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Abstract. The recently concluded SIM-Lite double-blind test campaign aimed at gaug-
ing the ability to characterize terrestrial mass planets orbiting nearby stars in multiple-
component systems using a combination of the proposed astrometric space mission SIM-
Lite and ground-based radial velocity (RV) observations. We discuss the outcome of the
analysis carried out by our Team to model planetary orbits using astrometric+RV data fo-
cusing in particular on: 1) a study of the correlation between the presence of false positives
in multiple-component configurations and the existence of long-period companions , and
2) an assessment of the regimes of signal-to-noise ratio and orbital period for which the
combination of astrometric and RV measurements is most effective.
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1. Introduction

SIM-Lite (for an overview see
Goullioud et al., 2008) is a proposed space–
borne Michelson interferometer devoted to
high-precision astrometry. It utilizes tech-
nology developed over the past ten years for
the SIM mission (Unwin et al., 2008). In its
narrow-angle astrometric mode, it will achieve
1 micro-arcsecond (µas) precision on bright
targets (V ≈ 6 mag) using sequences between
the target and bright (V ≈ 9 mag) reference
stars in a two-degree field of regard lasting
just under 20 minutes. The predicted end-of-
mission noise floor for SIM-Lite is < 0.1 µas
(Shao & Nemati, 2009), comparable to the
white-light star-spot astrometric jitter expected
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for solar-type stars within 10 pc from the Sun
(e.g., Sozzetti, 2005).

The exquisite astrometric precision achiev-
able by SIM-Lite, exceeding Gaia’s by over
an order of magnitude (e.g., Casertano et al.,
2008 renders it an ideal instrument to search
for Earth analogs in the Habitable Zone of
nearby stars (Figure 1). However, achieving
the requisite measurement precision might not
be enough in the presence of complex sys-
tems, in which the signal of a terrestrial hab-
itable planet is ’polluted’ by other planets with
high eccentricities and/or long periods. A de-
tailed simulation study was then carried out in
double-blind mode, which set out to answer a
number of questions relating to the detectabil-
ity of Earth-like planets (terrestrial masses
and Habitable-Zone orbits) in multi-planet sys-
tems, using a combination of SIM-Lite astrom-
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Fig. 1. Exoplanets discovery space for the astromet-
ric (solid lines), Doppler (dashed-dotted lines), and
transit (dotted lines) techniques. The lower solid line
is the detection curve for SIM-Lite astrometry of a
1 M� star at 10 pc. See Sozzetti, (2009) for details.

etry and ground-based radial-velocity (RV) ob-
servations to 1 m/s (Traub et al., 2009). Our
team was involved in this endeavour as part
of Group C (the solvers) in charge of model-
ing planetary orbits using the simulated astro-
metric+RV data. Traub et al., (2009) have pro-
duced a preliminary report and drawn overall
conclusions on the double-blind test campaign.
We discuss here some issues related to the out-
come of the analysis carried out by our team
which can help with gauging some of the dif-
ficulties inherent to multiple Keplerian orbital
fitting.

2. Astrometry+RV orbital fits

The algorithm for planet detection and or-
bital fitting, as applied to the combined data
sets of RV observations and SIM-lite astro-
metric measurements, draws from our pre-
vious studies on planet detection with both
Gaia (Casertano et al., 2008, and references
therein) and SIM (Sozzetti et al., 2003, and
references therein). Our team developed an
IDL-based pipeline for fitting the planetary
systems. Our robust, global least-squares fit-
ting procedure utilizes a multi-step mini-

mization technique to optimally search the
orbital parameter space and to carry out
single- and multiple-planet orbital solutions on
the combined high-precision astrometric+RV
datasets. Simultaneous orbital fits can par-
ticularly strenghten the determination of or-
bital elements and companion masses, as they
fully exploit the redundancy constraints of both
types of data. Initially, significant orbital peri-
ods in the data are searched for by a combined
approach which utilizes both classic Lomb-
Scargle periodograms as well as grids of trial
periods as input to linearized Keplerian mod-
els. For each successfully detected period (with
a false-alarm probability threshold FAP < 1%),
a local minimization scheme based on the
Levenberg-Marquardt algorithm is utilized to
fit simultaneously a full Keplerian orbit to both
the RV and astrometric measurements. For this
purpose, we utilize as figure of merit in the (it-
erative) minimization process the sum of the
separate χ2 values: χ2

comb = χ2
astr +χ2

RV. At each
iteration, the planet(s) orbital elements are fit-
ted simultaneously with (possible) positional
offsets, proper motion, and parallax for the as-
trometric data sets as well as an RV zero-point
offset for the Doppler data. The quality of the
solution is assessed based on a χ2-test with a
probability p(χ2 > χ2

0) ≤ 1%, where χ2
0 is the

observed value of the merit function after a fit.
Then, the post-fit residuals are again inspected
for significant periodicities and, in case, the
newly identified components are fitted in an it-
erative scheme. Two successive solutions with
n and n + 1 components are subjected to an F-
test with p(F) ≤ 1% to verify the superiority,
in a statistical sense, of the n + 1-component
model above the n-component model.

More in-depth details on the analysis algo-
rithms and their code implementation will be
presented in a forthcoming paper (A. Sozzetti
et al. 2009, in preparation)

3. Lessons learned

We highlight here some problem areas iden-
tified during the double-blind test campaign.
They all relate to the general fact that, in
the presence of complex signals, different de-
tection and orbit fitting algorithms, given the
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Fig. 2. Left: reliability of detection (number of detected planets divided by the number of detected planets +

the number of false alarms) vs. planet type, for various teams contributing to the SIM-Lite double-blind tests
campaign. Right: completeness (number of detected planets divided by the number of detectable planets)
vs. planet type, for the same teams. Credits: Wes Traub

same data sets, can perform in measurably dif-
ferent ways (an issue already pointed out in
Casertano et al., (2008)).

For example, when it comes to estimates
of the reliability of detection (i.e., the proba-
bility that a detection based on a periodogram
analysis is true and not a false alarm) and com-
pleteness (i.e., the probability that a planet will
be detected), our team, which adopted a fixed
threshold1 for detection in the period search,
was more prone to miss low signal-to-noise ra-
tio (S/N), high-FAP planets, i.e. those in the
terrestrial mass regime (Figure 2).

Second, our team had difficulties in fully
solving systems (i.e. obtaining a reduced χ2 '
1.0) at the end of the analysis procedure. This
happened not only in cases of low-S/N, high-
FAP components missed, but also when all
components were identified (Figure 3). This
likely reflects limits in our IDL-based iter-
ative procedure, possibly in connection with
the identification, through the global search
scheme, of good starting guesses for the lo-
cal minimization process. Indeed, we noticed
that improvements in the resulting χ2 were ob-
tained by utilizing best-fit configurations from
other C teams as starting values for our proce-
dure. In a more general context, this exercise
allowed us to appreciate the importance of the
availability of long-term RV monitoring at the
1 m/s level, particularly for the correct iden-

1 As opposed to an adaptive threshold.

Fig. 3. Distribution of reduced χ2 for a batch of sys-
tems for which both our team (C1) and team C5
identified all detectable components.

tification of long-period components (helping
to disentangle orbital motion from proper mo-
tion in the astrometry) and very short-period
planets (helping to resolve issues related to bad
sampling and very low S/N) in systems con-
taining terrestrial planets which would other-
wise be very hard to detect.

Finally, another general topic concerned
the selection of the ’best’ solution among those
obtained by different solver teams. Indeed, as
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Fig. 4. Orbital periods of identified planets in a sub-
set of ’fully resolved’ systems as a function of the
solver team number (system numbers are in the left
bottom corner of each panel). The line at 5 years in-
dicates the time baseline of the simulated astromet-
ric measurements. Credits: Barbara McArthur

shown in Figure 4, even for systems which ap-
pear fully resolved (i.e. for which all teams find
final values of the reduced χ2 ≈ 1.0, all statisti-
cally indistinguishable), the actual orbital con-
figuration can be significantly different from
team to team.This is true not only for com-
ponents with long periods, exceeding the time
baseline of the observations (a feature some-
what expected), but also for short period plan-
ets. This problem arises because of the large
parameter space to be investigated and due to
the fact that for highly non-linear fitting pro-
cedures the statistical properties of the solu-
tions are not at all trivial (and significantly dif-
fer from those of linear models). Doppler sur-
veys are already facing the challenges of fit-
ting multiple-component orbits, and it is not
uncommon to find strong disagreement be-
tween solutions (and sometimes number of
planets detected!) presented by different teams
(e.g.,Butler et al., 2006; Gregory, 2007).

4. Conclusions

Moving from the 10–µas precision regime, ex-
pected for Gaia on bright stars, to positional
errors of 1 µas, or better, as it is envisaged for
SIM-Lite, will allow for a tremendous gain in
the matter of exoplanets detection and char-
acterization, especially for multi-component
systems. From our standpoint, the SIM-Lite
double-blind test campaign has highlighted
some important issues, such as the need for
variable FAP levels to increase the likelihood
of detecting low-S/N planets (while keeping
the number of false positives under control),
the importance of additional, long-term RV
monitoring (particularly for systems with long-
period planets), and the essential role of multi-
ple teams with independent orbital fits proce-
dures (a strong confirmation of the results ob-
tained by the analogous double-blind test exer-
cise conducted for Gaia, see Casertano et al.,
2008). Overall (see Traub et al., 2009 for de-
tails), the SIM-Lite double-blind test cam-
paign demonstrated that terrestrial planets in
the Habitable Zone of nearby solar-type stars
(i.e., within 10 pc) can be reliably detected
and characterized, even in the presence of ad-
ditional planets in the systems, confirming the
potential of µas astrometry as one of the few
techniques capable of addressing the question
of the existence of Earth analogs in the solar
neighborhood within the next decade.
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