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1 Executive Summary

As human beings, we have a natural curios-
ity about our origins and our importance
in the world. The discovery of more than
forty extrasolar planets in the last �ve years
has expanded the boundaries of our \world"
in a very palpable way. These front-page
discoveries have captured the attention of
the public. They have made science educa-
tion feel more relevant to students and they
have fueled political support for science in
general and space exploration in particular.
At the heart of the continued public inter-
est is the growing realization that planets
may be commonplace. As the list of extra-
solar planets grows, the question of whether
there could be life parallel in some way to
our own becomes more relevant and more
highly charged.

The Doppler studies have discovered mas-
sive planets akin to Jupiter and more re-
cently, Saturn. The true nature of these
planets as gas giants was revealed by the
measurable dimming of starlight during a
planet-transit in November 1999. With
forty-some planets, most discovered by
members of this SIM team, we now know
that within the mass range probed by radial
velocities, the distribution of planet masses
rises toward low masses. This is a common
theme in nature: low mass stars are more
common than high mass stars; grains of sand
more common than boulders. The Doppler
studies are also revealing an abundance of
multiple-planet systems. Only one, Upsilon
Andromedae, has been announced, but long
term velocity modulation, often with cur-
vature, is evident in at least one third of
the stars we are observing with one known
planet and a year-long baseline of radial ve-
locity data.

The discovery of extrasolar planets has
given birth to its own subdiscipline of as-

tronomy. Data-starved theories of planet
formation and evolution are now recharged
with new boundary conditions such as the
observation that all extrasolar planets orbit-
ing beyond 0.2 AU have nonzero eccentricity.
There is a strong suggestion from theoretical
simulations that the inner 5 AU around Up-
silon Andromedae is dynamically saturated.
This observation has also been made regard-
ing our own solar system. These new �nd-
ings suggest that gravitational interactions
in the protoplanetary disk may govern the
ultimate architecture of solar systems.
The Doppler surveys will continue to de-

tect more planets. The precision has already
improved so that at small orbital separa-
tions, neptune-mass planets are detectable.
With �ve more years of data, these surveys
will begin to probe wider separations look-
ing for evidence of true analogs of our own
solar system, with a Jupiter at about 5 AU.
Doppler surveys will also detect more mul-
tiple systems and more transit observations
may occur. By increasing the number of de-
tected planets, we will have a richer statisti-
cal understanding of the diversity and inter-
dependencies of the physical characteristics
of planetary systems.

However, SIM stands alone in it's ability

to discover earth or neptune-mass planets at

separations of a few AU. SIM is designed to

chart the next era of big discoveries.

The Key Science teams will carry the re-
sponsibility of ensuring that SIM time is
used e�ciently and productively. Our team
will deliver a target list that has been ex-
tensively scrutinized using adaptive optics,
photometric monitoring and the highest pre-
cision Doppler observations available. From
a database of more than 1000 stars, we will
pick 50 stars ideally suited to ensure success-
ful scienti�c results for SIM:

� From this large, well-studied database



we will cull out ideal targets for �nding
terrestrial planets

� From a subset of stars showing very low
amplitude periodicities, we will search
for 5-20 MEarth planets

� We will determine the absolute mass for
known planets and search for additional
planets

� We will determine the degree of copla-
narity in known multiple systems.

Our goals are speci�c and our targets are
well-understood. Engineering issues aside,
perhaps the biggest challenge to achieving
1 �as precision will be astrometric jitter in
the narrow angle reference stars from either
astrophysical or dynamical sources. Since
one criterion for target selection is the avail-
ability of reference stars, our team intends
to meet this challenge head-on selecting tar-
gets and reference stars hand-in-hand. We
will launch a vigorous Doppler campaign to
eliminate stellar binaries and low mass com-
panions among K giant reference stars, se-
lected to be more than 2 kpc in distance.
We will deliver 4{6 reference stars for every
science target.
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The Discovery of Planetary Systems

2 Introduction

We are witnessing the birth of a new obser-
vational science of planetary systems. In the
past �ve years, 42 extrasolar planets have
been discovered by precision Doppler sur-
veys (Marcy, Cochran, Mayor 2000). The
majority of these planets were discovered by
members of this SIM team. We developed
novel hardware and algorithms to attain the
highest Doppler precision in stellar astro-
physics. We propose to employ this same
team, augmented with experts in interfer-
ometry, astrometry and data analysis, using
SIM to:

1. detect terrestrial planets

2. detect 5{20 MEarth planets

3. determine absolute masses of known
planets and look for additional planets

4. determine the degree of co-planarity in
known multiple systems.

The target list for this proposal will be
drawn from the extensive Doppler database
compiled by team members, and it will
contain speci�c examples of systems with
known attributes to address speci�c ques-
tions.

2.1 Properties of Known

Extrasolar Planets

Extrasolar planets have been discovered
around some 6% of FGKM main sequence
stars with masses ranging from M sin i =
0.25 { 8 MJUP and semimajor axes from
0.04{2.1 AU. The largest orbits are set by
the duration of Doppler searches. These

planets have unexpected properties which
bear on the design of the SIM Planet search:

� The distribution of planet masses is
strongly peaked toward low masses
(Figure 1), well �t with a power law:
dN/dM / M�1. The number of plan-
ets per unit mass rises steeply toward
lower masses. Moreover, planet for-
mation in protoplanetary disks is trun-
cated at masses above �10 MJUP.

� All 20 planets beyond 0.2 AU are
in eccentric orbits, e >0.1 (Figure
2). A prospective explanation for the
high eccentricities is that the planets
formed in circular orbits in disks, but
were scattered by gravitational pertur-
bations with other planets, stars, or the
host disk itself (cf. Lin et al. 1996, Arty-
mowicz 1997, Levison et al. 1998).

� We discovered the �rst system of plan-
ets around a main sequence star, Up-
silon Andromedae (Butler et al. 1999).
Far from unique, we see secondary ve-
locity trends in more than one third of
the planet{bearing stars in our sample.
Thus, multiple planet systems appear to

be common.

� In November 1999, we co-discovered the
�rst planet transit (Henry et al. 2000,
Charbonneau et al. 2000) which yielded
the �rst planet radius and hence den-
sity, and implied that the planets are
gaseous rather than solid.

� In March 2000, we announced the
�rst two sub{saturn mass candidates.
(Marcy et al. 2000)
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Figure 1: The mass distribution of known
extrasolar planets

Our SIM planet search is designed to an-
swer key questions about the cosmic prop-
erties of planets in general. What fraction
of stars have planetary systems? How many
planets are there in a typical system? What
is their distribution of masses and semima-
jor axes? How common are circular orbits?
How commonly do planetary systems have
an architecture similar to that of our Solar
System?

Properties of planets below 1 MSAT may
be estimated speculatively from known
higher mass planets by extrapolation, the
only estimate available. The rising mass
function implies that a signi�cant fraction,
perhaps 30{50% of all single stars, will har-
bor planets of mass, M = 10 MEarth { 1
MSAT, detectable by SIM. Indeed, many
(most?) will harbor multiple planets in that
mass range. Our SIM planet search must be
designed to anticipate the astrometric con-
fusion stemming from multiple planets.

In addition, orbital eccentricities are ubiq-
uitous within 2 AU for Jupiter-mass plan-
ets. It remains unknown whether terres-
trial planets will also exhibit eccentric orbits.
Clearly, therefore, a SIM planet search must
obtain enough observations per star to ad-

equately assess the often subtle eccentricity
parameters.
We plan to obtain 10 years of precision

Doppler measurements for each SIM target
star. This Doppler reconnaissance of all
SIM target stars establishes the saturns and
jupiters within 3 AU, and provides Doppler
suggestions of 10{30 MEarth planets. We
consider this Doppler reconnaissance of SIM
targets to be a prerequisite of a SIM planet
search. Many planets with Neptune-Saturn-
Jupiter mass will be anticipated and in-
cluded in SIM astrometric models.
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Figure 2: The eccentricity distribution of
known extrasolar planets

Our Doppler reconnaissance has already
begun for the SIM planet search. We are
currently surveying the nearest 900 G,K,
and M main sequence stars in the north-
ern hemisphere with the Lick 3-m and the
Keck 10-m telescopes. We are also survey-
ing the nearest 200 GK southern hemisphere
stars with the Anglo-Australian 3.9-m tele-
scope. Moreover, with the 6.5-m Magellan
telescope (on line in one year), we will ex-
tend our Doppler reconnaissance to another
600 GKM stars in the southern hemisphere.
From the Doppler reconnaissance (both de-
tections and nondetections), ideal SIM tar-
gets will be chosen, as described in section 4.
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Indeed, by the time of the SIM launch post{
2006, we project that 200 jupiter-saturn
planets will be known, with hints of dozens
of planets from 10-30 MEarth within 1 AU.
In this SIM proposal, we plan to in-

tegrate precise Doppler measurements
with SIM measurements, to optimize
the integrity and precision of SIM
orbital solutions. As described within,
Doppler measurements will also be used to
optimize SIM target selection, SIM reference
star selection, SIM error analysis, and SIM
orbital analyses.
Our SIM team consists of young, data-

savvy scientists, all renowned practitioners
in maximizing the precision of excruciatingly
subtle and novel measurements. There is no
administrative padding in our proposal, but
rather it represents a cohesive team of ac-
tive, hands{on researchers. We plan to work
closely with the JPL SIM technical special-
ists and project manager, to improve SIM
integrity and the SIM planet search.

3 Overview of the SIM

Planet Search

A SIM planet search will require a cooper-
ative approach, with the key-project science
team working closely with the SIM technical
teams. We are dubious that astrometric pre-
cision of 1 �as will emerge easily as a stan-
dard data product. Instead we expect that
an intense collaboration between our team
and others at JPL and ISDC will be required
to identify systematic errors and to develop
analyses to minimize errors.
Searching for planets with SIM will en-

tail, �rst and foremost, detailed attention
to the error budget, especially those er-
rors that are not fully anticipated. Indeed,
some of these errors are astrophysical in na-
ture rather than technical. Therefore, this

proposal will emphasize e�orts to minimize
SIM errors in narrow{angle astrometry, both
prior to launch and after launch. Moreover,
our planet search will emphasize the ground-
based e�orts that can be accomplished in the
next 5 years to optimize the target selection,
reference{star selection, and the interpreta-
tion of SIM astrometry.
We plan a SIM planet search with 50 tar-

get stars, chosen and partitioned in sev-
eral categories as described in section 4.
We will describe a strategy to achieve 1
�as precision, with special attention paid
to establishing the integrity of the narrow{
angle reference stars.
Indeed the \jitter" of reference stars due

to orbiting companions portends a serious
loss of SIM e�ciency and precision. Worse,
jitter in reference stars can introduce false
periodicities in the astrometry of the target
stars. Poorly chosen reference stars will have
a binary frequency of �67% causing signi�-
cant havoc.
We deem the integrity of reference stars as

crucial to achieving 1 �as precision. There-
fore we discuss �rst in this proposal the
establishment of the best possible narrow{
angle reference stars, prior to describing the
SIM planet search targets.

4 Narrow Angle

Reference Stars

To maximize SIM's astrometric accuracy, we
must have a local network of reference stars.
These reference stars should be:

� astrometrically stable to 1 �as

� located within a 0:5 degree radius in or-
der to achieve 1 �as precision

� brighter than V = 12 to minimize the
exposure times.
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The existence of a su�cient number of ref-
erence stars must be one of the selection cri-
teria for science targets. Hence, the focus of
pre-SIM-launch studies will be the identi�-
cation of a reference grid around each of the
targets selected from the Doppler program.
The optimal stars to serve as local refer-

ence stars are K giants. Because of their
bright intrinsic luminosity, K giants can be
found at greater distances than almost any
other star of the same apparent magnitude.
Hence, they o�er the smallest astrometric
jitter from dynamical e�ects (e.g., planets
and stellar companions) compared to other
stars of the same apparent magnitude. With
a typical brightness of V = 11.5 at 2 kpc, K
giants are plentiful enough to provide sev-
eral candidate reference stars for most sci-
ence targets. Indeed, we consider K giants
to be the only objects suitable to serve as
narrow angle reference stars.

4.1 The Contaminant: Stellar

and Jovian Companions

A serious problem looms for a SIM planet
search. The frequency of binary stars is
�67%, implying that stellar companions will
contaminate the reference stars in various
ways. Wide binaries, with separations of
100-1000 AU (0.1{1 arcsec), will pollute the
SIM fringes. Close binaries (0.1{100 AU)
cause astrometric \jitter" in the form of cur-
vature of >1 �as during the 5 year SIM life-
time. Thus binary stars must be eliminated
from the K giant reservoir, including com-
panions spanning 4 orders of magnitude of
separation, 100 �as - 106 �as.
Moreover, Jupiter{mass companions and

brown dwarfs within 5 AU will also ruin the
reference stars. For example, a companion
of 3 MJUP orbiting 5 AU from a K giant at
a distance of 1 kpc will cause an astromet-
ric jitter of 15 �as. Clearly Jovian plan-

ets and brown dwarfs cause jitter 15� the
desired astrometric stability tolerance of 1
�as. The occurrence rate of such compan-
ions is at least �15%. This jovian occur-
rence rate represents a simple extrapolation
of our Doppler survey results, for which 6%
of stars have a Jupiter within just 2 AU, and
an additional 1% of stars have a brown dwarf
companion.
Therefore, both stellar and jovian compan-

ions to >75% of the K giant reference stars

will add noise well above the 1 �as level.

The detection of planets is severely com-

promised by this contamination of reference

stars, unless treated properly, as we propose

to do.

4.2 The Details of

Contamination

The precision of SIM narrow angle astrome-
try depends directly on the astrometric sta-
bility of the reference stars. The target star
selection is mutually dependent on the avail-
able reference stars, as each target star must
be accompanied by 4{6 reference stars with
astrometric jitter less than a few microarc-
seconds. Finding the best targets and refer-
ence stars will be an iterative process that
requires years of dedicated e�ort.
Binary companions to these reference

stars will be detrimental to SIM in two ways:

� identi�cation of astrometric wobble due
to a companion will require extra e�ort
in modeling the reference stars and will
demand wasteful SIM observations.

� if the companion is bright enough and
within 1" (� 1000AU) of the reference
star, it will pollute the fringe pattern.
Even if ISDC identi�es such binaries af-
ter one or two observations, it would be
wasteful of SIM time to cull reference
stars by using SIM itself.
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One may assess the magnitude of the
problem caused by binary systems. The pro-
genitors of the Pop I K giants that would
make up most of the narrow angle reference
stars are late-F or early-G dwarfs. Studies
of the binary frequency of F7 - G9 dwarfs
(Duquennoy and Mayor 1991) indicate that
�67% of these stars reside in multiple sys-
tems. Separations less than 100 AU will cre-
ate the greatest jitter. For such binaries,
the reex astrometric motion is �105 �as (!)
due to a stellar companion.

While much of the orbital motion for bi-
naries with orbital periods between 10{100
AU will be absorbed as proper motion, there
will be some curvature that will contaminate
5 years of astrometric SIM data above the
level of 1 �as. Since about half of the binary
systems have separations less than 100 AU,
we expect that unless these stars are studied
from the ground, there will be a signi�cant
failure rate for the K giant reference stars,
just from binary stars alone. This can be
avoided with a focused campaign from the
ground.

Astrometric jitter in the reference stars
can also originate from the nonuniformities
in the photosphere, i.e. spots, rather than
from a dynamical source. These same pho-
tospheric sources contribute to scatter in the
radial velocities. Thus, precision Doppler
measurements provide a good way to elim-
inate photospheric variable stars as well as
binaries among reference stars.

The existence of a su�cient

number of reference stars must be

one of the selection criteria for tar-

get stars. Our delivery of an exten-

sively scrutinized list of target stars

depends on an intense campaign to

cull astrometrically stable reference

stars for the target stars.

4.3 Culling Suitable

Reference Stars

The Hipparcos catalog is incomplete for
magnitudes fainter than V = 9. The Tycho
catalog is fairly complete down to V = 12,
but only provides positions, proper motions
and the Tycho magnitudes BT and VT . To
check the density of possible reference stars,
we searched the Tycho catalog for objects
within a 1 degree radius of stars with known
extrasolar planets. To further select for gi-
ants, we transformed the Tycho BT � VT to
the Johnson photometry scale and sieved for
stars redder than Johnson B � V = 0:9.

Target stars in the galactic plane typically
had 20 { 30 candidate reference stars within
a 0:5� radius, while stars out of the galactic
plane (such as 47 UMa) had sparser �elds,
generally 5 { 10 candidate reference stars.
We estimate that about half of the initially
selected candidate reference stars will turn
out to be nearby faint dwarf stars. Of the
distant K giants, perhaps 67% will binaries.
Thus, we expect that only about one fourth of

the initial candidate reference stars selected

from Tycho will graduate to true reference

star status.

We will need to supplement the candi-
date reference stars from Tycho, particularly
for those targets that promise to contribute
unique and important results. For exam-
ple the three closest single stars, GJ699,
GJ411, GJ406 would be excellent narrow an-
gle astrometry targets to search for terres-
trial planets. The Tycho catalog lists 26
stars redder than B � V = 0:9 within a
0:5� radius of GJ699, but only 9 stars for
GJ411 and 7 stars for GJ406. Assuming that
many of these reference star candidates will
not have su�cient astrometric stability, we
would need to identify additional candidate
reference stars. There are several ways to
address this problem.
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� We will select stars on the basis of color
and magnitude from the USNO-A2.0
catalog and use the 2MASS catalog to
discriminate dwarfs from giants.

� The magnitude limit on the reference
stars may be softened to V=12.5 or 13,
incurring only a modest increase in ex-
posure times

� We could select candidates at a slightly
wider radius, at the cost of a slight
degradation in astrometric precision, if
tolerable scienti�cally. The error bud-
get for narrow angle astrometry grows
linearly with radius. Drawing reference
stars from a 1� �eld radius, rather than
0.5� radius, provides us with four times
the number of candidate reference stars
but should render the astrometric errors
no worse than 2 �as.

� We could use narrow band �lters that
select for distant K giants (Patterson et
al. 1999) to identify uncataloged stars
in the 1 degree �eld.

4.4 Eliminating Reference

Stars with Astrometric

Jitter

Some members of our team are already in-
volved in a campaign to identify stable grid
stars. The P.I.'s data pipeline for the planet
search project has already been expanded
and is now being used by Frink and Quirren-
bach to assess intrinsic velocity variations of
K giant stars. Thus, we are uniquely po-
sitioned to provide a clean set of reference
stars and associated target stars with this
data pipeline.
At Lick Observatory, a proxy sample of

nearby K giants has been surveyed for the
past year (Frink, Quirrenbach 2000 SPIE).
While these stars are too close to serve as

Histogram of Velocity Scatter in K giant Sample
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Figure 3: Velocity scatter in a proxy sample
of 42 K giants with more than 3 observations
per star spanning a minimum time baseline
of 3 months. Half of these K-giants (pre-
selected to be single) have radial velocities
that are constant at or below 20 m s�1 .

reference stars, they o�er the �rst real as-
sessment of the dynamical and photospheric
stability of K giants. Figure 3 shows a his-
togram of the velocity scatter for 42 K gi-
ants.

All of these proxy K giants have more than
3 velocity measurements obtained over time
baselines greater than 3 months. This sam-
ple of stars was preselected to consist of sin-
gle stars, based on published ground-based
work. The Frink and Quirrenbach results
can be summarized:

� virtually all stellar companions can be
identi�ed with only two observations
with 20 m s�1 precision

� half of the observed K giants (prese-
lected to be single) are photospherically
stable at or below 20 m s�1

� the proxy sample sets the target veloc-
ity precision to identify astrometrically
stable reference stars.
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4.5 Reference Star Summary

Finding acceptable astrometric reference
stars for narrow angle astrometry must be
done iteratively with the selection of science
targets. Our procedure for identifying these
stars is the following:

1. Select K giant candidates within 1� of
potential target stars.

2. If the target star is deemed extremely
high priority, and not enough reference
stars are available, supplement the list
as described in Section 3.3.

3. Carry out narrow{band photometry
(Patterson et al. 1999) or use existing
catalogs (USNO and 2MASS) as a �rst
�lter to distinguish between late type
dwarfs and K giants.

4. Adaptive optics imaging will be carried
out for all candidate reference stars to
detect stellar companions within 2 arc-
sec with brightness ratios of 100:1.

5. Obtain a single, high S/N optical spec-
trum of each reference star to elimi-
nate double{line spectroscopic binaries
(SB2). The spectrum further distin-
guishes dwarfs from giants, based on
gravity-sensitive lines. This spectrum
will further serve as a template for
Doppler monitoring of surviving candi-
date reference stars.

6. Five years of Doppler monitoring to
identify SB1 stars will be carried out.
Doppler work will e�ectively reveal stel-
lar companions within to 10 AU. For
those stars requiring the highest preci-
sion astrometry, the Doppler work for
target stars and reference stars will be
done as part of the Keck planet search
project. Jovian companions within a

few AU will also be detected, allowing
rejection of those reference stars.

We will scrutinize 8 K giants for every
science target. We will start with refer-
ence stars that appear to be at the greatest
distances and smallest angular separations
from the program stars. Despite culling ref-
erence stars that are apparently free of stel-
lar and jovian companions we expect that
some 10% of the reference stars will have
undetected low amplitude variations, result-
ing in jitter at the few �as level. To mini-
mize the low amplitude jitter, we will aim to
identify K giants at distances greater than
2 kpc. We will approach SIM launch year
(2006) with redundancy in the number of
available reference stars. At a minimum, we
will provide 4 reference stars for each sci-
ence target. However, for those target stars
of highest scienti�c priority, which place the
greatest demands on astrometric precision,
we will provide 6 reference stars.

5 A Surgical Planet

Search with SIM

5.1 Terrestrial Planets

We propose to search for 2{5 MEarth planets
around a subset of stars that have been in-
tensely surveyed with the highest precision
Doppler measurements. The targets for this
work would be those stars closer than 5 pc
with no discernible companions detected by
Doppler techniques in the inner few AU. In
the next �ve years, the high precision Keck
Doppler survey will have a time baseline of
nearly a decade. This survey will be sensi-
tive to planets of 0.5 MJUP and orbital pe-
riods as long as 10 years. Such planets rep-
resent true analogs of our own solar system
and if detected, these would be good targets
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for follow up observations by SIM to detect
terrestrial planets with orbits of 2 - 4 years.

Every known star closer than 5 pc of
F,G,K,M spectral type is already being ob-
served in our surveys. Since these stars
constitute targets for which the highest as-
trometric precision is desired, we will in-
crease our ground-based monitoring (both
sampling frequency and S/N) in order to
obtain the highest precision Doppler recon-
naissance for planetary companions. The
candidate reference stars to the 5 pc sam-
ple should also be observed at the higher
Doppler precision.

A detection of a terrestrial planet will
be extremely challenging because the am-
plitude of the signal is so low. Figure 4
shows simulations of astrometric data for a
1 MEarth planet at 3 pc, a 2 MEarth planet at
4 pc, and a 3 MEarth at 5 pc. In these simu-
lations, as in all other simulations shown in
this proposal, the data are plotted as if the
parallax and proper motion were known and
cleanly removed. In fact, absolute parallaxes
may not be known for these stars unless the
reference stars are modeled as grid stars, so
the astrometric perturbations due to orbital
motion will actually be tiny wobbles on top
of enormous signals.

5.1.1 Extracting Low-Amplitude,
Complex Signals

A problem fundamental to analysis of radial
velocity or astrometric observations is the
detection and characterization of unknown
periodic signals in noisy time series data.
Even the highly relevant case of unevenly
spaced observation times is an old problem
with many proposed solutions. A rigorous
Bayesian analysis (Bretthorst 1998, Bret-
thorst 2000) has largely uni�ed this topic, by
showing how the question \What is the most
probable frequency present?" can be an-

swered using the approximate Schuster pe-
riodogram or the more accurate and sta-
tistically well-behaved Lomb-Scargle Peri-
odogram (Scargle 1982, Scargle 1989). In
collaboration with Larry Bretthorst, Scargle
has already found that this approach can sig-
ni�cantly improve orbital determinations.

This work will be extended in several di-
rections:

1. By considering the possible presence of
more than one periodic signal, we can
compute the posterior probability as a
function of the number of planets in the
model. The maximum of this gives the
most likely number of periodic signals
{ i.e. a completely objective estimate
of the number of planets supported by
the data. This procedure also yields
the most probable values of all the or-
bital parameters, plus a full description
of their uncertainties.

2. We are developing a scheme for com-
puting probabilities of signal frequen-
cies that explicitly takes into account
the true elliptical shape of the orbit. We
call this a \Keplerogram," to contrast
it to the periodogram, which assumes a
sinusoidal signal. Combining these two
procedures should signi�cantly increase
the accuracy of the orbit parameters,
and possibly allow detection of weaker
signals { i.e., smaller planets.

3. We plan to improve procedures for se-
lecting observation times. It is well
known that the semi-random sampling,
often forced on astronomers by the
practicalities of observing, greatly di-
minishes aliasing { the leakage of power
to frequencies di�erent from the true
frequency. Nevertheless, we have de-
tected aliasing in radial velocity data {
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Figure 4: (left) Simulation of astrometric displacement for a star with a 1 MEarth planet
at a distance of 3 pc. All simulations in this �gure assume inclination, i = 45�. (middle)
Astrometric displacement for a star with a 2 MEarth planet at a distance of 4 pc . (right)
Astrometric displacement for a star with a 3 MEarth planet at a distance of 5 pc.

due to the one-day interval characteris-
tic of earth-based observations. We will
develop a procedure to select observa-
tion times during the night, as well as
during the month and year, to minimize
spectral leakage.

All of these analysis innovations hold
great promise to improve the reliability and
sensitivity of our planetary detection pro-
gram.

5.2 5{20 MEarth Planets

A subset of our SIM target stars may
be identi�ed from weak Doppler periodici-
ties we have detected. Many stars exhibit
Doppler periodicities of low amplitude, in-
dicative of planets having masses of �10-
30 MEarth. Some show multiple periods of
low amplitude. Most of these low amplitude
Doppler periodicities are publishable only as

footnotes but not as de�nitive planets (Cum-
ming et al. 1999). What is the cause of these
low amplitude Doppler periodicities? One
likely answer is that some represent the tail
of Doppler detectability at the lowest planet
masses.

We plan to investigate stars that exhibit
weak periodicities in Doppler measurements
with SIM astrometry. Such Doppler peri-
odicities, with amplitudes of typically 2{5
m s�1 , identify stars with a higher prob-
ability of harboring 10{30 MEarth planets.
Indeed our Doppler detection of two sub{
saturn candidates shows the potential to
detect sub{Neptune mass planets, albeit
marginally. Fourier power analysis of ve-
locities acquired continually at Keck will re-
veal any periodicities with amplitudes of �2
m s�1 , corresponding to �10 MEarth at 0.5
AU. (A planet of 10 MEarth at 0.5 AU pro-
duces a wobble of 1.2 m s�1 , just at thresh-
old in power spectra of multiple velocity
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Figure 5: Power spectrum of the Doppler
measurements of Tau Ceti. The two peaks
imply orbital periods of 19.3 and 61 d, both
of low amplitude (�4 m s�1 , corresponding
to �20 MEarth.

 Tau Ceti Simulation
 40 SIM Observations

 Two Planets:
 M1 = 22 MEarth
 M2 = 27 MEarth

 a1 = 0.13 AU
 a2 = 0.30 AU

Figure 6: Simulated SIM observations of
Tau Ceti, based on the two prospective low{
amplitude Doppler periodicities. With an
assumed inclination of 45�, the two planets
have absolute masses of 22 and 27 MEarth at
0.13 and 0.30 AU. SIM will detect a confus-
ing astrometric signal due to errors (1 �as
errors bars shown). Doppler measurements
render this star high priority as a SIM tar-
get and resolve the confusion between multi-
ple planets and noise, as periods are known
a priori. The Doppler periods set the SIM
sampling frequency.

measurements.) Such 1{� detections of �10
MEarth planets from Doppler work are not
secure by themselves, but require SIM to
verify. Thus, Doppler periodicities of
low amplitude serve to identify stars
having a high probability of harbor-
ing planetary systems with low{mass
planets.

We are currently monitoring 1,100 nearby
FGKM dwarfs with Doppler measurements
at precision of 3 m s�1 . Several dozen of
these stars already reveal Doppler periodic-
ities with amplitudes of 1{5 m s�1 , indicat-
ing low mass planets that cannot be veri�ed
by Doppler measurements alone. One such
system is Tau Ceti.

Figure 5 shows the periodogram of the
velocities for Tau Ceti, which exhibits two
peaks at periods of 19.3 d and 61 d. A
two-planet �t suggests velocity amplitudes
of 4.0 m s�1 and 3.2 m s�1 , corresponding
to M sin i of 15 and 19 MEarth respectively.
Adopting an inclination of 45� increases the
absolute planet masses to 22 and 27 MEarth.
Neither planet can be veri�ed at such low
amplitudes, but SIM would be able to de-
tect them.

Figure 6 shows the expected astrometric
results from SIM for Tau Ceti for the two
prospective planets implied by the Doppler
measurements. Both planets would be de-
tected, assuming SIM errors of 1 �as. How-
ever, we note that the Doppler measure-
ments play crucial roles in discovering such
planets:

� Doppler measurements serve to identify
Tau Ceti as a high{priority SIM target
star, with its prospective planetary sys-
tem.

� The two periods imply the required
sampling frequency of SIM measure-
ments.
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� Astrometric noise plus a single planet
could be the Occam's razor explanation
for data in Figure 6, were it not for the
multiple periods in the Doppler mea-
surements.

� Combining Doppler measurements with
SIM tightly constrains the �nal orbits.

Within the next 3 years, our Doppler mea-
surements of 1,100 stars will have identi-
�ed 30{50 stars with low{amplitude period-
icities, suggestive of 10{30 MEarth planets.
We propose that �20% of our SIM target
stars be drawn from among these Doppler{
based prospective planetary systems. This
Doppler{selected target sample will consti-
tute a rich mine for planetary systems, and
ultimately yielding SIM-based orbital prop-
erties and masses.
In addition, SIM target stars that are sys-

tematically rich in low{mass planets help en-
sure success for SIM. Low{mass planets are
more likely to be detected around stars that
show 1{2� hints in the Doppler data. Obvi-
ously, the Doppler selection mechanism bi-
ases the type of planetary systems that will
be found, and thus must be post{analyzed
for statistical uses. However, Doppler se-
lection enables orbits and masses to be ac-
quired both quickly and securely for planets
of �10 MEarth , with less time wasted on
empty nests.

5.3 True Masses of Known

Exoplanets

We propose to use SIM in narrow angle as-
trometry mode to establish the orbital incli-
nation and to obtain true masses for some
carefully chosen stars that have Doppler-
detected planets. There are two classes of
Doppler{based targets that will be particu-
larly important to investigate:

� Single planets with moderate periods
(20{600 d) and which have no evidence
for additional planets.

� Multiple planet systems.

The combination of precision radial veloc-
ity data with astrometric data is much more
powerful than the sum of results from the
two techniques independently. Black and
Scargle (1982) have shown that when less
than 2 orbital periods have been observed,
a linear component of the orbital displace-
ment will be absorbed in the proper motion
solution. The e�ect is a spurious reduction
in both the amplitude and period of the de-
rived astrometric orbit. In cases where the
Doppler observations provide the orbital pe-
riod, the accuracy of the SIM orbital solu-
tion is dramatically improved.

5.3.1 Moderate-Period Planets

Exoplanets with orbital periods less than
about a week induce such a small displace-
ment of the stellar photocenter that they
are rendered undetectable by SIM. However,
there are several stars with Keplerian peri-
ods between 40 - 100 d that would have as-
trometric amplitudes of order 10 �as. With
a minimum number of observations, these
stars serve as a test of the start-to-�nish as-
trometry data analysis.
A representative target for this initial ef-

fort is the star �CrB. At a distance of 17.4
pc, this star has a planet with M sin i =
1.0 MJUP in a 0.22 AU orbit (P=39.8 d).
The radial velocities for �CrB are shown
in Figure 7. The corresponding astromet-
ric displacements have been modeled with 1
�as Gaussian errors and are plotted in Fig-
ure 8. The simulated astrometric data ar-
bitrarily assumes an orbital inclination of
45 degrees. With SIM's 1 �as goal pre-
cision, this 10 �as amplitude represents a
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straightforward detection, obtained in six
weeks with sixteen observations. An astro-
metric orbit for this planet, consistent with
the radial velocity data, would provide a
quick and powerful con�rmation of the end-
to-end SIM data product.
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Figure 7: Phased radial velocity observa-
tions for �CrB give the orbital period and
eccentricity.

In addition to demonstrating that SIM
is working as advertised, these observations
would produce a scienti�c result of merit.
First, by determining the orbital inclination,
SIM provides the absolute mass for these
planets. Second, with continued, but in-
frequent sampling over a longer time base-
line, SIM would also provide evidence re-
garding the existence of additional compan-
ions at wider separations. Indeed, the origin
of the ubiquitous orbital eccentricities found
to date may stem from more distant com-
panions, which SIM could detect.

5.3.2 Multiple Planet Systems

In 1999, a triple planet system was detected
around the star Upsilon Andromedae (But-
ler et al. 1999). Figure 9 shows residual ra-
dial velocities after subtracting the velocity
variations expected for the inner planet, Up-
sAnd(b). The red line in this plot shows the
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Figure 8: Modeled astrometric observations
of �CrB. The astrometric orbit uses the ra-
dial velocity orbital solution and the Hip-
parcos distance for this star of 17.4 pc.
The simulated astrometric data include 1
�as Gaussian noise and assume the follow-
ing additional orbital parameters: i = 45�,

 = 180�, ! = 45�. The red curve shows the
theoretical astrometric orbit for this system.
SIM will determine the relative orbital incli-
nations of the outer two planets, indicating
their dynamical history.

two-Keplerian �t that provided the orbital
parameters for the outer planets. Figure
10 shows a simulation of astrometric data.
With an angular displacement amplitude of
about 2 �as, the innermost planet is invis-
ible in the astrometry data, but the outer
two planets have enormous astrometric sig-
natures and would be easily detected. In this
mock data set, P, e and ! are taken from
the radial velocity parameters, but an arbi-
trary orbital inclination of 45� is assumed
in order to set the absolute masses for Up-
sAnd(c) and UpsAnd(d) in the astrometric
simulation.

The orbital dynamics for this 3-planet
system have been intensely investigated
with theoretical simulations (Bodenheimer
et al. 2000, Rivera & Lissauer 2000, Laughlin
& Adams 1999). These simulations demon-
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Figure 9: Radial velocity for Upsilon An-
dromedae. High frequency velocity varia-
tions arising from the inner planet have been
subtracted from the data to make it easier
to see the remaining two long-period trends.
The red line shows the 2-planet Keplerian �t
to these residual velocities.

−1500 −1000 −500 0 500 1000
DEC µas

−1000

−500

0

500

R
A

 µ
as

Upsilon Andromedae Simulation
40 SIM Observations

Two Planets
M

c
 = 2.9 M

JUP

M
d
 = 6 M

JUP

a
c
 = 0.823 AU

a
d
 = 2.56 AU

Figure 10: Simulated astrometric observa-
tions using parameters from the Doppler
observations and the Hipparcos distance of
13.5 pc. The simulated astrometric data
include 1 �as Gaussian noise and assume
the following additional orbital parameters:
i = 45�, 
 = 180�, ! = 45�. The red curve
shows the theoretical astrometric orbit for
this system.

strate islands of orbital stability that set up-
per limits to the mass, and therefore the
inclination of the planets. However, non-
coplanarity is allowed by these simulations
and may even be likely if gravitational scat-
tering caused the eccentric orbits of the two
outer planets. SIM can easily determine
the orbital inclinations for each of the
two outer planets, and their degree of
coplanarity establishes the role of past
gravitational scattering in this enig-
matic planetary system.

One of the most profound results to
emerge from Upsilon Andromedae is its dy-
namical saturation. An earth-mass test par-
ticle within 5 AU is unstable and quickly dy-
namically ejected. This phenomenon of dy-
namical saturation also applies to our own
solar system. The importance is that we
are virtually guaranteed that Upsilon An-
dromedae contains only the three known
planets within 5 AU, thus constituting an
exquisite test of SIM. The SIM results must
reproduce the known orbits, with no addi-
tional parameters.

How common are multiple systems? In

our velocity sample, more than one third of

the stars with known planets and a su�-

cient time baseline of data, show secondary

velocity trends. In many cases, these sec-
ondary trends show curvature and we are
waiting until a full orbit is completed to de-
rive the orbital elements and announce the
additional multiple systems.

Multiple planet systems are architec-
turally fascinating. But if (as evidenced
from the Doppler data) they predominate
in nature, multiple systems will present a
tremendous challenge to modeling astromet-
ric orbits. Some hard questions will arise
if most of the astrometric orbital solutions
show signi�cant jitter above and beyond the
assessed astrometric errors. It will then be
critical to assess the source of this jitter.
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Does it arise from absorbed motion of the as-
trometric reference stars? From systematic
errors in the astrometry? From low ampli-
tude signals originating from multiple plan-
ets in the astrometric detectability zone?
We propose to observe stars like Upsilon
Andromedae, which on dynamical grounds,
are likely to be free of additional perturbing
planets in the astrometric detectability zone.
These stars will serve as a control sample to

help us to evaluate sources of astrometric jit-

ter that are bound to creep into the data.

6 Technical issues

SIM observing time will be limited and
the mission lifetime �nite. It is impera-
tive that we extract the most science out
of the fewest number of observations. Like-
wise, the proposed science investigations
should be uniquely suited for SIM, rather
than tractable projects for ground-based as-
trometry. We propose to divide our alloca-
tion of SIM observing time among 4 science
projects:

� search for terrestrial planets around ten
stars closer than 5 pc

� search for 5{30 MEarth planets around
an enriched sample of ten stars provided
by periodogram analysis of Doppler
data

� search for additional planets around
twenty stars that only have one de-
tected planet, despite intense scrutiny
with Doppler observations

� determine orbital inclination for indi-
vidual components of about ten mul-
tiple systems to determine coplanarity
of the orbits and provide empirical evi-
dence for theories of planet formation.

6.1 Ground-Based

Preparatory Work

6.1.1 Science Targets

The 50 proposed science targets will require
extensive ground-based work to ensure the
most e�cient use of SIM time. We will:

� carry out 10 years of the highest preci-
sion Doppler observations for potential
science target stars. These stars will
have the best information regarding the
presence of companions. We will moni-
tor Ca H&K lines for chromospheric ac-
tivity and carry out abundance analy-
sis. To meet these goals, we will observe
these stars more often and with higher
than normal S/N. This process of tar-
get identi�cation can be absorbed into
our ongoing program with no additional
cost to SIM.

� carry out photometric monitoring of all
potential science targets to reject vari-
able stars

� observe all target stars with AO to look
for faint companions

6.1.2 Reference Stars

The 50 science targets will require ground
based identi�cation of 4{6 stable narrow an-
gle reference stars. The process for identify-
ing these reference stars is outlined in Sec-
tion 3.5. We expect to begin with � 10 can-
didate reference stars for each science star.
We will quickly �lter this sample of about
500 stars using narrow band photometry and
available parallax's to identify the K giants.
Next, we will use spectroscopy and AO to
eliminate binary stars.
Most stellar binaries can be eliminated

with just two observations. The proxy study
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of K giants sets the astrophysically attain-
able Doppler precision to 20 m s�1 . How-
ever, this is much higher precision than is
needed to identify stellar companions. We
will use an initial Doppler precision of 50
m s�1 to speed up identi�cation of stellar bi-
naries. This �rst �lter can be done at Lick
and other 3m class telescopes like the AAT.
The total number of spectra that we will

need are estimated in Table 1. We can ob-
tain velocity precision of 50 m s�1 in 5-10
minutes with the Lick 3m telescope and can
obtain about 60 observations per night. We
would request 5 nights per semester, or 10
nights per year at Lick. Expecting 7 clear
nights, we could obtain 420 spectra per year
or 2100 spectra over 5 years. At Keck, the
observations would be one minute long and
about 200 observations could be made in
one night. Thus, the �rst phase of identi-
fying single reference stars could be carried
out largely at Lick, supplemented with a few
nights per year at another 3m class telescope
like the AAT in the southern hemisphere.
For the �nal two years, 2{3 Keck nights per
year would be su�cient to continue monitor-
ing the best reference stars at higher velocity
precision.

6.2 SIM Observing Time

Requirements

We have outlined a Key Science project
that is ambitious in its scienti�c goals but
technically within our reach. The research
projects we have described are designed to
take advantage of the 1 �as precision that
SIM will o�er. If SIM performs at less than
1 �as precision, we have inherent exibility
to use these targets or select new targets
that will accommodate the ultimate oper-
ating precision of SIM.
We will deliver a set of astrometrically sta-

ble reference stars to accompany the best

50 targets in our high precision Doppler
project. We are proposing to use SIM time
to observe a set of extremely well-studied
targets to insure low-risk, solid scienti�c re-
sults for SIM. Our estimate for the amount
of SIM time required totals 2900 hours,
somewhat in excess of the 2500 hours a Key
Project can expect to receive. We will use
a very surgical approach that provides an
adequate, but not excessive number of data
points to extract the expected low amplitude
signals and �nd low mass planets.

6.2.1 Terrestrial Planets

During each pointing of SIM, 10 sets of tar-
get and reference star observations will be
obtained in one hour. Each observation has
a single measurement error of 3 �as; 10 ob-
servations per pointing reduces the error to
1 �as. The search for terrestrial planets
around ten of the closest stars will be ex-
tremely demanding. We expect this e�ort
will require a minimum of 10 observations
per year. Because orthogonal positions must
be obtained in two pointings, this translates
to 20 pointings per year or a total of about
1000 hours of SIM time.

6.2.2 5{10 MEarth Planets

The Doppler sample will also provide a set
of 30{50 stars with extremely low amplitude
signals evident in the periodogram. The
expected astrometric amplitude depends on
the period. We will select the 10 best can-
didates to observe with SIM. The number of
observations depends on the expected am-
plitude, but we expect that generally, about
6 observations per year will be needed, so
this project will require about 600 hours of
SIM time.
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Table 1: Estimated Total Number of Spectra Required
Year 1 500 stars � 1 obs (drop sb2's, some M dwarfs)

450 stars � 1 obs (eliminate most stellar companions)
Year 2 300 stars � 2 obs (reject stars with high rms scatter)
Year 3 250 stars � 2 obs (drop low amplitude SB's, high rms stars)
Year 4 220 stars � 2 obs (maintain monitoring)
Year 5 220 stars � 2 obs

5-year total: 2,930 observations

6.2.3 Absolute masses

Those stars with one known planet will be
observed to resolve the orbital inclination.
The Doppler observations provide orbital
period and eccentricity, reducing the number
of free parameters and therefore the num-
ber of SIM observations. These systems are
expected to show large astrometric ampli-
tudes, so in principle fewer observations per
year are required. The orbital period of the
known planet will set the frequency and du-
ration of the initial observations, but we ex-
pect 4 astrometric positions will be required
for each of these 20 targets per year. This
project would require about 800 hours of
SIM time.

6.2.4 Multiple Planet Systems

We would like to choose the 10 best multiple
systems from our sample and use SIM to re-
solve orbital inclination and establish copla-
narity of the orbits. Stars with more than
one planet obviously have many more free
parameters and require a signi�cant amount
of data to model robustly. The constraints
on the number and characteristics of possi-
ble planets will come from Doppler obser-
vations and dynamical arguments. We esti-
mate that about 5 data points will be needed
each year for a total of 500 hours of SIM
time.
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