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Abstract

Searching for extrasolar planets by direct detection liglgxtremely chal-
lenging for current instrumentation. Indirect methodsittmeasure the effect of
a planet on its host star, are much more promising and haeedikkd to the dis-
covery of nearly all extrasolar systems known today. WHike most successful
method thus far is the radial velocity technique, new imenmetric instruments
like PRIMA at the VLTI will enable us to carry out astrometmngeasurements
accurate enough to detect extrasolar planets and to dee@atiorbital parame-
ters, including their orbit inclination and true mass. lIistarticle | describe the
narrow-angle astrometry technique, how it will be realizgith PRIMA, what
kind of planets we can find, and what kind of preparatory olzd@ns are re-

quired.
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1. Introduction

The discovery of planets orbiting stars other than our Sonésof the greatest
scientific and philosophical achievements of our time. Adidm providing us
with a wealth of information to understand the formation atraicture of plane-
tary systems in a universal context, it captures the interelsoth scientists and
the public with the prospect of finding life in the Universeighered by the dis-
covery of the first planet orbiting another solar-like stadB95 [24], more than
300 extrasolar planets have been discovered, the majdrityemn by using the
radial velocity method. The dominant role of this technigsidvowever being
eroded by the arrival of new facilities.

The European Southern Observatory (ESO) is currently iateg and test-
ing PRIMA, the instrument foPhaseReferenced maging andMicro-arcsecond
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Astrometry [6, 7, 8, 9] at the Very Large Telescope Interfextan on Cerro
Paranal in Chile. The VLTI consists of four stationary 8.24dl’ "Unit Tele-
scopes” (UTs), four movable 1.8-m "Auxiliary Telescope8T§), and six long-
stroke delay lines (DLs). It provides baselines of up to 208 covers a wave-
length range that extends from the near infraregnf) to 13um [37, 38].

PRIMA will implement the dual-feed capability at the VLTI frst for two
UTs or ATs, to enable simultaneous interferometric obg@ma of two objects
that are separated by up to 1 arcmin. PRIMA consists of

1. Star Separators (STS) for each telescope (at first two¥dparate two sub-
fields (with a star in each) from the telescope field-of-viewl dend them
as collimated beams through the interferometer,

2. Differential Delay Lines (DDLs) that compensate for th#ical path dif-
ference (OPD) between the two stars,

3. Fringe Sensor Units (FSUs), which combine the beams aedtdée inter-
ferometric fringes, and

4. an end-to-end laser metrology system (PRIMET) that nreasihe OPDs
within the interferometer.

PRIMA is designed to perform narrow-angle astrometry ind with two ATs
as well as external fringe-tracking for phase-referenqeaitare synthesis imag-
ing with UTs or ATs and instruments like AMBER [31] and MIDI12

The PRIMA facility will soon provide us with the infrastruge to carry out
an astrometric search for extrasolar planets. This wilhbmdmplement some
weaknesses inherent to the radial velocity method as welpaa new discovery
spaces. In order to speed up the full implementation of ttremetric capability
and to carry out a large astrometric planet search programonsortium lead by
the Observatoire de Geneve (Switzerland), Max Plancktitstfor Astronomy,
and Landessternwarte Heidelberg (Germany), has buileEifitial Delay Lines
(DDLs) for PRIMA [29] and is currently developing the astretric observation
preparation and data reduction software [11]. When PRIM&obees fully opera-
tional in 2010, the consortium will to use it with two ATs torpaout a systematic
astrometric Exoplanet Search with PRIMA (ESPRI) [16, 17,119 20, 34, 35].

2. Extrasolar planets - overview on search methods

There are various methods to detect planets around othier{38¢. One can
distinguish two detection principles:



1. Direct methods detect photons (or other signals) that come directly from
the planet.

2. Indirect methods measure the influence of a planet on its host star. The
presence of a planet is deduced via models.
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Figure 1: Schematic overview of the most widely used plaeatch methods

Direct imaging has to overcome the problems caused by the hrghtness
contrast (between £0 1 and 18 : 1, depending on planet, star, and wavelength)
and the small angular separation between star and plan&t ét AO pc distance
corresponds to 0”1projected separation). Therefore, even the most advanced
current-day and near-future telescopes and cameras czot daty exceptionally
bright planets in large orbits around nearby stars with loassnand luminosity.
Other direct methods that include differential imaging apdctroscopy, possibly
combined with polarimetry, are now sufficiently advancetetd to detections of
certain planetary systems [15, 23]. Aperture synthesiginggwith interferome-
ters, that could include nulling of the star light, may ewetlty become a method
to directly detect Earth-like planets. But, this techngiag not yet advanced
enough.

At present, indirect methods are better-suited and morelwigsed to search
for extrasolar planets. The two principle indirect methatsasurd(i) the effect
of the planet on the star light, aiti@) the effect on the motion of the host star (see
Fig. 1). Methods that measure the effect on the light fromstiae star include:
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e Transit photometry, which measures the dimming of the light when a
planet moves in front of its host star. This method is seresiinly to plan-
etary systems that have their orbital planes aligned wighlithe of sight
towards the Earth [4].

e Microlensing, which measures the apparent magnification of the light from
a background star due to relativistic light-bending wheraa@t moves in
the line of sight between a distant background star and thib 4.

Since the gravitational influence of a planet on its host istavell-defined
by Kepler's laws, planet searches today mostly measure ttemof a star as
it orbits around the barycenter of the star— planet systene tD the large mass
ratio between star and planet {, 000 : 1 for Sun and Jupiter ard330,000 : 1
for Sun and Earth), the common center of mass is usuallyddcatry close to
the star (the center of mass between Sun and Jupiter is tbapfgoximately on
the surface of the Sun). Consequently, the wobble of theisguite small and
not easy to measure. Although we cannot directly measuréhtbe-dimensional
motion of a star on the sky, there are two alternative appresof measuring
different components of this motion:

e TheRadial Velocity (RV) technique determines the velocity component of
the star's motion along the line of sight by measuring the @epshift of
narrow spectral lines [5]. It measures only one of the thpses compo-
nents of the star's motion and, therefore, leaves the iatbn of the orbit
undetermined and provides only a lower limit on the mass efplanet.
Nevertheless, it is thus far the most successful technimatenias lead to the
discovery of most of the more than 300 known extrasolar ptaj3s].

e Theastrometric technique measures the change of the projected position
of a star in the plane of the sky (see Fig. 2). The amplitudaisfgositional
“wobble” is very small and not easy to measure. For examplater causes
the Sun to move by 1mas over 12 yrs when viewed from a distance of
10 pc. Since the astrometric method measures two compooithis star’s
motion (X and y in the plane of the sky), it has the potentiadetermining
all orbital parameters and the true mass of the planet. Véistiometry on
images is limited by the aperture size and optical prope(tiestortions) of
the telescopes used, astrometric measurements with afermtaeter have
the potential to reach a much higher accuracy [33].
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Figure 2: Detecting a planet via astrometric measureméniedost star's position. Both planet
and star orbit around their barycenter, which is, due todhgel mass ratio between the two, usually
located very close to the star. While the planet itself remmaivisible, the “wobble” of its host star
in the plane of the sky can be measured directly. A backgratardserves as position reference.

3. Astrometry with an interferometer

3.1. Wide-angle astrometry

A single-star interferometer measures the dedaypr OPD) between the sec-
tions of the wavefront from a star as they arrive at the twesebpes [12, 13].
This delay is given by:

d=3.-B+C=B-cos§+C 1)

where 8 is the direction vector to the stal is the baseline vector (and its
length), 6 is the angle betwees and B, andC is a fixed instrumental term that
must be calibrated (see Fig. 3)corresponds to the position angle of the star on
the sky, projected onto the baseline. The external delaghdannot be measured
directly, is compensated with an optical delay line (DL) he tinterferometer.
At the position of the maximum stellar fringe, external anternal delays are
equal. An approximation to the internal delay is measuret wiaser metrology
system. Thus, by precisely knowing the interferometerlb@sand measuring the
delay, one can determine the position angle of the star wghect to the baseline
with a precision that is no longer limited by the apertures 9t the telescopes.
Atmospheric perturbations, however, introduce randortopifiuctuations which
add up to the the measured total delay. Although this coulabogally overcome
by observing at two wavelengths, it limits the astrometgcuaacy to the mas
level.
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Figure 3: Single-star astrometry with an interferometer.

3.2. Narrow-angle astrometry

To circumvent this problem, a dual-star interferometee BHRIMA measures
only the differential delay between two stars, which cquoegls to the angular
separation between the two stars on the sky, projected betbdseline. If the
angular separation between the two stars is smaller thaisapestonic angle of
the atmosphere, where the piston perturbations and hea&értge motions of the
two wavefronts are correlated, the mean differential pigterturbations average
to zero for sufficiently long observing time [39]. The diféstial delay,Ad, is
then given by:

Ad = A8 - B+AC = As-B-cosp + AC (2)

whereAS is the separation vector between the two stars in the platieeasky,

¢ = 90° — 0 is the angle between the separation vector and the baseliaryand
0 is the angle between the the baseline vector and the dingtttveards projected
central position between the two stars (see Fig. 4). Therdifftial instrumental
delay,AC, is close to zero and can be calibrated. In contrast &5 is no longer

a unit vector.

The calibrated differential delay (Eq. 2) is then proparébto the projection
of the separation vector between the two stars onto thefénteneter baseline,
i.e., it is a one-dimensional measurement. In order to nkiath dimensions of
the separation vector, one has to observe either with twerdift (orthogonal)
baselines, or with one baseline at different parallactgies
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This dual-star technique has another advantage besideslipgpa reference
against which positional offsets can be measured (narrgleaastrometry). If
one of the two stars (the “primary star”) is bright enough teasure its fringe
phase within the atmospheric coherence time (fringe-inagkit can be used to
stabilize the fringes on the other (secondary) star (phefegencing), thus al-
lowing for much longer coherent integrations and henceeiasing the limiting
magnitude and the number of observable objects.
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Figure 4: Narrow-angle astrometry with a dual-star intenfieeter.
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3.3. Astrometry with PRIMA

PRIMA will be the third optical / IR long-baseline dual-staterferometer that
can perform narrow-angle astrometry as described aboeeSset. 3.4). In its
astrometry mode, PRIMA will mainly work with the 1.8 m ATs,daeise they have
much less severe vibration problems than the UTs. Phaseerefed imaging does
not depend so much on the highest possible OPD accuracy dindherefore,
preferably be done with the larger UTs.

In PRIMA, Star Separator units (STS) located at the Coudédmf each tele-
scope separate two sub-fields (with a star in each) from tbedape field-of-view
and send them as collimated beams through the interferosnéftbe two beams
from each telescope are first sent parallel and close to éhehtbrough one main
delay line (DL), to compensate the large delay that is comtadioth stars. This



ensures that differential perturbations between the tvamseintroduced in the
long DL tunnels are kept at a minimum. To obtain fringes fromhistars on the
detector, the differential OPD (dOPD) between the two staust also be com-
pensated. This is done with four Differential Delay Line(¥; see Fig. 4), one
for each star and telescope. Although the measurementiglengould require

only one DDL, operational reasons and symmetry requiresi@ntthe interfer-

ometer lead to the design with one DDL for each beam. The d@PBvb stars

separated by less than an arcmin is much smaller (up to a feantyh than the

main OPD. But, its compensation requires that the two beeawsltdifferent path

lengths, giving rise to differential longitudinal dispens (the metrology works at
a different wavelength that the observed starlight) andradirstortions that affect
the dOPD measurements. Therefore, the DDLs operate in macuu

After the four beams have traveled through the main DLs aredDObLs,
they arrive in the subterranean interferometric labosatwhere the Fringe Sen-
sor Units (FSUs) and the other interferometric instrumangslocated (currently
AMBER and MIDI). The beams from the bright star are combined the fringe
phase (for fringe-tracking) and group delay (for astrogjetneasured in one of
the two FSUs. This happens at a frequency of about 1 kHz to |satim@ atmo-
spheric coherence time ef 1 ms in K-band. The FSUs combine the beams in
the pupil plane, but they do not scan the fringes by modudatie OPD. Instead,
the combined beam is split into four output beams that arféeshin phase with
respect to each other (relative phases of the four beanms.20r, 37/2). The
intensities of these four beams, from which the phase ofrthatibeam is com-
puted, are then measured by an infrared camera. The oftsatZero phase of
the bright star is used to control the DLs and DDLs and modiiéinternal OPD
such that the phase is brought back to zero. In astrometrngentbd beams from
the other (fainter) star are combined in the same way in tberskFSU. Since the
OPD corrections, derived from the real-time fringe meas@mts on the bright
star with the first FSU, are also applied to the beams of the &ar, this second
FSU can now integrate much longer (several seconds) totdbeeitinges without
smearing them and measure their position. The total intiegréime of typically
30 min is built up by continuously repeating this sequence.

A laser metrology system is used to measure the internal d@Pie inter-
ferometer between the two stars. This H-band laser beanetéa into the star
beams inside the FSU beam combiners, travels “backwardsugin the entire
VLTI optical train until it is reflected back at a retroreflectwhich is located
between the STS and the telescope Coudé train with theaderoflhis retrore-
flector, or more precisely, its image in the entrance puptheftelescope, is the
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Figure 5: Dependence of astrometric accuracy of PRIMA with ATs on brightness for 10
separation between primary (PS) and secondary (SeS) st@Canin integration [40, 20]. Note
that this figure is the result of an error budget simulatiasedd on PRIMA subsystem specifica-
tions, but without knowing the actual throughput and perfance of all components. These actual
sensitivity of PRIMA must be verified on real stars during enissioning in 2009.

reference point for OPD measurements which separate tfegatifial delayAd,
measured by PRIMET, from the baselif(Eq. 2).

In order to be able to eliminate the constant te&x@in Eq. 2 from the mea-
surements, it is necessary to periodically exchange thestars within the instru-
ment during an astrometric measurement. This will be dontibyng the field
derotators in the AT Coudé trains by £80This implies that calibrated delays
cannot be derived before the observing sequence is finished.

With two ATs, the minimum K-band brightness of primary staejuired for
fringe-tracking isK ~ 8 mag. The astrometric accuracy of PRIMA is directly re-
lated to the accuracy of the interferometric differentibhpe measurement. The
S/N of the visibility phase is in turn proportional to the ibidity amplitude of
the interferometric fringes. A S/N of 100 of the detectiontloé cross-visibility
would correspond to an interferometric differential phas®r of 1/100 radians.
At a wavelength of 2.2m, this corresponds to an OPD error of 3.5nm. On a
150 m baseline (typical for PRIMA astrometry), this corm@sgs to an astromet-
ric error of~ 5uas. This accounts for about half of the anticipated OPD efor
PRIMA, the other half coming mainly from seeing effects. fidfere, a S/N of
100 for the fringe detection of the reference star has besmnasd to be neces-
sary for reaching an astrometric accuracy of:&6. In 30 min integration time,
this can be reached onka < 14 mag star [40, 20] (see Fig.5). Note that both
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the limiting magnitude for fringe-tracking as well as thégbtness constraint on
reference stars are model estimates, which must be verifigdad stars during
the commissioning of the instrument in 2009.

The isopistonic angle at Paranal and in K-bandg19-20"; a value that will
also be verified during PRIMA commissioning. The opticaligesof the STS
does not allow to separate stars closer thawihout diverting light into the other
channel. Therefore, there is not only a maximum angularraéipa, limited by
the isopistonic angle of the atmosphere, but a minimum ak wel

For astrometry with PRIMA, AT baselines with 80 — 160 m lengtH typi-
cally be used. On a 100 m baseline, a separation ¢foEdween two stars corre-
sponds to an OPD o5 mm in the interferometer, which must be compensated
with the DDLs. The anticipated measurement accuracy @&sdorresponds to a
dOPD of only 5 nm. This number defines the total dOPD error buftg PRIMA
in the astrometric mode. Since the limitation due to redidtmospheric turbu-
lence during a 30 min integration will be of the same ordergewgect to reach a
final single astrometric measurement accuracy @b — 20uas.

3.4. Narrow-angle astrometry with other instruments

PRIMA is not the only instrument that can perform narrow{arggtrometry.
The first real narrow-angle astrometry measurements wane @01992 at the
Mark 11l interferometer [3]. The PHASES project [28] at thal®mar Testbed In-
terferometer (PTI, [2]) has successfully demonstrateduB3ifferential astrom-
etry and two-combiner phase referencing. It can perforieihtial astrometry
on bright binary stars with separations in the range of O0latcseconds. The
ASTRA upgrade of the Keck Interferometer will enable soorrma-angle as-
trometry with an anticipated accuracyof100uas on star pairs with separations
and brightness limits similar to PRIMA [32]. GRAVITY, an iferometric im-
ager for the VLTI with astrometric capability, but with aabtield of view of only
1.77, is currently being developed and will enableiE3 very narrow-angle as-
trometry on galactic center stars after 2012 [10]. The mogirtant upcoming
astrometric space missions, Gaia and SIM Lite, will not mryreal narrow-angle
(dual star) astrometry, but shall be mentioned here begayseticular SIM also
addresses similar scientific questions as PRIMA and my tauslbvant to extent
the time baseline for certain PRIMA targets.
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4. Prospectsfor planet detectionswith astrometry

The RV method is very efficient in detecting planets in shp@tiod orbits
close to the star. It requires stars with a sufficient numbearasrow spectral
lines, i.e., fairly old stars (Gyrs) of about 1.2.Mr less. More massive stars
(M > 1.4 M,) as well as young and chromospherically active stars as @&fk-
cluded from RV planet searches because their RV is more uliftic determine.
StarsM > 1.4 M, have only very few usable spectral lines. Young and active
stars have often broad (rapid rotators) and unstable (abgphreric activity) lines.
Correspondingly, our knowledge on the RV planet populatsobiased towards
planets in short and intermediate-period orbits aroundrggpe stars. RV mea-
surements also provide no constraint on the inclinatiohefirbit in i), and thus
usually only a lower limit on the planetary mass can be deriveor this reason,
astrometric orbit measurements are ultimately requiretetove the fundamental
parameter of a planet: it's mass. However, to play a sigmificale and open new
discovery spaces, an astrometric accuracy of order 18w86 is needed.

The semi-amplitude of the RV variatioKy, follows from Kepler's laws and

is given by
my Sini 321G 1
Ky=—2o 3 : , 3
P (Mo mp)2B P VI_& ®

wherem, is the mass of the planat), is the mass of the starjs the inclination
angle of the orbital plane against the line of sights the orbital periodG is the
gravitational constant, arglis the orbital eccentricity.

Astrometry, on the other hand, is a complementary techmgjtie a differ-
ent detection bias. It favors planets in wide, long-periduits (like in our own
Solar System). Furthermore, astrometry can measure twpaoents of the stel-
lar reflex motion, versus the single radial component thabiservable spectro-
scopically, thus allowing to derive full orbit solutionsrdm the definition of the
barycenter of a two-body system, one can easily derive tme-amplitude of the
astrometric “wobble” of a star that is orbited by a planet:

my a

= C = 4
P m.+m, D ’ (4)

wherea is the distance between the two bodies’ centers @nd the distance
towards the objects. Invoking Kepler’s third law and negtexeccentricity (i.e.,
assuming = 1), gives:

me (M. + mp)3  5/P2G 1
p = N 2 — . (5)
m, 4nc D
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Equations 3 and 5 show the different detection biases oftbariethods: RV
(K o« P~13) is more sensitive to planets in short-period orbits, whidtrometry
(o o« P*?/3/D) favors planets in longer-period orbits. This is also desti@ted in
Fig. 6, which shows the detection limits for planet searchigs astrometry and
the radial velocity technique in a planet mass vs. orbitabgediagram. To illus-
trate which method is sensitive to what kind of planets, teection curves are
overplotted on a planet population synthesis for solar rei@ss, based on the core
accretion paradigm [27] as well as the already known extaagptanets. The dia-
gram shows that narrow-angle astrometry with an accura®&ppés (50) opens
a new discovery space only for orbital periods longer thadyts. Although the
exact location of the crossing point between the two deiaaturves depends on
the characteristics of the specific target stars (e.g.anltst, mass, activity levels)
and may shift over time (better spectrographs), this eséihas important impli-
cations for target selection and observing strategies tobragtric planet search
programs.

When equipped with Differential Delay Lines, PRIMA will bbla to perform
narrow-angle astrometry in K-band with a single-measurdgraecuracy of up to
10-2Quas. Although this ultimate accuracy goal may only be reackfest at
least 1yr of data will have been used for long-term caliorai(see Sect.5), it
will be capable of detecting Saturn-mass planets arountbyeaain sequence
stars of any spectral type, down to Uranus-mass planetsSit-orbits around
nearby M dwarfs. This peak of the ice giant distribution i¢stde the reach of
current-day RV measurements. Since astrometry does nehdem narrow and
stable spectral lines, it will also be sensitive to Juplitez-giant planets around
young stars which are less suitable for the RV method. Hiakghrocky planets
are, however, still out of reach for current-day groundelokastrometry.

5. The ESPRI project: astrometric exoplanet search with PRIMA

Starting in 2010, when PRIMA will be commissioned and operstl, the
ESPRI consortium (see Sect. 1) will use the facility with tAibs to carry out
an astrometri&xoplanetSearch program witiPRIMA (“ESPRI”). ESPRI will
address the following outstanding issues:

e Resolve thesini uncertainty from planet masses found by RV surveys and
derive accurate planet masses. This measurement is funtartee study
the planetary mass function, in particular the upper massftwhere the
statistics is poor.
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Figure 6: Detection spaces (planet mass vs. orbital pefad)lanet searches with astrometry
and the RV technique. Black dots represent the results cdr@eplpopulation synthesis for solar
mass stars, based on the core accretion paradigm [27]. dnwiggration was artificially stopped
at 0.1 AU, which explains the pile-up line at 0.03 yrs and ttserpancy between model and ob-
servations for hot Jupiters. Known extrasolar planets aaked as green circles (RV, lower mass
limit due to sini uncertainty), blue squares (transit photometry), and biaagles (microlens-
ing). Solar system planets are marked in red by their resfgesymbols. Detection thresholds
are marked by dashed lines under the following assumptiomst star mass 1 ) RV detection
limit 5 m/s, astrometric detection limits @s at distance 5 pc, maximum timeline of observations
10yrs. Note that many of the known RV planets are detectagharetars with masses lower than
1 Mg and therefore can appear below the RV detection threshold kd, stars.
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e Confirmation of hints for long-period planets in RV surveys.

e Measure the relative orbit inclinations in multiple plaargtsystems.

Inventory of planets around stars with different mass ared &g particular
interest are the most nearby stars, irrespective of thertsq type, as well
as young stars with ages up to few hundred Myr.

Table 1: Pre-selected ESPRI target stars

RV: CNS: YS:
Brightnes$: K < 8mag K<8mag K <8mag
Distance: D <200pc D <15pc D <100pc
Age: no restriction no restrictiona <300 Myr
Spectral types: F7.. M3 A3..M6.5%) BS8..MP
Selection sources: www.exoplanet.eu CGNS [22, 26, 41]
Number of star8: 148 367 380

1

2)

3)

4)

Derived from the expected limit for hardware fringe-trauki Astrometry with reduced
accuracy might be possible also on fainter stars (see Fig.5)

No a priori restriction, but the limitations in brightnessdadistance constrain the spectral
types of the available stars. For group RV we also includegiabts (luminosity class 1V).

Unpublished version of the Catalogue of Nearby Stars [l@hfiAugust 2005 (Jahreiss,
priv. comm.).

Known spectroscopic binaries and visual binaries with gotgid separatior 2” are al-
ready excluded.

With these scientific goals in mind, three lists with potahtarget stars were
preselected for the ESPRI project (see Table 1):

1.
2.
3.

RV: Stars with known RV planets withig 200 pc around the Sun.
CNS: Nearby stars of any spectral type withirl5 pc around the Sun.
Y S: Young stars with ages 300 Myr within < 100 pc around the Sun.

This preselected list contains in total about 900 stars. ddfse, only stars
that have suitable reference stars within the isopistongleacan be observed
with PRIMA. If such reference stars are available or not nfiestletermined for
every single star of this input list (see Sect. 6). With thestmaints on separation
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(27 —~20") and brightness{ < 14 mag for SNR 100 in 30 min integration time;
see Sect. 3.3 and Fig. 5), one can expect to find on averageooddayget out of
10 candidates (10%). Of course, the detection rate depérmigl/ on Galactic
latitude, so the final ESPRI target list will be heavily bidsewards the Galactic
plane. In total, the ESPRI project will monitor about 100rstauring about 200
nights spread over 5 years from 2010 through 2015.

6. Necessary preparatory observations

Both narrow-angle astrometry as well as phase-referemeaging of faint ob-
jects rely on the availability of reference stars within ib&pistonic angle around
the target object. For faint source imaging this can be aalesticle since the ref-
erence star must be bright enough for fringe-tracking. ttsgally very unlikely
to find such a bright star so nearby a pre-selected faintttatgect.

The situation is somewhat more favorable for narrow-angfi@aetry of stars
that are bright enough for fringe-tracking. Although itastgly depends on the
Galactic latitude, it is much more likely to find a fainter kgoound star nearby
any given foreground star than vice versa. In this case, Wexether problems
become evident.

Most public data bases are either not sensitive enough anefftiie miss most
of the potential reference stars, or they suffer from stresgiration and “blind”
areas around bright starkK (< 8 mag orV < 3...7mag) (e.g.,2MASS, Denis,
DSS2, SDSS; see Fig. 7). Others, like USNO B1.0 [25], are schndominated
by ghosts and artefacts around bright stars that the fatsenalate is close to
100%, while actually existing stars remain undetected.tk@se reasons it turns
out that existing public data bases cannot be used to rglidbhtify reference
stars for PRIMA observations. Therefore, dedicated papay observations are
a key pre-requisite for any PRIMA observation.

Ideally, one would wish to use adaptive optics together wittoronographic
near-infrared camera to hunt for faint background starg glrse to very bright
foreground stars. However, such instruments are usuatlgvailable and would
be “too expensive” for preparatory observations only. Wi¢dicated “standard”
NIR photometric imaging observations, optimized for higmamic range, the
problems of saturation effects and ghost images can be nzieihfout not com-
pletely avoided) when the following advice is taken into@aat. The total in-
tegration time should be built up by using the shortest fdssingle detector
integration time (DIT), which is usually 1—-2 sec for many N¢Bmeras. This
requires a camera with very fast readout scheme; otheriwesseeadout overhead

15



will quickly exceed the on-source integration time. Evegrtfhthe target stars will
usually saturate, but it should now be possible to idenaiptfbackground stars
as close as 143to the bright star (see Fig. 7).

Figure 7: Three images of HD 87978, a potential ESPRI target 4 eft: DSS2-red, Center:
2MASS-K, Right: our high dynamic range K-band image obtdinéth SOFI at the ESO NTT
in March 2008. North is up and East is left. The two circlesaterradii of 10’ and 2@ around

the target star. The star itself his~ 6.5mag. The potential reference starat 6” separation

from the target hak ~ 12 mag. Objects such close to a very bright star are usuallgetected

in 2MASS, DSS, or other all-sky surveys.

An instrument that is currently (still) available at ESO asduited to perform
such a search for PRIMA reference stars is SOFI at the NT TedtarSilla obser-
vatory. Figure 7 shows what can be done with SOFI when theeabmentioned
rules are followed, as compared to all-sky surveys like DESWASS.

While the search for reference stars is a mandatory task wreparing any
PRIMA observations, spectroscopic observations mightdaful to characterize
the target stars and to identify excessively active staglsspectroscopic binaries.
The first ones could produce a too large astrometric “noiSgéctroscopic bina-
ries are both in terms of fringe detection and interpretatind planet formation
and orbit stability not well-suited to perform an astroreeplanet search.

7. Summary

This article gives an overview on how ground-based astroc@bservations
with an interferometer can be used to search for extrastdaefs. A facility that
will soon become operational and is accessible to the ESOmority is PRIMA.
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Sect. 2 gives a general overview on planet search methodsmaparticular,
compares the two indirect methods RV technique and astrgmet

Sect. 3 explains how astrometric measurements are donawittierferome-
ter, and how this is technically realized in PRIMA. They keymis are:(i) a dual-
beam interferometer is needed to simultaneously obsexvesttws that are located
within the same isopistonic patch of the atmosphg@rethe interferometer mea-
sures the differential delay between the wavefronts fragrtwo stars, andii) the
differential delay and the interferometer baseline aredtly related to the part of
the angular separation vector between the two stars thadjisgbed onto the base-
line. In order to reach the anticipated astrometric acguoad 0-20uas, PRIMET
metrology can measure the dOPD in the interferometer witlicaaracy of 5nm.
The (narrow-angle) baseline will be determined with an smcy of ~ 50um.
With two ATs, the minimum K-band brightness of primary stamsquired for
fringe-tracking, i ~ 8 mag. The minimum K-band brightness of reference stars
required to reach 1fas in about 30 min integration time i < 14mag. The
angular separation between the two stars must’be £s <~20".

Sect. 4 outlines the exoplanet detection space of@a$@strometric facility
and compares it to the RV detection space. Both methods hppasiie detection
biases with respect to the orbital period, with astrome&ing more sensitive to
longer period planets. In particular, narrow-angle as&tynwith an accuracy
of 50uas (50°) opens a new discovery space only for orbital periods lotigzn
1-3yrs and can detect Uranus-mass planets in 1-5 AU orlatsdrnearby M
dwarfs. Earth-like rocky planets are, however, still out@éhch for current-day
ground-based astrometry.

Sect. 5 gives an overview on the astrometric planet seaajbgtrithat the ES-
PRI consortium wants to carry out with PRIMA between 2010 2005. Particu-
lar targets of the ESPRI programme &ig¢:Stars with known exoplanets detected
by RV, (ii) the most nearby star®(< 15pc) around the Sun, ar{di) nearby
young stars withD < 100 pc around the Sun.

Sect. 6 describes which preparatory observations are seyelsefore a star
can be astrometrically observed with PRIMA. In particuliarsi mandatory to
search for reference stars around the potential targest Sarce available all-sky
surveys often miss faint background stars close to veryhbifigreground stars
(the typical planet search targets), dedicated high dyoaamge NIR imaging
observations are often unavoidable.
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