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ABSTRACT

We report a method that uses ‘‘completeness’’ to estimate the number of extrasolar planets discovered by an
observing program with a direct-imaging instrument. We develop a completeness function for Earth-like planets on
‘‘habitable’’ orbits for an instrument with a central field obscuration, uniform sensitivity in an annular detection
zone, and limiting sensitivity that is expressed as a ‘‘deltamagnitude’’ with respect to the star, determined by systematic
effects (given adequate exposure time). We demonstrate our method of estimation by applying it to our understanding
of the coronagraphic version of the Terrestrial Planet Finder (TPF-C ) mission as of 2004 October. We establish an
initial relationship between the size, quality, and stability of the instrument’s optics and its ability to meet mission
science requirements. We provide options for increasing the fidelity and versatility of the models on which our
method is based, and we discuss how the method could be extended to model the TPF-Cmission as a whole to verify
that its design can meet the science requirements.

Subject headinggs: instrumentation: high angular resolution — planetary systems —
techniques: high angular resolution

1. INTRODUCTION

We report a method that uses ‘‘completeness’’ to estimate the
number of extrasolar planets discovered by an observing pro-
gram with a direct-imaging instrument. The method is useful
for optimizing the design of a mission and verifying that sci-
entific requirements will be met.

We demonstrate our method for the case of detection in
reflected starlight at visible wavelengths, particularly using the
coronagraphic version of the Terrestrial Planet Finder (TPF-C ).
Nevertheless, adaptation to the thermal infraredwould be straight-
forward. The method requires simply (1) probability distributions
of the orbital elements and physical characteristics that represent
the planetary population of interest, (2) algorithms for computing
a planet’s position in space from orbital elements, (3) a pool of
possible target stars, including their positions in space and phys-
ical characteristics, (4) algorithms to compute a planet’s spe-
cific flux from its physical characteristics, position in space, the
observing geometry, and relevant stellar properties, (5) algo-
rithms to compute the signal-to-noise ratio (S/N) of a detection
from the planet’s flux and image position on the focal plane,
stellar and circumstellar properties, and the exposure time, and
(6) algorithms for choosing the next target star, defining its ex-
posure time, and computing the full cost of an observation in
terms of time.

Our method uses the concept of photometric and obscura-
tional completeness, which is the fraction of possible planets
that will be detected for a given star, exposure time, and distri-
bution of sensitivity on the focal plane (the ‘‘detection zone’’).
Assuming the star has exactly one planet, the number of plan-
ets found (i.e., one or zero) is a Bernoulli random variable with
expectation value (hnpi np

! "
) equal to the completeness. The ex-

pectation value of the total number of planets found by an ob-
serving program on multiple stars (h!npi !np

! "
) is the sum of the

completenesses of the individual stars. If the occurrence rate

is smaller than unity, the expected yield of planets is propor-
tionally smaller.
It is our understanding that TPF-C begins a ‘‘pre-phase A’’

study in 2005, which will culminate in at least one straw man
design that has been demonstrated to meet mission science re-
quirements. The verification of that achievement will require
simulating the mission to which the straw man design is ref-
erenced, or ‘‘design-reference mission’’ (DRM). We discuss
extensions of our estimation method that will be essential to
performing those simulations and attaining that verification.
For simple cases, a functional representation of complete-

ness may be possible and convenient. This is true of our demon-
stration, in which the completeness of a single, initial searching
observation is represented by a function of two independent var-
iables: the apparent separation of planet and star and the planet-
to-star flux ratio, expressed as a ‘‘delta magnitude.’’ For more
complex cases—for example, detection zones with more detailed
structure or multiple observing epochs—it will be necessary to
implement the concept of completeness directly by aMonte Carlo
computer orrery of possible planets, keeping track in detail of
which possible planets have been discovered and which have
not as an observing program progresses.
In an earlier paper, we analyzed the selection effects of a cir-

cular central field obscuration on the completeness of searches
for extrasolar planets by direct imaging (Brown 2004a). We
introduced the term ‘‘obscurational completeness’’ to refer to
the fraction of a population of possible planets that is detect-
able according to the obscurational criterion alone:

s> a0; ð1Þ

where s is the apparent separation between planet and star
in AU and a0 is the projected radius of a central field obscura-
tion in AU. We did not include photometric criteria for de-
tection, which meant, on the one hand, that the results would
be valid whether a detection technique used reflected stellar
radiation at ultraviolet, visible, or near-infrared wavelengths or
used thermal-infrared planetary radiation at mid- or far-infrared

1 The Space Telescope Science Institute is operated by the Association of
Universities for Research in Astronomy, Inc., under NASA contract NAS 5-
26555.
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Photometric and Obscurational Completeness
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See: Brown, “Single-visit photometric and obscurational completeness”, 2005; Garrett and Savransky, “Analytical Formulation of the
Single-visit Completeness Joint Probability Density Function”, 2016
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Predicting Exoplanet Yield: Summed Completeness

Expected number of exoplanet detections for n target stars:

E[detections] = η
n∑

k=1

k
∑
j∈nCk

∏
i∈j

pi
∏
i/∈j

(1− pi) = η
n∑

i=1

pi

Planet Occurrence Rate Combinations of {i}ni=1

Taken k at a Time
Probability of Planet

Detection at ith Target

Pro: (Relatively) Straightforward to compute

Con: Need a separate probability calculation for
every metric of interest

Pro and Con: Can get a result
without actually scheduling
observations

See: Brown, “Single-visit photometric and obscurational completeness”, 2005; Garrett, Savransky, and Macintosh, “A Simple
Depth-of-Search Metric for Exoplanet Imaging Surveys”, 2017
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Brown, Again

The highly contingent nature of an observing program for extrasolar
planets demands a new level of simulations for mission verification.
This new level must involve Monte Carlo simulations of the mission
as a whole.

Brown, “Single-visit photometric and obscurational completeness”, 2005
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Predicting Exoplanet Yield: Monte Carlo Mission Modeling

Observatory
 Design

Orbit Design

Optical System Design

Automated Scheduling
(Mission Rules)

Mission 
Simulation

Mission Ensemble
Distributions of Mission

Yield Metrics

Pro: Can extract effectively any metric
of performance with errorbars

Con: Computationally costly

Pro and Con: Requires a mission
schedule

See: Savransky, Kasdin, and Cady, “Analyzing the designs of planet finding missions”, 2010; Savransky and Garrett,
“WFIRST-AFTA coronagraph science yield modeling with EXOSIMS”, 2015
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Scheduling Constraints: Keepout

0 100
% Time
 Visible

0 50 100 150 200 250 300 350
Days After 60634.0 UTC MJD

0

100

200

300

400

500

600

Ta
rg

et
 S

ta
r

Other

Targets are observable in white regions of the graph. The sun keepout may be due to
direct sun avoidance, starshade glint avoidance, or solar panel pointing restrictions.
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Scheduling Constraints: Local Zodiacal Light

From Keithly et al., “Optimal scheduling of exoplanet direct imaging single-visit observations of a blind search survey”, 2020 based
on Leinert et al., “The 1997 reference of diffuse night sky brightness”, 1998.
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Mission Schedules as Directed Acyclic Graphs
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Pruning the Search Graph

T1→c1

T2→c2 T3→c6

T1→c3 T3→c4 T1→c7 T2→c8

T1→c5 T2→c9

We can enumerate more schedule
options by pruning equivalent branches

Equivalency is determined by ignoring
target order and tracking accumulated
completeness from the same set of
targets

For example: red ≡ blue iff

c1 + c2 + c4 + c5 = c1 + c6 + c7 + c9

Round completeness to the second
decimal place



10/15

Pruning in Action
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A More Realistic Example
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A More Realistic Example
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Maximum Cumulative Completeness By Layer
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More Aggressive Pruning
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15 Targets over 2 weeks, iterative pruning depth = 2: 11 nodes
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More Aggressive Pruning
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Some Validation
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Conclusions

The average branching factor for mission scheduling graphs is typically between one
fifth and one third the size of the target list

Pruning equivalent paths reduces the original branching factor by an average factor of
2

Retaining only maximum cumulative completeness paths every k topological levels of
the graph produces different ‘optimal’ paths, but with nearly equivalent summed
completeness

In cases tested so far, scheduling constraints appear to reduce maximum summed
completeness by approximately 5%. This value will be highly dependent on mission
parameters

We gratefully acknowledge support for this work under the JPL SURP program.
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