every
star and epoch by splitting them uniformly onto the two dimensions
of the detector. For the calibration cluster 47 Tuc, this additional

measurement uncertainty is

1 0.15 mas
AX = AY = — 8 x 1073 pixel 5.1
/5 1324 maspixel <107 Pl (5.1)

while it is 1.6 x 1073 pixel for the HD 19994 system.

The values listed in table 5.1 also represent the lower limit of the
achivable precision for separation measurements (Ygep). The lower
precision limit for the position angle measurements (Tp,) can be de-
termined by assuming a direction of Yg., perpendicular on the sepa-

ration of two stars (Sep).

tan Tpa = Tsep/Sep (5.2)

These lower precision limits are listed in table 5.2. In case of
the binary HD 19994 (Sep ~ 170 pixel), the lower precision limits
are Tgep = 2.27 X 1073 pixel for the separation measurements and

Tp, = 7.7 x 10~*deg for position angle measurements.

The lower precision limit for the position angle measurements de-
pends on the separation of two stars. For the observations of the cali-
bration cluster 47 Tuc the length of the Master-Baseline of about 530
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5.1. Astrometric precision - lower limits

47 Tuc HD 19994
Effect Uncertainty in pas
Differential atmospheric refraction < 110 <15
Differential aberration <95 <5
Differential parallaxe (d > 3pc) <10 < 16
Stellar activity (d > 3 pc) <25 <10
Differential gravitational light deflection < 10 < 10
In total < 150 < 30

Tab. 5.1.: Summary of the remaining uncertainties of the disturbing effects for
ground based relative astrometric measurements for a pixel scale of
13.24 + 0.1 mas/pixel.

pixel is used. That results in Yp, = 1.22 x 1073 deg for position angle
measurements. For the separation measurements, the lower precision
limit is 1.13 x 1072 pixel. The lower precision limits as well as the
remaining correction uncertainties depend on specific target proper-

ties, thus both have to be calculated for each target system separately.

If a measurement error of the cluster 47 Tuc or for the bianry HD 19994
is smaller than these lower precision limits listed in table 5.2 the mea-

surement error is set to these lower limits.

| Tsep [pas]  Tsep [pixel]  Sep [pixel]  Tp, [deg]

47 Tuc 150 11.33 x 1073 530 1.22 x 1073
HD 19994 30 227 x 1073 170 77 x 1074

Tab. 5.2.: Lower precision limits for separation and position angle measurements
for the calibration cluster 47 Tuc and the binary HD 19994.
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5. Results

5.2. Astrometric calibration cluster - 47 Tuc

As described in chapter 4, the relative alignment of the same certain
stars in the observed cluster field is used to monitor the astrometric
stability of the instrument. This relative alignment is described by a
measure called Master-Baseline, which is defined as the mean value
of all separations and all position angles measured from each to each
star on one frame. The mean value of all Master-Baselines measured
on all frames from one epoch observation is then the Master-Baseline

of this epoch.

The number of frames per epoch obtained of the calibration cluster
is usually about 150, each with an integration time of 30 seconds.
After measuring the Master-Baseline on each frame, an Anderson-
Darling test (modification of the Kolmogorov-Smirnov test, see chap-
ter 14 in Press [151]) is used to extract the Gaussian core of the
measurements. The error of the mean can then be calculated by
Herr = Omeas/ VN, where N is the number of Gaussian distributed mea-

surements with a standard deviation of oeqs.

After the first analysis of the 47 Tuc data an image motion within
each single epoch observation was detected. More precisely it is a
linear motion of the observed cluster field and a slight change of the
detector orientation over the time. The reason for that is a different
atmospheric refraction of the science target (observed in the near
infrared) and the telescope guide star, which is observed in the optical.
Because large telescopes have an alt-azimuth mounting a telescope
guide star is needed to calculate the tracking velocity for the azimuth
and the altitude axis as well as the detector rotation. In case of

non considered different atmospheric refraction indices, the tracking
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5.2. Astrometric calibration cluster - 47 Tuc

velocity calculated with the telescope guide star can not be adopted
for the scientific observations in the near infrared. That results in an
image motion and rotation over the time. This effect is also known
for spectroscopic observations, where the star can move out of the
slit (e.g. Cuby et al. [34]). But it has not to be mixed up with
the differential chromatic refraction (DCR) described in section 2.3.2,
which regards the effect over the field of view of the NIR detector.
The linear image motion itself is not a big deal, but a false rotation
velocity of the detector causes a field rotation, which is measurable
in the Master-Baseline measurments.

The telescope control software of large telescopes can usually cor-
rect this effect but the spectral properties of the stars, the atmo-
spheric conditions and the telescope pointing are needed very accu-
rately. However, the spectral types of the cluster stars are not pre-
cisely known, thus a slight image motion and field rotation is present
in the 47 Tuc data.

For the first image taken after the positioning of the telescope that
effect is equal to zero and increases with the tracking time. To correct
that effect a simple model is used to shift each of the following frames
onto the first one. The model consists of a linear offset in both detec-

tor axes (Xoff, Yoff) and a rotation (angle n) around a certain rotation

center (Xyot, Yrot)-

Xnew = Xoff + Xrot + [(X - }_(rot) COS T — (Y - yrot> sin 77]

| (5.3)
Ynew = Yoff + yrot + [(Y - yrot) S 7 + (X - Xrot) COS 77]

This model has no influence on the relative alignment of the cluster
stars, but it removes the trend in the position angle measurements,

which is based on a field rotation due to the effect described above.
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5. Results

Because of the high airmass and the long exposure time of the 47 Tuc
observations that image motion is only detected in the cluster ob-
servations and not in the measurements of any target system, e.g.
HD 19994.

Not all stars in the observed cluster field are used to monitor the
astrometric stability of the instrument. Due to a hidden stellar mul-
tiplicity (the reflex motion affects the Master-Baseline) or a conspic-
uous proper motion, some stars in the cluster field could falsify the
monitoring of the astrometric stability. Such stars have to be identi-
fied and rejected.

In this works the identification of the unstable stars is done by deter-
mining the most stable ones using a statistical approach. A uniformly
distributed set of stars is generated out of all observed cluster stars
and the Master-Baselines for all epoch observations are measured (see
chapter 4, first step in Fig. 4.2). The selection criterion for the cho-
sen set of stars is a combination of the most precise measurements per
epoch and the most stable behavior (of the Master-Baseline) over all
epoch observations.

The cluster stars chosen at the end are shown in Fig. 5.1 and the
measurements of their Master-Baselines can be found in Fig. 5.2 and
are also listed in table 5.3. If the measurement error (as displayed
in Fig. 5.2) is smaller than the lower precision limit described in the
previous section (table 5.2), the measurement error is set to the lower
precision limit.

After measuring the Master-Baseline for each epoch observation
a change of its separation and position angle over the time can be
seen in table 5.3. The reason for this deviation is not only a possi-

ble change of the astrometric properties of the instrument, but also
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5.2. Astrometric calibration cluster - 47 Tuc

Fig. 5.1: Negative image of the observed 47 Tuc
@ : N cluster field taken with the NACO S13
. . ) camera. The cluster stars determined as
the most stable stars by the iterative cal-
: ibration cycle (Fig. 4.2) are marked by
. e W circles.
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Fig. 5.2.: Measurements of the Master-Baseline for all four epoch observations,
analyzed with an Anderson-Darling test (Press [151]).
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5. Results

Date [MJD| Separation [pixel| Angle |deg]

54040.279 531.003£1.19e-02 -54.018+1.22¢-03
04297.343 531.341£1.13e-02 -53.779+£2.03e-03
54757.063 531.493+1.13e-02 -54.124+1.22¢-03
55103.169 531.1056+1.34e-02  -54.174%1.31e-03

Tab. 5.3.: Measurements of the Master-Baseline of the chosen 47 Tuc cluster stars
(Fig. 5.2 and 5.1) for all epoch observations. If the measurement error
is smaller than the lower precision limit given in table 5.2 this lower
limit is taken as measurement precision.

a real change of the relative alignment based on a present transverse
velocity dispersion of the stars. This effect is the intrinsic instability
of the observed cluster stars and its strength depends on the selected
stars. In order to determine the influence of this intrinsic instability
a measure, which describes the influence of all selected stars on their
Master-Baseline, is needed. This measure is the relative proper mo-
tion of a star, which is defined as the stellar movement relatively to
the center of all chosen stars measured by the oldest and the youngest
epoch. Using that relative proper motion the theoretically expected
behavior of the Master-Baseline can be simulated, which is done by

a Monte-Carlo simulation.

The results of this intrinsic instability simulation can be seen in Fig.
5.3 as blue lines. Theoretical the simulation should be conform with
the measured values for the first and the last observation because
these epoch observations are used to determine the relative proper
motion. However, it does not fit perfectly. The reason for that is the
different way how these values are obtained. The measurements (red
dots in Fig. 5.3) are based on the statistic of all measured Master-

Baselines on each frame, thus on the measurement of the separations
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5.2. Astrometric calibration cluster - 47 Tuc

Master-Baselines over all Epoch Observations
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Fig. 5.3.: Measured Master-Baselines of the chosen cluster stars. The blue lines
represent the expected temporal behavior of the Master-Baseline (solid:
mean; dashed: 1o uncertainty) simulated with the measured proper
motions of the stars.

and position angles. On the other hand, the relative proper motions
are based on the statistic of the stellar positions measured on each
frame. At the end, the theoretical expected Master-Baseline behavior

(blue lines in Fig. 5.3) is calculated out of those position statistics.

This is a known effect in relative astrometry. For example, the part
of the position uncertainty perpendicular on the separation of two
stars has a maximum impact on the position angle, but nearly no
influence on the separation measurement of the two stars. In case
of a non radial position uncertainty the statistics of the position will
slightly differ from the statistics of the separation and position angle

measurements.
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5. Results

Date [MJD]

Separation |pixel] A Sep [pixel] d Sep [pixel/pixel]

54040.

279 531.003£1.19e-02 0.0£1.19e-02 0.0£4.22¢-05

54297.343
54757.063
55103.169

031.341+£1.13e-02
531.493+1.13e-02
531.105+1.34e-02

3.23e-0113.09e-02
4.48e-01£7.03e-02
3.75e-02+£1.03e-01

6.08e-04+£6.19e-05
8.43e-04+£1.34e-04
7.06e-05+1.96e-04

Tab. 5.4.:

Separation of the Master-Baseline for all epoch observations (second
column) as given in table 5.3. The third column contains the devia-
tion of the measured value from the theoretical expected value. The
last column shows the correction term (relative deviation), which has
to be applied on the measurements of scientific target systems (e.g.
HD 19994).

Date [MJD| Position Angle [deg] APA = 0 PA [deg]

54040.279
54297.343
54757.063
55103.169

-54.018+1.22¢-03
-53.779£2.03e-03
-54.12441.22¢-03
-54.1744+1.31e-03

0.0£1.65¢-03
2.73e-01+£3.57e-03
-1.20e-02+£8.96e-03
-1.62e-02+1.34e-02

Tab. 5.5.:

Position angle of the Master-Baseline for all epoch observations (second
column), as given in table 5.3. The third column contains the deviation
of the measured value from the theoretical expected value. The last
column shows the correction term (equal to the deviation), which has
to be applied on the measurements of scientific target systems (e.g.
HD 19994).

The increase of the 1 o uncertainty over the time in Fig. 5.3 is based

on the uncertainties of the measured stellar proper motions.

Tables

epoch, w

5.4 and 5.5 listed the astrometric correction terms for every

hich are the relative deviation of the Master-Baseline for the

separation and the absolute deviation for the position angle. These

correctio

chapter).
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5.3. Target system - HD 19994

5.3. Target system - HD 19994

HD 19994° (RAjo000 = 03" 12™46.43°, DECgg00 = —01° 11’ 45.96")
is a stellar visual binary located in the constellation Cetus. In 2003,
a RV extrasolar planet candidate (M sini ~ 1.7 My, P ~ 536 days)
was detected around the A component and published by Mayor et al.
[117] in 2004. The expected astrometric signal of the RV exoplanet
candidate varies from 0.15mas for a planetary edge-on orbit up to

more than 1.5 mas for a nearly face-on orbit.

Because of the huge orbital period of more than 1400 years the
orbit of HD 19994 AB is just poorly covered with measurements (in
fact it is less than one fourth of the complete orbit, see Hartkopf
and Mason [74]). Hence, the orbital elements cannot be faithfully
determined, but the orbital inclination of the binary is estimated to
be about 110 degree. Assuming coplanarity, the mass of the exoplanet
candidate would be similar to its minimum mass. The binary has a
separation of about 2.5 arcsec and is a high proper motion binary with

fo =~ 194.6 mas/yr and pus ~ —69 mas/yr (van Leeuwen [197]).

The stellar components of the binary HD 19994 are published as a
F8V primary (Mj ~ 1.3Mg) and a M3V secondary (Mg ~ 0.4 M)
with an age of 3.5...13Gyrs (see Wright et al. [203], Saffe et al.
[164], Duquennoy and Mayor [45], Hale [73], Fuhrmann [64]). The
distance of the system was determined by van Leeuwen [197] to about
22.6 pc.

5 alias 94Ceti, GJ128, HIP14954
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5. Results
5.3.1. Relative astrometry

After the standard data reduction procedure the binary measurements
are corrected regarding the astrometric effects (differential refraction
and differential stellar aberration) as given in chapter 2. Afterwards,
the separation and the position angle of the B relatively to the A
component are measured for every epoch (Fig. 5.4), including a sta-
tistical analysis to extract the Gaussian distributed measurements

using a Kolmogorov-Smirnov test.
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Fig. 5.4.: Binary measurements of HD 19994 A&B for November 2006, July 2007,
October 2008, and September 2009.

82



5.3. Target system - HD 19994

Date [MJD| Separation [pixel] A Sep [pixel] SePeorr [Pixel]

54040.281 175.497£2.3e-3 0.0£7.4e-03 175.497+7.8e-03
54297.344 175.335£2.8e-3  -1.07e-01£1.1e-02 175.228+1.1e-02
54757.069 173.813£2.3e-3  -1.47e-01£2.3e-02 173.666+2.3e-02
55103.172 173.181£4.0e-3  -1.22e-02+3.4e-02 173.169+3.4e-02

Tab. 5.6.: Separation measurements of the binary HD 19994 A&B. The third row
is the astrometric correction term derived by the calibration cluster and
the last row shows the corrected binary separation. The astrometric
correction term for the binary is calculated by the relative deviation
(0 Sep from table 5.4) multiplied with the binary separation.

The separation and position angle measurements of HD 19994 are
listed in the tables 5.6 and 5.7. Both tables show the measured value,
the astrometric correction term derived by the calibration cluster (ta-
bles 5.4, and 5.5) as well as the final corrected value. The astrometric
error includes the respective measurement error of the binary and the
calibration uncertainty. If the measurment error is smaller than the
lower presicion limit given in table 5.2, the measurement error is set
to that lower limit. The reason for the increase of the final precision
over the time is the simulation of the intrinsic instability of the cluster,
which is based on the measured proper motions of the cluster stars.
The measurement error of these proper motions will decrease with an
increasing epoch difference. Hence, with further epoch observations

the final multi-epoch precision will decrease too.

Preliminary analysis of the binary measurements indicates an astro-
metric signal of more than 10 mas, far too large to be caused by the
RV exoplanet candidate around the A component. This leads to the
assumption of a further component in the HD 19994 system, which
has to be located around HD 19994 B because in the course of the RV
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5. Results

Date [MJD| Position Angle [deg] A PA [deg] PA ore [deg]

54040.281 204.3508+7.7e-4 0.0£2.0e-03 204.3508+2.2¢-03
54297.344 203.8886£7.7¢e-4 -2.7e-01£4.1e-03  203.6166£4.2¢-03
54757.069 202.6288+7.7e-4 1.2e-02£9.0e-03  202.6408+9.1e-03
55103.172 201.7747£T.7e-4 1.6e-02£1.4e-02  201.790941.4e-03

Tab. 5.7.: Position angle measurements of the binary HD 19994 A&B. The third
row is the astrometric correction term derived by the calibration cluster
(table 5.5) and the last row shows the corrected position angles of the
binary.

exoplanet candidate detection around the A component no hints for

a further and heavier companion were found.

5.3.2. Speckle Interferometry

To check the assumption of a new component around HD 19994 B
the obtained cube-mode data are analyzed with speckle interferom-
etry using a program written and kindly provided by Rainer Kohler
(Kohler et al. [89]). Because the RV observations, which detected the
exoplanet candidate, would have detected any further and brighter
object around HD 19994 A the primary is chosen as the PSF refer-
ence.

In addition to own data previous observations of HD 19994 obtained
with the NACO S13 camera from 2004% are taken from the ESO Sci-
ence Archive’. Because that data from 2004 were taken without ob-
servations of the calibration cluster 47 Tuc, they can not be used for
an astrometric analysis, but are suitable for speckle interferometry.

The speckle interferometric analysis yields evidence for an additional

6 074.C-0628 (PI: R. Neuh#user) observed by A. Bedalov
7 http://archive.eso.org/cms/
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Fig. 5.5.: Visibilitiy and phase of the HD 19994 BC component for the 2004 mea-
surements. The visibility of a single star would be just a horizontal line,
thus this is a clear signal of a bright and close companion.

companion around the B component (Fig. 5.5 and Fig. 5.7) with a
non-negligible brightness. Thus, the brightness ratio of HD1994 B and
the new component (called HD 19994 C) has to be considered for the
orbital fit. However, the separation of the B and C component is too
small to obtain the position angle, the separation, and the brightness
ratio independently. As one can see in appendix C, the visibility for
each observation epoch just consists of the mean maximum without

any detectable minimum.

In 2004, HD 19994 B&C reaches the largest separation and their
visibility and phase could be fitted very well. The best fit for the
brightness ratio of Fo/Fp = 0.25 obtained for the 2004 data is set as
a fixed value for all other epoch observations. Because the parameters
for the speckle interferometry are not indepently the fit where done
by eye. All speckle measurements are listed in table 5.8 as well as the
measurement errors, which are chosen very conservatively. Actually,

the astrometric correction terms (section 5.2) also have to be applied
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Date [MJD| Sep |pixel] Sep [mas| PA [deg]

53355.126 3.1£035 4105 10+£50
54040.281 1.54+£035 199£5 114 £50
54297.344 20£0.35 265 £5 239 £ 50
54757.069 22+£035 29.1+£5 194 £ 50
55103.172 1.5+£035 199+£5 184 +50

Tab. 5.8.: HD 19994 B&C speckle measurements for a fixed brightness ratio of
Fe¢/Fg = 0.25 with conservative errors (see text for further informa-
tion).

on the speckle measurements but these terms are much smaller than
the speckle measurement error itself and thus can be neglected. A

plot of these speckle measurements including the fitted orbital model
for HD 19994 B&C will be presented in section 5.3.4.

5.3.3. Radial velocity

HD 19994 was included in a new NIR RV search campaign for extra-
solar planets under the Large Program 182.C-0748 led by Jacob Bean
(Bean et al. [7]) using the near infrared, high resolution spectrograph
CRIRES® at the ESO/VLT on Paranal in Chile. This program uses
an ammonia gas absorption cell as a spectral fiducial, and achieves
long-term RV precisions of 5m/s for mid- to late-M type stars (Bean
et al. [10]). This technique is equivalent to the Iodine-cell technique
used in the optical (Marcy and Butler [108]) but includes a sophis-
ticated model of the telluric absorption features present in the NIR
(Seifahrt et al. [174]). The data for HD 19994 B were obtained by
Jacob Bean and Andreas Seifahrt, while the reduction and analysis

of the spectra was performed by Andreas Seifahrt.

8 CRyogenic high-resolution InfraRed Echelle Spectrograph
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5.3. Target system - HD 19994

Date [MJD| RVg[km/s] RV¢[km/s]

54882.018 26.15 £ 0.1 15.65 £ 0.2
55051.393 24.70 £ 0.1 16.90 £ 0.2
55141.148 8.66 £ 0.1 43.16 £ 0.2
55143.161 892 £ 0.1 4252 £0.2
55429.365 24.60 £ 0.1 16.90 £ 0.2

Tab. 5.9.: Radial velocities of HD 19994 B&C, measured with CRIRES (by An-
dreas Seifahrt and Jacob Bean) at the ESO/VLT in Chile.

Because HD 19994 B turned out to be a spectral binary itself, two
synthetic stellar model spectra have to be fitted to the CRIRES spec-
tra. Using a synthetic spectrum of the telluric lines, a precise wave-
length solution at the 50 m /s level is achieved. The telluric lines used
in this case are mostly methane lines (see section 4.1.3 in Seifahrt et al.
[174]) coinciding with a rich system of carbon monoxide (CO) overtone
transitions in the stellar spectrum. A model grid of Drift-PHOENIX
models (Witte et al. [202]), kindly provided by Soeren Witte, was used
for the fit. In the context of stellar spectra (i.e. above the dust for-
mation temperature) Drift-PHOENIX spectra represent an improved
version of the widely used PHOENIX models (Hauschildt and Baron
|78]). The use of synthetic model spectra compromises the achievable
RV precision, since the spectral models do not fit perfectly the mea-
sured spectra. However, since empirical reference spectra of the two
stellar components present in the spectrum of HD 19994 BC can not
be obtained individually for obvious reasons, synthetic templates had
to be used to fit the measured spectra. The fit included the effective
temperatures and surface gravities of the two models, their absolute
RV shifts under consideration of the barycentric RV at the time of

observations, the wavelength solution, and the total flux level.
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Once RVs were measured, the ratio of the RV signals of the two
components could be used to infer a preliminary mass ratio of the
two components of about 0.63 from the ratio of the RV amplitudes.
Using the mass-radius relationship for low-mass stars given in Demory
et al. [38], the ratio of radii, and thus the ratio of the surface areas of
the two components, was determined and fixed to 0.4 for a final and
refined fit of the data. The effective temperatures of the two models
together with the ratio of the surface areas of both components yield
a flux ratio of F¢/Fp =~ 0.29, which compares well with the value
obtained from speckle interferometry.

It should be noted that the parameter values for the stellar mod-
els are poorly constrained to TB ~ 4300 K and Tgff ~ 3600 K with
an uncertainty of several hundred Kelvin. The surface gravity are
loggp >~ 5.0 £ 0.5 and log gc ~ 5.5 £ 0.5. The final error of the RVs
are conservatively adopted to +100m/s for the B component and
+200m/s for the new C component. A plot of these radial velocities

including the fitted orbital model can be found in the next section.

5.3.4. Companion HD 19994 C

At the end, the results from all three techniques (astrometry, speckle
interferometry, and radial velocity) are combined in order to deter-
mine the orbital elements of the HD 19994 B&C system by minimize
an error weighted y2. That one is defined as

=0 OF 5.4

g
i 1

where O-C is the deviation between the observed and the calculated

values and ¢ is the individual measurement error. For the x? mini-
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Measurements Deviations
Date [MJD| Sep |pixel] Pa [deg] Sep [mas| Pa |deg]

54040.185 175.497£7.8e-03  204.351+2.2e-03 -1.254£0.10 0.062+£2.2e-03
04297.425 175.228+1.1e-02  203.617+4.2e-03  3.324+0.15 -0.064+4.2¢-03
24757.200 173.666+2.3e-02  202.641+9.1e-03 -4.794+0.31 0.037+£9.1e-03
55103.225 173.169£3.4e-02  201.791+£1.4e-02 -3.57£0.45 -0.01241.4e-02

Tab. 5.10.: HD 19994 corrected measurements and deviations to a binary orbital
motion, which is fitted as a second order polynomial. The used pixel
scale has a value of (13.24 £ 0.1) mas/pixel.

mization the SciPy® package (Jones et al. [84]), a collection of scien-

tific algorithm for the programming language Python'®, was used.

Fig. 5.6 shows the astrometric measurements of the HD 19994 A&BC
system (upper panel), the deviation to a binary orbital motion (middle
panel), and the residuals of the astrometric companion model (lower
panel). The orbital motion of a real binary is fitted as a second order
polynomial (dotted line), while the model including an astrometric
companion around the B component is shown as the solid red line.
The astrometric signal of the new detected astrometric companion is

about 15 mas.

The orbital elements, derived by the x? minimization, are listed in
table 5.11 including the 1o and 30 uncertainty levels. These uncer-
tainties are defined as the parameter values, where the x? increases
to X2, + 1 and X2, + 9 and correspond to the confidential levels of
about 68 % and 95% (see Press [151] for further information). The
one and two dimensional y? maps can be found in appendix E. The

value x24 is defined as the x* divided by the number of free param-

9 Scientific Python
10 http:/ /www.python.org/
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Fig. 5.6.: Astrometric measurements and orbital solution of the HD 19994 A&BC
system. The dotted line is the fitted binary orbital motion and the
solid red line is the binary orbital motion disturbed by an astrometric
companion around HD 19994 B. The reason for the increase of the final
presicion is the simulation of the intrinsic instability of the astrometric
calibration cluster 47 Tuc. With further observations the final presicion
will decrease to about 0.1 mas, which is the final precision of the first
epoch observation in November 2006.
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HD 19994 B&C system.
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Fig. 5.8.: Orbital fit for the radial velocity measurements of HD 19994 B&C. The
radial velocity of the HD 19994 BC system itself (dashed line in the
upper panel) is fitted as a second order polynomial.

Parameter lo — Uncertainty 30 — Uncertainty
P [days] 378.35 105 378.35 + 1.06

M, [Mg] 0.554 4+ 0.006 0.554 £ 0.018
Meomp / My 0.604 £ 0.006 0.604 £ 0.017

w [deg] 334.895 4+ 0.240 334.895 + 0.721
Q [deg] 191.496 1-602 191.496 74758
Eccentricity 0.360 £ 0.005 0.360 £ 0.014

Inclination [deg]

mcomp [MQ]

Atotal [AU]

108.323 1038
0.335 + 0.009
0.984 4 0.007

108.323 +1:762

0.335£0.017
0.984 £ 0.013

Tab. 5.11.: Orbital elements of the new detected companion HD 19994 C, derived
by a x? minimization. The latter two parameters are calculated with
the fitted values above. A table with all orbital elements can be found
in appendix D.
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5. Results

eters, which is the number of observations subtracted by the number
of free parameters minus one.

The orbital fitting results presented in table 5.11 have a 2, of
about 0.5, thus the fitting result is some kind of “to good”. The
reason for that is the binary influence fitted to the astrometric and
the radial velocity measurements. By using the respective residuals
to fit this binary influence, the resulting residuals at the end of the
fitting procedure are “pushed” towards smaller values. That effect
is amplified by the low number of measurements, especially for the
astrometric data. With an increasing number of observations the x4
will also increase to about one.

The new detected companion HD 19994 C is a low mass star with a
mass of Meomp = (0.335 £ 0.017) Mg, in a 378 days orbit. The mass of
the B component, which is previously published as 0.4 M), is slightly
different, namely (0.554 + 0.018) M.

5.3.5. Comparison with theoretical models

Taking a look at NIR (near infrared) catalogues, the HD 19994 ABC
system has a combined Ks brightness of 3.75™ 4 0.24™ in 2MASS!!
(Skrutskie et al. [177]) and 3.68™ £ 0.1™ in DENIS!? (Borsenberger
et al. [17]). Furhermore, the brightness ratio between the A and the
BC component, measured in the Bry narrow band filter, is known
from own data observed for this astrometric search program.
2MASS, DENIS, and ESO using similar Ks filters and the mea-
surement error in the catalogues is much larger than any systematic

difference between these three Ks filters. But the brightness ratio of

1 Two Micron All Sky Survey, see http://www.ipac.caltech.edu/2mass/
12 Deep Near Infrared Survey of the Southern Sky, see http://cdsweb.u-strasbg.fr/denis.html

92



5.3. Target system - HD 19994

the A and the BC component is measured with the Bry narrow band
filter, which is located within the Ks filter curve. However, it is a
different filter and one has to check if photometric measurements of

both filters can be combined.

This is shown in Fig. 5.9, where the brightness ratio of the trans-
mitted flux of two blackbodies with given effective temperatures and
radii are simulated for both filters and compared to each other. The
resulting difference in the A mag measurements is less than 5 mmag?3.
Considering the measurement error from the near infrared catalogues
(0.25™), this effect is negligible. The values for the effective tem-
perature and the radius are chosen to be similar to those ones of
HD 19994 A and HD 19994 BC.

Hence, the brightness ratio measured in the Bry narrow band filter
can be applied on the Ks brightness of the whole HD 19994 system
given in the NIR catalogues. Including the distance of the system
that results in an absolute Ks band brightness for the HD 19994 BC
component of 4.78™ + 0.26™. Using the fixed brightness ratio of
Fe¢/Fp = 0.25 (derived by speckle interferometry, see section 3.4),

one can calculate the absolute brightness of each component by

F
mp ¢ = Mp4c + 2.5 logqg <1 + C’B> . (55)
Fg.c

In addition to the combined Ks band brightness of the BC com-
ponent, the mass ratio of both components is known. These values
are plotted in Fig. 5.10(a) together with theoretical evolutionary
tracks by Baraffe et al. [6]. The lines represent certain masses for the
heavy component (HD 19994 B) and the markers illustrate different

13 1 mmag = 1/1000 mag
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Fig. 5.9.: Comparison of the brightness ratio measurements of two different black-
bodies for the Bry narrow band (right) and Ks broad band filter (left).
The upper panel shows the standardized flux density folded with the
respective filter curve. The solid line in the lower panel is the measured
brightness ratio (dashed line: mean value) of these two blackbodies.

Kapc [mag]  Kgc — Ka [mag] Distance Module [mag|

3.7+0.25 2.85 + 0.05 1.77 £ 0.02
My (BC) [mag] Mk (B) [mag] M (C) [mag]
4.78 £ 0.26 5.01 + 0.26 6.56 =+ 0.26

Tab. 5.12.: Ks band magnitudes of the HD 19994 system for the parallaxe of
44.29 £+ 0.28 mas from van Leeuwen [197] and a brightness ratio of
0.25 determined with speckle interferometry.
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Fig. 5.10.: Theoretical evolutionary tracks by Baraffe et al. [6]. The data points
are the derived properties of HD 19994 B&C obtained by the orbital
fit.

stellar ages. Hence, from theoretical evolutionary models, a mass of
about (0.5...0.7) Mg for HD 19994 B is expected, which is in good
agreement with the mass of Mp = (0.554 + 0.018) M, obtained by
the orbital fit.

Fig. 5.10(b) shows the Ks band brightness over the mass of B and
C component individually. Also, evolutionary tracks by Baraffe et al.
[6] are plotted, which fits not very well the data point of HD 19994 B.
The mass as well as the Ks band brightness are determined using the
fixed brightness ratio of the B and C component. This was fixed to
0.25 determined by speckle interferometric analysis, but analyzing the
CRIRES spectra, a ratio of 0.29 was obtained. The brightness ratio
can be constrained to 0.2...0.3, but the exact value is still vague.

The reason that HD 19994 B&C does not fit the evolutionary tracks
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perfectly is most likely the remaining uncertainty of their brightness
ratio, which has impact on their mass and their Ks brightness.
Another explanation are systematic effects of the theoretical models
itself. Hillenbrand and White [80] did an extensive work comparing
the dynamically measured mass of stars with their theoretically ex-
pected mass from different evolutionary models. For main-sequence
stars with a mass lower than 1.2 My, all masses predicted by the-
ory differ from the dynamically measured mass. For masses between

(0.2...0.5) Mg, this discrepancies are dominant.

There are still some inconsistences in the HD 19994 system. The
radius of HD 19994 A was measured to be about 1.8...1.9R (with
optical interferometry using the CHARA'" Array by Baines et al.
3] and with spectroscopy by Fuhrmann [64]), which is too large for
an F8 dwarf. One explanation could be a wrong system age, which
is supported by the large spread of published age determinations of
about 3 to 13 Gyrs. But the age determination of dwarf stars is
complicated (the isochrones are very similar) and not a part of this

work.

14 Center for High Angular Resolution Astronomy
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6. Summary and outlook

The first part of this work is an extensive study of exoplanets in stellar
multiple systems (presented in chapter 1.5). Searching the literature
and by matching the host stars of exoplanets (detected by the transit
or radial velocity technique) with the CCDM!, 79 exoplanets in stellar
multiple system were found. These systems are listed in the tables
1.1, 1.2, and 1.3. The resulting multiplicity rate of about 17 % is in
good agreement with previous publicated values of about 20 %, where
the host star multiplicity of exoplanets detected by the radial velocity
technique was studied. Compared to the multiplicity rate of solar like
stars, which is about 50 %, the multiplicity of exoplanet host stars is
quite low.

Using a two dimensional Kolmogorov-Smirnov test (Fig. 1.3), a
difference in the mass-period and the eccentricity-period relation be-
tween exoplanets around single stars and in stellar multiple systems
was found. Furthermore, as one can see in Fig. 1.5, the mass and
the number of exoplanets in stellar multiple systems depend on the
separation of their host-star and the nearest stellar companion. This
could be a direct hint for a gravitational interaction of the stellar
companion with the protoplanetary disk of an exoplanet host star,

which is predict by theory:.

I Catalogue of Components of Double and Multiple Stars by Dommanget and Nys [44]
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In very close stellar systems with an apparent separation of less than
10 AU, no exoplanet is found so far. For apparent separations of about
10...100 AU, called close stellar systems in this work, all detected
exoplanets have a mass of more than one Jupiter mass. The mass
of exoplanets in intermediate systems decreases with an increasing
apparent separation from 100 AU up to about 1000 AU. Furthermore,
multi-planet systems are only present in stellar systems with an ap-
parent separation of more than 500 AU. In wide stellar systems, with
a semi-major axis of more than 1000 AU, no influence of the stellar

multiplicity on the formation and evolution of exoplanets was found.

In order to enlarge the observational data of exoplanets in stellar
multiple systems, an observation method to search for exoplanets in
especially close binaries is developed and tested in the second part of
this work. That method can be described as ground based and AO
assisted astrometric (lucky) imaging with large apertures. In con-
trast to other techniques like RV or transit observations, AO assisted
astrometric imaging is a suitable and efficient method to search for

exoplanets in close binaries because of its high spatial resolution.

Ground based astrometric observations have to account for disturb-
ing effects, like atmospheric, stellar, and relativistic effects. These
effects were discussed in detail and their influence on relative astro-
metric measurements were analyzed (chapter 2). Considering these
disturbing effects and using old globular clusters for an iterative cali-
bration procedure (chapter 4), a final multi-epoch precision down to
100 pas is achieved. Hence, the astrometric detection of Jovian exo-
planets around solar like stars and even less mass exoplanets around

nearby low-mass stars is possible. By increasing the amount of ob-
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servational data, the influence of a close stellar companion on the
planetary formation and evolution can be studied in more detail by
comparing these observational results with current planet formation

theories.

After developing the observation, the analysis, and the calibra-
tion strategies (chapter 2, 3 and 4), the feasibility of this ground
based astrometric search program was tested on the HD 19994 system.
HD 19994 is a formerly known stellar binary with a RV exoplanet can-
didate around its primary. After four epoch observations a signal of
about 15mas was detected, which is larger than the expected plan-
etary astrometric signal of about 0.15...1.5mas depending on the
planetary inclination. The origin of this larger signal is an unseen
further component around HD 19994 B. That astrometric detection
of an additionally body in the HD 19994 system was confirmed in this
work by speckle interferometry as well as by RV follow-up observa-

tions (chapter 5).

The detected astrometric companion HD 19994 C has a mass of
0.335 4+ 0.017 My, an orbital period of 378.35 4+ 1.06 days, and an
inclination of 108.3 + 1.8 degree. That inclination is equal to the ex-
pected inclination for HD 19994 A&B of about 110 degree. Assuming
coplanarity, the true mass of the RV planet candidate would be about
1.8 Myyp. The existence of a further component around HD 19994 B
does not obviate the existence of the RV planet candidate around
HD 19994 A. The orbital periods of both objects are different and
with further observations, one can search for the astrometric signal

of HD 19994 Ab, superposed on that signal of the new C component.
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6. Summary and outlook

Looking at the residuals in Fig. 5.6, an additional astrometric signal
of more than 1mas can be excluded, which results in a planetary in-
clination angle larger than eight degrees and an upper mass limit of
12 My, for the RV planet candidate. Hence, HD 19994 Ab is a planet.

In addition to HD 19994, ten further stellar systems are already ob-
served in one or two epoch (section 2.5.2). Because of the special
analysis strategy, at least four observations are needed to search for
an astrometric signal. Hence, this astrometric search program has
just started. With just a few more observations, the search for an
astrometric signal in the other target systems can be done. Further-
more, an extended target list of more than 150 suitable stellar systems
is build by matching the Gliese catalogue of nearby stars® with the
CCDM (appendix F).

As mentioned by Kley and Nelson [87], the formation of planets in
close binaries is still a challenge for current planet formation theo-
ries. With continuous observations, the astrometric search program
presented in this work will improve our knowledge of exoplanets in
stellar multiple systems. Especially the observational data of very
close systems will be enlarged and thus the understanding of the in-
fluence of a close stellar companion on the planetary formation and

evolution will be improved.

2 Gliese and Jahreiss [68]
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A. Calculation of ephemerides

For further information about the orbits of double stars and the calcu-
lation of ephemerides, please take a look at Aitken [2| or Montenbruck
[123] and references therein.

To determine the position and velocity of a celestial body in an
elliptical orbit seven parameters are needed in total, which define the
position of the body within the orbit as well as the position of the
orbital plane within the space. These parameters are called orbital

elements.

orbital period
. time of periastron passage
semimajor axis

argument of periastron (A.1)

<2 & o H T

longitude of ascending node

inclination

—e

e ... eccentricity

The argument of periastron is the orbit position where the sec-
ondary has the smallest separation to its primary. The correspond-
ing counterpart is the apastron, which is the orbit position with the
largest distance. To calculate the exact position of an celestial body

within the orbit three angles (also called anomaly) are needed, which



A. Calculation of ephemerides

Line of Sight

/
North

!
Tangent Plane —

True Orbit

L orbital Plane

(a)
. A.1.: (a) Location of the orbit relatively to the observer [204] and (b) the

Fig
different angle definitions of an elliptical orbit.

can be calculated with the period P, the time of periastron passage

T, and the eccentricity for any given date t.

E eccentric anomaly

M mean anomaly (A.2)

W true anomaly
The mean anomaly M has an uniform angular velocity and can be
calculated for any date t by

2
M =" (t—T). (A.3)
P
The “Kepler equation” (Equ. A.4) yield the relataion between the
(A.4)

mean and the eccentric anomaly.
M = E —e sin (E)

IT



That equation cannot be solved analytically but with numerical meth-
ods like the “Newton method”, which is defined by

B
Xp+1 = Xy f/(X>. (A5)

As first approach for the eccentric anomaly, the mean anomaly can

be used.

M + e sin (E,) — E,

Eniy = Ey — ,
o e cos(E,) —1

Eo=M  (A6)

The angle between periastron and the position of the celestial body

in the orbit, the true anomaly, is the result of the following relation.

o () = 55w (5) A

The true position of the celestial body can now be determined by:

R = a[l—ecos(E)]

X =R cos(W) = a[cos(E)— ¢] (A-8)

Y=Rsin(W) = av1—e?sin(E)

However, the measurable apparent position and the shape of the
orbit are affected by projection effects due to the orientation of the
orbital plane in the space. That orientation is described by the incli-
nation angle i, the argument of periastron w, and the longitude of the
ascending node 2. The position of the celestial body in the apparent
orbit (as seen by the observer) is the projection of the true orbit and
position onto the plane of reference, which is the tangent plane rela-

tively to the observer.
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A. Calculation of ephemerides

The vectors P and Q are called “Gaufsche Vectors” and are com-

parable with the widely used “Thiele-Innes-elements”.

X P, Qx
y | =X Py +Y Qy (A.9)
z P, Q,

cos (w) cos (§2) — sin (w) cos (i) sin (£2)
P = cos(w)sin () + sin (w) cos (i) cos (£2) (A.10)
sin (w) sin (€2)

— sin (w) cos (2) — cos (w) cos (i) sin (€2)
Q=] —sin(w)sin () + cos (w) cos (i) cos (£2) (A.11)
cos (w) sin (§2)

The orbital velocity of a celestial body can be determined by the
following formulas, whereas x and y stand for the tangential proper

motion and z for the radial velocity:.

X
| A2 a2 {
M R Y SRy

Z

—sin (W) P + [e+cos (W)] Q} (A.12)
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B. Calculation of atmospheric

refraction index

Stone [180] published accurate formulas to calculate the atmospheric
refraction index, which only require the knowledge of the relative
humidity H in percent, the air pressure p,i; in mm, and the air tem-
peratur t,; in °C. Using the relation x = In(H/100), the dew point

tap can be calculated as

(air + 238.3)x + 17.2694t iy
(tair + 238.3)(17.2694 — x) — 17.2694t,; |

tap [°C] = 238.3 (B.1)

According to Owens [146], the water vapor pressure pyy is

Puy [mm] = 4.50874 + 0.341724 ty,
+1.06778 x 1071 t3 ) + 1.84889 x 10~ t3
+2.38204 x 10704 +2.03447 x 108¢3  (B-2)

Pyy [mbar] = 1.333224 py,.

) ) d . . )
The air pressure for dry air Pj.”, which is the air pressure py;, cor-

rected for water vapor, is given by

PYY [mbar] = 1.333224 (Pair — Puy)- (B.3)

air



B. Calculation of atmospheric refraction index

At the end, the refraction index n for a given wave number o = 10*/\

of a monochromatic wavelength A in um can be calculated as

683939.7 n 4547.3
130 — 02 = 38.9 — o2

+B (6487.31 + 58.058 o2 (B.4)

(m—1)x 1078 = A |2371.34 +

—0.7115 0 + 0.08851 0°)

with the constants A and B, where T, is the air tempertaure in
Kelvin (T, = 273.15 + tap).

dry —4
! 9.325 x 10 0.25844
A = —ar |1 pdy 5791078 —
Tair [ P ( : Tair " T2, )]

2.2 10.792  7.75141 x 10
B — (_2_37321X10_3+ 3366 710.792  7.75141 x 0)

T, T2 T3

air air

« D (14 Pyy +3.7x107*P2))

alr

(B.5)
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C. HD 19994 BC - Complex

0.8

visibilities

Visibility Phase
2l ‘ 1
I‘KHL*‘\I\ 5
> v\:\ ot 4 i
s < 7
¥ % P
7 % ¥
7 X i e
F4 . S} 5 GITEIITEraT. e
4 \\( I}V'
7 % ¥
,I/ ‘\X o /1
v R /2
- - T
g
20 10 Q 10 20 —-20 —10 0 10 20
Pixel Pixel
(a) Visibility for December 2004 (b) Phase for December 2004
Vizibility Phase
S : 1
I
I/»,,:' 1\3\ (S /‘; d |
/7/ o "
L 1
13 //,ﬂ/
Il o‘ L Il Il L i
—10 Q 10 20 —20 —10 0 10 20
Pixel Pixel
(c) Visibility for November 2006 (d) Phase for November 2006
Fig. C.1.: Visibilities of the HD 19994 BC component. The A component is used

as PSF reference.
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C. HD 19994 BC - Complex visibilities
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Fig. C.2.: Visibilities of the HD 19994 BC component (cont). The A component
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D. HD 19994 C - Orbital solution

Parameter 1o — Uncertainty 30 — Uncertainty
P [days] 378.35370:3% 378.353 & 1.061
T [MJD] 55113.904 + 0.220 55113.904 10541
M, [Mg)] 0.554 + 0.006 0.554 + 0.018
Meomp / M, 0.604 + 0.006 0.604 + 0.017

w [deg] 334.895 4 0.240 334.895 4+ 0.721
Q [deg] 191.496 +}-5%2 191.496 4753
Eccentricity 0.360 % 0.005 0.360 + 0.014

Inclination [deg]

Meomp Mo

108.323 13381
0.335 + 0.009

0.889 £ 0.017
0.984 £ 0.007

108.323 71-762
0.335 £ 0.017

0.889 £ 0.034
0.984 £ 0.013

Tab. D.1.: Orbital elements of HD 19994 C, derived by x? minimization. The
latter three parameters are calculated with the fitted values above.
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D. HD 19994 C - Orbital solution
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Measurements and orbital solution of the HD 19994 A&BC system.

The dotted line is the binary orbital motion.

The solid line is the

binary orbital motion disturbed by the Wobble orbit of the B compo-
nent, which is induced by the astrometric companion HD 19994 C.
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D. HD 19994 C - Orbital solution

HD19994 B - Wobble Orbit |
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Fig. D.3.: Reflex orbit (solid line) of the flux center of HD 19994 B&C around
their common center of mass. The data shown are reconstructed from
the astrometric binary measurements.
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Orbital fit of the radial velocity measurements of HD 19994 B&C. The
radial velocity of the HD 19994 system itself was fitted as a third order
polynomial.
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Fig. E.1.: Two dimensional x? maps for the orbital elements of the new detected

HD 19994 C component around HD 19994 B. The additional Ay? terms
for the 1o, 20, and 30 uncertainties are 2.3, 6.2, and 11.8 (see Press
[151, page 815] for further information).
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E. HD 19994 C - x* Maps
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Fig. E.2.: Two dimensional x? maps for the orbital elements of the new detected
HD 19994 C component around HD 19994 B (continuation).
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E. HD 19994 C - x* Maps
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F. Extended target list

More than 150 suitable systems were found by matching the Gliese
catalogue of nearby stars (Gliese and Jahreiss [68|) with the Catalogue
of Components of Double and Multiple Stars (Dommanget and Nys
[44]). The following table listed these systems sorted by name with the
spectraltype of the primary, the distance of the system as well as the
separation and the position angle of the companions. The selection
criteria are dwarf stars with a spectral type later or equal than GO,
a distance of less than 60 parsec, and at least one companion with a
stellar separation of 0.1 arcsec up to about 15 arcsec. All data shown

in the table are taken from these both catalogs.
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] [arcsec] [degree]

BD+01 2684 MO V 15.9 A

BD+01 2684 B B 1.30 66.00

BD+01 3942 K4 21.8 A

BD-+01 3942 B B 9.20 180.00

BD-+05 3409 M1V 10.0 A

BD-+05 3409 B B 10.10 286.00

BD+10 1857 MO 15.0 A

BD-+10 1857 B B 2.20 169.00

BD+10 1857 C C 115.00 96.00

BD+21 1764 K5 16.9 A

BD+21 1764 B B 10.40 151.00

BD+27 1311 MO Ve 16.8 A

BD+27 1311 B B 12.10 299.00

BD+27 4120 MO 12.4 A

BD+27 4120 B B 5.00 220.00

BD+27 4120 C C 0.20 109.00

BD-+32 3326 M3.5 8.2 A

BD+32 3326 B B 3.40 300.00

BD-+32 3326 C C 48.00 50.00

BD-+38 4818 M2 14.1 A

BD+38 4818 B B 0.10 355.00

BD-+39 0710 K5 25.0 A

BD+39 0710 B B 3.00 214.00

BD-+76 614 K7 34.5 A

BD+76 614 B B 3.70 164.00

BD- 3 3952 K5 22.7 A

BD- 3 3952 B B 7.00 299.00

continued on next page
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Name Spectraltype Distance Companion Separation Position Angle

[pc] |arcsec] [degree]
BD-12 2918 M3 9.3 A
BD-12 2918 B B 0.50 109.00
BD-18 3019 M1 12.9 A
BD-18 3019 B B 7.50 352.00
BD-20 958 MOV 25.0 A
BD-20 958 B B 0.20 341.00
BD-20 3198 K7V 23.3 A
BD-20 3198 B B 0.60 328.00
BD-20 3198 C C 5.60 189.00
BD-20 6558 K7V 22.7 A
BD-20 6558 B B 7.50 202.00
BD-21 1074 M2 12.0 A
BD-21 1074 B B 8.30 319.00
BD-21 1074 C C 1.30 5.00
CD-31 7745 MOV 20.0 A
CD-31 7745 B B 8.00 270.00
CD-36 6589 MOV 13.3 A
CD-36 6589 B B 1.10 166.00
CD-37 10765 M3 7.7 A
CD-37 10765 B B 7.60 50.00
CD-44 3045 M3 8.6 A
CD-44 3045 B B 3.20 50.00
CD-58 538 MO Ve 13.0 A
CD-58 538 B B 0.20 300.00
CD-72 1700 M2 Ve 10.2 A
CD-72 1700 B B 1.30 5.00
CP-49 990 KO 14.3 A
CP-49 990 B B 1.30 257.00

continued on next page
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

G009-008 M5 e 8.8 A

G009-008 B B 12.00 348.00

G123-013 M2V 20.0 A

G123-013 B B 0.50 340.00

G140-009 M2 15.6 A

G140-009 B B 0.40 122.00

G145-031 M3 20.4 A

G145-031 B B 3.80 347.00

G164-042 M4 16.9 A

G164-042 B B 0.40 286.00

G188-014 M3 18.9 A

G188-014 B B 0.30 135.00

GJ 2036 M2 Ve 10.5 A

GJ 2036 B B 9.00 315.00

Gl 236 MO 14.9 A

Gl 236 B B 8.10 236.00

HD 101177 GOV 25.0 A

HD 101177 B B 9.70 253.00

HD 10307 Gls5V 13.7 A

HD 10307 B B 0.50 35.00

HD 103493 G5OV 30.3 A

HD 103493 B B 3.20 180.00

HD 104471 GOV 37.0 A

HD 104471 B B 0.60 121.00

HD 105590 G2V 22.7 A

HD 105590 B B 10.00 89.00

HD 105590 C C 19.10 75.00

continued on next page
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Name Spectraltype Distance Companion Separation Position Angle

[pc] |arcsec] [degree]
HD 105963 K2 22.7 A
HD 105963 B B 12.70 221.00
HD 106116 G4V 21.5 A
HD 106116 B B 2.00 5.00
HD 106783 K4V 22.7 A
HD 106783 B B 0.30 237.00
HD 108421 K3V 23.8 A
HD 108421 B B 2.30 18.00
HD 109358 GOV 8.7 A
HD 109358 B B 0.10 43.00
HD 109358 C C 76.20 220.00
HD 109524 K4V 16.1 A
HD 109524 B B 97.00 135.00
HD 109952 K5V 20.4 A
HD 109952 B B 0.80 209.00
HD 111261 K4/5 A\ 20.8 A
HD 111261 B B 12.50 311.00
HD 111312 K2V 20.0 A
HD 111312 B B 2.70 63.00
HD 112758 KOV 23.8 A
HD 112758 B B 1.60 300.00
HD 113693 K3V 25.0 A
HD 113693 B B 0.20 163.00
HD 115404 K1V 11.9 A
HD 115404 B B 6.40 108.00
HD 115404 C C 92.50 3.00
HD 117635 GV 21.3 A
HD 117635 B B 0.20 122.00

continued on next page
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 120036 K5V 14.5 A

HD 120036 B B 8.00 86.00

HD 120237 K4 29.4 A

HD 120237 B B 11.60 355.00

HD 120780 K1V 16.7 A

HD 120780 B B 6.00 70.00

HD 121271 K7V 14.1 A

HD 121271 B B 1.20 34.00

HD 124498 K4V 25.0 A

HD 124498 B B 1.70 279.00

HD 125354 K5 23.9 A

HD 125354 B B 0.30 94.00

HD 127356 G5OV 43.5 A

HD 127356 B B 2.10 84.00

HD 12759 G3V 27.0 A

HD 12759 B B 1.00 178.00

HD 135204 KOV 17.0 A

HD 135204 B B 0.10 231.00

HD 136466 GOV 17.8 A

HD 136466 B B 0.70 77.00

HD 140538 G5OV 19.8 A

HD 140538 B B 4.20 61.00

HD 140901 G6V 13.6 A

HD 140901 B B 14.90 133.00

HD 140901 C C 8.10 135.00

HD 145958 G8V 19.3 A

HD 145958 B B 4.20 344.00

continued on next page
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Name Spectraltype Distance Companion Separation Position Angle

[pc] |arcsec] [degree]
HD 148704 KOV 17.8 A
HD 148704 B B 11.00 238.00
HD 148704 C C 4.10 221.00
HD 153026 K5V 13.7 A
HD 153026 B B 4.00 8.00
HD 15468 K4V 20.4 A
HD 15468 B B 0.60 312.00
HD 154712 K4V 23.3 A
HD 154712 B B 12.10 47.00
HD 155121 G5 20.8 A
HD 155121 B B 0.60 20.00
HD 159462 G2V 25.4 A
HD 159462 B B 6.00 336.00
HD 159704 G8V 18.5 A
HD 159704 B B 1.40 106.00
HD 163545 KO 27.8 A
HD 163545 B B 0.60 291.00
HD 163840 G2V 20.0 A
HD 163840 B B 0.10 160.00
HD 174564 K3V 25.0 A
HD 174564 B B 11.20 4.00
HD 175224 K7V 13.7 A
HD 175224 B B 3.60 319.00
HD 178076 KOV 25.6 A
HD 178076 B B 9.00 210.00
HD 179930 K9V 13.8 A
HD 179930 B B 0.20 43.00
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 179958 G6V 23.0 A

HD 179958 B B 8.20 212.00

HD 179958 C C 47.10 13.00

HD 183783 K5V 20.0 A

HD 183783 B B 11.20 244.00

HD 184467 K1V 20.6 A

HD 184467 B B 0.10 74.00

HD 18455 K1/2V 22.7 A

HD 18455 B B 0.90 333.00

HD 18455 C C 28.60 224.00

HD 18455 D D 5.10 172.00

HD 184860 K2V 19.0 A

HD 184860 B B 5.00 328.00

HD 185454 G5V 27.8 A

HD 185454 B B 1.70 163.00

HD 18757 G4V 22.2 A

HD 18757 B B 12.70 132.00

HD 189484 K5V 19.6 A

HD 189484 B B 14.20 48.00

HD 191408 K3V 5.6 A

HD 191408 B B 7.10 123.00

HD 196850 G2V 25.0 A

HD 196850 B B 34.20 327.00

HD 196850 C C 16.90 14.00

HD 196850 D D 113.50 219.00

HD 200968 K1 Ve 14.7 A

HD 200968 B B 4.90 167.00

HD 200968 C C 11.70 301.00
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Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 202940 G5V 17.7 A

HD 202940 B B 3.20 255.00

HD 207496 K3/4V 20.4 A

HD 207496 B B 2.10 118.00

HD 207966 G8 27.8 A

HD 207966 B B 10.50 87.00

HD 207966 C C 55.00 50.00

HD 21019 G2V 18.2 A

HD 21019 B B 3.90 48.00

HD 210460 GOV 17.2 A

HD 210460 B B 0.50 9.00

HD 211415 GlV 12.1 A

HD 211415 B B 3.40 32.00

HD 211472 K1V 21.3 A

HD 211472 B B 59.10 65.00

HD 211472 C C 5.90 300.00

HD 211472 P P 31.90 116.00

HD 211472 Q Q 37.40 263.00

HD 211472 R R 40.10 261.00

HD 211472 S S 57.80 358.00

HD 211472 T T 78.00 106.00

HD 21175 KOV 14.5 A

HD 21175 B B 2.10 221.00

HD 211998 GOV 14.3 A

HD 211998 B B 0.10

HD 21209 K5V 22.7 A

HD 21209 B B 14.70 234.00
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 212698 G3V 16.4 A

HD 212698 B B 4.40 324.00

HD 212698 C C 46.70 339.00

HD 212698 D D 1.80 101.00

HD 212989 KOV 16.1 A

HD 212989 B B 0.90 227.00

HD 212989 C C 119.20 129.00

HD 21411 G8V 31.2 A

HD 21411 B B 10.00 135.00

HD 214615 G8/K0O V 37.0 A

HD 214615 B B 3.60 298.00

HD 214615 C C 98.20 245.00

HD 214953 GlvV 20.4 A

HD 214953 B B 7.80 129.00

HD 218572 K4V 22.7 A

HD 218572 B B 13.10 107.00

HD 218640 G2V 47.6 A

HD 218640 B B 0.40 7.00

HD 218738 G5 34.8 A

HD 218738 B B 15.40 254.00

HD 221613 GO 32.3 A

HD 221613 B B 0.20 341.00

HD 222474 K2 17.9 A

HD 222474 B B 0.70 236.00

HD 222474 C C 101.90 3.00

HD 223515 K1V 25.0 A

HD 223515 B B 2.50 9.00

HD 223778 K3V 10.4 A

HD 223778 B B 4.60 95.00
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Name Spectraltype Distance Companion Separation Position Angle

[pc] |arcsec] [degree]
HD 224953 MOV 16.7 A
HD 224953 B B 3.70 120.00
HD 23189 K7 19.3 A
HD 23189 B B 17.00 16.00
HD 23189 C C 0.70 234.00
HD 23189 D D 43.60
HD 23439 K1V 20.4 A
HD 23439 B B 8.00 50.00
HD 23439 C C 77.90 327.00
HD 23439 D D 4.40 142.00
HD 23588 K5V 20.8 A
HD 23588 B B 1.80 78.00
HD 238224 MOV 20.4 A
HD 238224 B B 0.20 193.00
HD 24409 GO 21.3 A
HD 24409 D D 6.80 216.00
HD 24409 Q Q 33.40 67.00
HD 24496 GbH 21.3 A
HD 24496 B B 2.60 255.00
HD 24916 K4V 14.7 A
HD 24916 B B 11.10 22.00
HD 28255 G4V 25.0 A
HD 28255 B B 5.90 242.00
HD 286955 K3V 20.2 A
HD 286955 B B 36.00 164.00
HD 286955 C C 0.80 172.00
HD 30090 GO 19.2 A
HD 30090 B B 0.10 148.00
HD 30973 K5V 23.3 A
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] [arcsec] [degree]

HD 30973 B B 4.40 201.00

HD 32450 MOV 7.7 A

HD 32450 B B

HD 32450 C C 10.40 28.00

HD 331161 MO0.5 13.5 A

HD 331161 B B 3.70 132.00

HD 34673 K3V 12.5 A

HD 34673 B B 2.70 29.00

HD 34721 GOV 20.4 A

HD 34721 B B 46.00 234.00

HD 34721 C C 15.80 101.00

HD 34751 K3/5 Vv 16.4 A

HD 34751 B B 5.00 75.00

HD 37706 GOV 25.0 A

HD 37706 B B 5.00 67.00

HD 40397 GO 25.0 A

HD 40397 B B 4.10 359.00

HD 40865 GoV 21.3 A

HD 40865 B B 10.80 328.00

HD 40865 C C 4.10 265.00

HD 40887 K5V 15.2 A

HD 40887 B B

HD 40887 C C 1.70 42.00

HD 40887 D D 11.90 191.00

HD 4378 K5V 12.3 A

HD 4378 B B 5.70 91.00

HD 45088 K2Ve 15.0 A

HD 45088 B B 1.30 162.00
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Name Spectraltype Distance Companion Separation Position Angle
[pc] [arcsec] [degree]

HD 48189 GOV 21.7 A

HD 48189 B B 2.40 270.00

HD 5109 GO 18.8 A

HD 5109 B B 6.50 71.00

HD 51849 K4V 21.3 A

HD 51849 B B 0.40 49.00

HD 5425 K5V 25.0 A

HD 5425 B B 1.00 84.00

HD 5857 G5 19.7 A

HD 5857 B B 4.20 249.00

HD 6101 KO 23.3 A

HD 6101 B B 0.70 62.00

HD 64606 G8V 23.3 A

HD 64606 B B 4.90 99.00

HD 65277 K5V 18.9 A

HD 65277 B B 4.10 69.00

HD 65277 C C 4.50 230.00

HD 65907 G2V 15.9 A

HD 65907 B B 60.00 90.00

HD 65907 C C 2.30 270.00

HD 6660 K4V 21.3 A

HD 6660 B B 10.00 74.00

HD 69565 G8/K0O V 14.1 A

HD 69565 B B 11.80 195.00

HD 73350 GO 22.2 A

HD 73350 B B 61.00 202.00

HD 73350 C C 9.80 211.00
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 75632 K5V 11.3 A

HD 75632 B B 1.20 138.00

HD 77175 K5 18.2 A

HD 77175 B B 5.20 189.00

HD 78643 GlV 29.4 A

HD 78643 B B 1.60 345.00

HD 79096 KOV 21.9 A

HD 79096 B B 35.40 118.00

HD 79096 P P 0.20 127.00

HD 79170 KOV 22.1 A

HD 79170 B B 9.00 281.00

HD 81809 G2V 18.5 A

HD 81809 B B 0.40 153.00

HD 82342 K3V 22.2 A

HD 82342 B B 5.40 267.00

HD 82885 G8V 11.5 A

HD 82885 B B 2.00 31.00

HD 85228 K1V 22.2 A

HD 85228 B B 1.40 277.00

HD 86590 KOV 20.8 A

HD 86590 B B 0.20 38.00

HD 88746 G8V 34.5 A

HD 88746 B B 5.30 127.00

HD 8997 K2V 18.2 A

HD 8997 B B 79.80 73.00

HD 8997 C C 2.70 93.00

HD 8997 D D 80.40 189.00
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Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

HD 9619 KO/l Vv 23.8 A

HD 9619 B B 0.10 185.00

HD 97782 K4V 19.6 A

HD 97782 B B 2.80 217.00

HD 98712 K4/5V 15.7 A

HD 98712 B B 5.10 329.00

HD 98736 KO 25.0 A

HD 98736 B B 5.20 321.00

HD 98800 K4V 14.7 A

HD 98800 B B 0.20

LHS 1047 M4 5.3 A

LHS 1047 B B 0.30 149.00

LHS 1180 M1.5 17.1 A

LHS 1180 B B 3.00 23.00

LHS 1522 M1.5 14.2 A

LHS 1522 B B 4.70 23.00

LHS 1731 M3 11.8 A

LHS 1731 B B 10.90 347.00

LHS 1771 K5V 25.0 A

LHS 1771 B B 5.00 67.00

LHS 2069 M6 14.6 A

LHS 2069 B B 2.40 77.00

LHS 221 M3.5 10.9 A

LHS 221 B B 0.30 265.00

LHS 2253 M3 18.2 A

LHS 2253 B B 12.00 45.00

LHS 2368 M3 16.4 A

LHS 2368 B B 4.00 70.00
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F. Extended target list

Name Spectraltype Distance Companion Separation Position Angle
[pc] |arcsec] [degree]

LHS 247 MOV 294 A

LHS 247 B B 0.60 214.00

LHS 2470 M3 12.2 A

LHS 2470 B B 9.00 110.00

LHS 2789 M3 24.3 A

LHS 2789 B B 1.30 33.00

LHS 2997 M3.5 10.6 A

LHS 2997 B B 0.30 104.00

LHS 3269 M3.5 11.7 A

LHS 3269 B B 0.50 100.00

LHS 3602 M3 15.7 A

LHS 3602 B B 14.00 312.00
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