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1. Preface

Two of the four large mission concept studies for

the Astrophysics Decadal Survey were designed to

directly image and spectrally characterize earth-like
exoplanets (HabExX and LUVOIR?). In 2016, the
Astrophysics Division chartered® an Exoplanet Stan-
dard De nition and Evaluation Team (ExSDET) for

the purpose of providing an unbiased science yield
analysis of the multiple large mission concepts using

a transparent and documented set of common inputs,

assumptions and methodologies. Over the course of
the past three years, the EXSDET has responded

to the direction provided in the charter and the re-
quired deliverables by performing the following tasks:

Develop analysis tools that will allow quan-
ti cation of the science metrics of the mission studies,

Incorporate physics-based instrument models to
evaluate both internal and external occulter designs,

Establish the science metrics that de ne the
yield criteria,

Cross validate the various analytical methodolo-
gies and tools,

Provide complete evaluations using common
assumptions and inputs of the exoplanet yields for
each mission concept.

2. Introduction

The primary goal of this report is to present our
best understanding of the exoplanet imaging and
characterization capabilities of the current STDT
observatory and instrument designs, along with
their nominal operating plans, using common input
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with di erent operating rules and decisions for a

particular observatory and instrument design. Such

studies are available in the literature (see, e.g.,
Savransky and Garrett, 2015). Rather, we seek only
to present an unbiased estimation of science yield
for these missions, using a clearly stated de nition
of this yield, clearly stated input assumptions, and

multiple di erent modeling approaches in order to

cross-validate our results.

This report is structured as follows:

Y3 Common Assumptions and De nitions)
provides the rationale for, and derivation of, the
input parameters and assumptions necessary to feed
the analytical models and decision logic of the tools.
This consists of astrophysical parameters, input
target lists, and instrument design parameters. It
is noted where there are necessary dierences in
the input parameters for the two tools used (EX-
OSIMS and AYO) and the impact of those di erence.

Y4 (Yield De nition ) establishes the scientic
metrics which de ne a successful detection and char-
acterization observation and thereby what counts in
the yield calculations.

Y5 (vield Modeling) describes the two primary
analysis tools used in calculating scientic yield,
compares the approaches and discusses the pros and
cons of each method. The two tools are the EX-
OSIMS program (based on Dmitri Savransky's open
source tool initiated under the WFIRST Preparatory
Science program) and the Altruistic Yield Optimiza-
tion tool (AYO; developed by Chris Stark). It is
noted that a signi cant e ort under the ExSDET
activity involved the development and maturation of
the EXOSIMS tool and so speci c treatment of its
capabilities, speci cally the schedulers, is provided

assumptions and analysis methodologies. This report qre.

is explicitly not intended to present an exploration

of the capabilities of the full design spaces available

Y6 Results provides a summary of key results

to the various mission concepts. Such explorations 4t end to end mission yield estimates for the various
are available elsewhere, most recently in the SerieSgiydy con gurations: LUVOIR B, HabEx corona-

of papers by Stark et al. (2016a, 2019, 2015).

Similarly, this report does not explore the full extent

graph only ("HabEx 4C"), HabEx coronagraph plus
starshade (hybrid; "HabEx 4H")), HabEx starshade

of possible exoplanet science outcomes associategmy ("HabEx 4S"). The results allow a quantitative

IThe HabEx nal report can be accessed at:
https://www.jpl.nasa.gov/habex/.
2The LUVOIR nal report can be accessed at:

https://asd.gsfc.nasa.gov/luvoir/reports/.

3The full charter, purpose and deliverables for the
ExSDET can be found at https://exoplanets.nasa.gov/
system/internal_resources/details/original/562_ExSDET _
Charter.pdf .

comparison between the yield estimates of each con-
guration for the di erent analytic tools as well as a
comparison between the use of the various occulter
designs.  Various Appendices provide additional
information.


https://exoplanets.nasa.gov/system/internal_resources/details/original/562_ExSDET_Charter.pdf
https://exoplanets.nasa.gov/system/internal_resources/details/original/562_ExSDET_Charter.pdf
https://exoplanets.nasa.gov/system/internal_resources/details/original/562_ExSDET_Charter.pdf
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Appendix A allows the reader to dive deeper
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Table 1. Coe cients for the nominal, optimistic,

into the comparison between the approaches and and pessimistic SAG13 piece-wise power law oc-

results from the two tools.

Appendix B provides supplemental parameters

currence rate models above and below the break at
34R .

of the input target star lists. Coe cient Optimistic | Nominal | Pessimistic
(< 34R )| 0.138 0.38 1.06
Appendix C discusses the exoplanet case for (< 3:4R ) 0.277 0:19 0:68
Origins Space Telescope (OST) another large (< 34R ) 0.204 0.26 0.32
Decadal mission study, and why the yield calcula- (> 3:4R ) 0.72 0.73 0.78
tion/comparison is not applicable to this mission (> 34R ) 1:56 1:18 0:82
concept. (> 34R ) 0.51 0.59 0.67

3. Common Assumptions and Definitions . .
to those periods leads to what appears to be higher

occurrence rate than is currently observed from, e.g.,

3.a.i. The SAG13 and Dulz/Plavchan Planet Popu- direct imaging surveys. Therefore, Dulz et al. (2019,
lation. in prep.) modi ed the SAG13 occurrence rates in the

3.a.i.1. SAG13. NASA's Exoplanet Program Anal- gion of extrapolation beyond the SAG13 Kepler

ysis Group (ExoPAG) facilitated a science analy- 9rd. We present here a summary of their work.

sis group (SAG) denoted SAG13 to determine the _ o
occurrence rates to use for exoplanet yield model- 3-2.i.2. Inputs.  SAG13 occurrence rates are limited

ing. SAG13 performed a meta-analysis on occur- based on Kepler sensitivity to planets of 640 days

rence data and models from peer reviewed Ioaloersorbital periqd or less. Due to a lack studies which
and the 2015 Kepler hack week. SAG13 placed the COVer relatively small planets at longer orbital
occurrence rates on a common grid of planet radius Periods for solar-type stars, one can extrapolate the
and period, calculated the mean and standard de- SAG13 power law to much longer orbital periods;
viation of the crowd-sourced occurrence rates, and NoWever, this produces an unreasonably high amount
t a broken power law model to the mean occur- of planets at the Radius break point at long periods
rence rates over the grid. Piece-wise power law coef-(C0ld Neptunes). As a correction for this, Dulz et al.
cients were also ttothe +1 optimistic and 1 (2019, in prep.) mt_roduced an occurrence rate limit
pessimistic cases. These do not represent a formal@t 1arge semi-major axes based on the long term
mean and standard deviation of the occurrence rates, Stapility of planets generated.

but rather express the state of knowledge and dis- » )
agreement (more formally, epistemic uncertainty) re- ~ Additionally the Dulz et al. (2019, in prep.)
garding the occurrence rates in the community. The Occurrence rates dier from SAG13 in the treatment
SAG13 process and results are detailed in Belikov et ©f JUpiters. Three options were investigated for the
al. (2016) and Kopparapu et al. (2018). The SAG13 Jupiter distribution: using SAG13 only, applying a
occurrence rate model is a function of the log of planet COMPination of Bryan 2016 and Cumming 2008, and

3.a. Astrophysical parameters.

radius R and the log of periodP:

) @N(R;P) _
@ RrR@npP

The power law break at 3:4R follows Burke et al.

(2015). The coe cients are given in Table 1.

RIP

The SAG13 power law model forms the basis of

the EXSDET occurrence rates. However, the validity

region for the SAG13 model does not extend to

periods that are much greater than the limits of the

Kepler data, such as small planets on orbits of many

hundreds of days. Extrapolating the SAG13 model

4The nal report for the Origins Space Telescope can be
accessed at: https://asd.gsfc.nasa.gov/ rs/.

applying the Fernandes et al. 2019 two-part power
law.

Bryan et al. (2016) derived an occurrence rate
power law for additional cold Jupiters in known
exoplanet systems detected with a NIRC2 RV survey.
While Bryan et al. derived several occurrence rates

for di erent mass-semimajor axis ranges, Dulz et al.

(2019, in prep.) analyzed the power law valid for
0:5 13M,yp and 5 50 AU. This occurrence
rate was extended down to apply for Jupiters
Mp > 0:225M,, at a > 5 AU. Cumming et al.

2008, based on Keck Planet Search radial velocity
data, derived an occurrence rate of Jupiters valid for
0:3 10M;y and P < 2000days. Dulz et al. (2019,
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in prep.) extended this power law in both mass and
semimajor axis space to coveM, > 0:225M,,, and
a<5AU.

Fernandes et al. (2019a), a meta-analysis of Kepler
and RV studies, found a turnover in RV Jupiters
occurrence rates at the snow line. Fernandes et al.
(2019a) derived a two part power law model from
several methods, one of which was the Exoplanet
Population Observation Simulator (EPOS) which
had asymmetric results with a turnover at 2075 days
and was valid for 0:1  20M;,, and 0:1 100 AU.
Dulz et al. (2019, in prep.) used the EPOS derived
model for Mp > 0:225M 3p .

3.a.i.3. Methods. SAGL13, originally formulated in
Radius/Period parameter space, was translated to
Mass/Semi-major axis space using the Mass-Radius
relation of Chen and Kipping (2016). This mass
radius relation was broken into 4 regions: Terran,
Neptunian, Jovian, and Stellar worlds. Due to the
negative exponent on the mass-radius relation for
Jovian worlds, there was a degeneracy for the mass
of planets betweenll3 143R . For this reason, e jnitial occurrence rates. Some of the planets
yvhen translating radius to mass Dulz et al. (2019, outside of 0.5 AU were unstable.

in prep.) used the Neptunian power law to cover
all SAG13 regions beyond the Terran-Neptune divide.

Figure 1. A comparison of the number of Jupiters
(Mp > 0:225M,p ) from SAG13, a combination of
Bryan et al. (2016), Cumming et al. (2008), and
Fernandes et al. (2019b).

redrawn for that star until the stability condition
was met. The planets for all 100,000 stars form

A maximally packed planet population was also
computed. Starting with the initial population,
all unstable planets were removed. Then an entire
new set of planets were drawn for the parameter
space outside of the 0.5 AU trusted region. The
only retained planets were those which were stable
with both the stable initial planets and any planets
previously found stable from this maximally packed
procedure. Then planets were randomly drawn again
in the same fashion. This process was repeated 175
times, to the limit at which the last draw would add
another stable planet for less than 1% of the systems
for optimistic, nominal and pessimistic cases. At the
end of this process, the distribution for these planets
formed the maximally packed planet population.

To avoid this degeneracy for the two additional
Jupiter distributions, Dulz et al. (2019, in prep.)
applied SAG13 rates only up to0:225M;,, = 10R
and used the RV-derived rates of Bryan et al. (2016)
and Cumming et al. (2008) or Fernandes et al.
(2019a) above0:225M,,,. Figure 1 compares the
Jupiter occurrence rates as a function of semi-major
axis for these variations with SAG13 nominal rates.
After comparison of these occurrence rates, Dulz
et al. (2019, in prep.) chose to utilize the Fernandes
et al. (2019a) distribution which covers a wide range
of planetary parameters.

From an occurrence rate distribution over the
entire parameter space, Dulz et al. (2019,in prep.)
drew randomly from this continuous distribution
via inverse transform sampling to create a set of
synthetic systems for 100,000 stars of 1 solar mass.

Finally, to limit edge e ects resulting from de nite
semi-major axis bounds which resulted in a high
count due to a lack of planets outside 35 AU, planets
at further than 30 AU were removed from both
the initial and maximally packed populations.
For all planets, the radius was calculated based
on the Chen and Kipping (2017) mass relation.

For each star, the long term stability of each
planet pair was determined based on the Hill radius

separation criteria of Kane et al. (2016); in any gecayse there is no degeneracy in translating mass

unstable pairs, the more massive planet was kept. If to radius, all three planet type regions of Chen and
the initial stability check resulted in the removal of Kipping (2017) were used. For both initial and

any planets W'th'n 0.5 ,AU’ where Kepler occurrence maximally packed populations, the occurrence rate
rates were solidly reliable, the entire system was pisiograms were calculated as the total number of
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planets in each cell of a 25x25 grid, evenly spaced in
log(radius)-log(period) space, divided by the 100,000
stars in the simulation ensemble.

The occurrence distributions for the initial
and maximally packed populations are shown in
Figure 2. For the nominal and optimistic cases, the
initial populations greatly exceed the maximally
packed populations at large semi-major axis. For
the pessimistic case, the initial population never
exceeded the maximally packed population. The
point at which maximal packing was exceeded also
depends on radius. The nal occurrence rate was
determined by taking the cell-by-cell minimum of the
initial and maximally packed populations. The
result was a set of occurrence rates consistent with
SAG13 except in the regions where the population
would become nonphysically over-packed which were
then replaced by the maximum possible occurrence
rate.

3.a.i.4. Results. Figure 3 shows the occurrence
rates, as a function of radius and period, of a
combination of SAG13 (optimistic, nominal and
pessimistic) with Fernandes et al. (2019a) occurrence
rates constrained by long-term dynamic stability.
These were implemented in EXOSIMS and available
at https://github.com/dsavransky/EXOSIMS/
tree/master/EXOSIMS/PlanetPopulation

Table 2 compares the SAG13 model to the Dulz
et al. (2019, in prep.) occurrence rates, binned
according to the planet types de ned in Kopparapu
et al. (2018) (described in the next section). For
some planet types, the optimistic case produced
a lower occurrence rate than the nominal case.
For example, the optimistic case predicted 1.19
cold sub-Neptunes per star while the nominal case
predicted 1.38 cold sub-Neptunes per star. In the
nominal case, occurrence rates of cold Jovians and
sub-Jovians were higher than the optimistic case,
and the higher occurrence rates of cold Jovians and
sub-Jovians ejected sub-Neptunes under the dynamic
stability criteria at a higher rate than the optimistic
case.

In most cases, the nominal occurrence rates were
comparable to those calculated directly from the
SAG13 model. In the region of the original SAG13

for cold planets, the nominal occurrence rates were

Figure
analysis, the SAG13 model was preserved. However, (O?OSM

packed

(a) Optimistic

(b) Nominal

(c) Pessimistic

2. Distribution summed over Mass
15M;,p) of Initial and Maximally
populations for Optimistic, Nominal,

lower than the SAG13 model because occurrence Pessimistic SAG13 combined with Fernandes et al.

rates were constrained by dynamic stability. This (2019b)

dynamic stability provided a reasonable theoretical
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constraint to the occurrence rates in the extrapolated
regions of the SAG13 model.

3.a.ii. Planet Bins. While the distribution of exo-
planets is a continuous function of radius and period,
when reporting exoplanet yields, it is convenient
to categorize the exoplanets. For this reason, the
ExSDET adopted the planet categorization scheme
of Kopparapu et al., 2018, in which exoplanets are
divided into 5 radius bins (rocky planets from
0510 R , Super Earths from 1.01.75 R ,
sub-Neptunes from 1.753.5R , Neptunes from
356 R , and Jupiters from 614.3 R ), and 3
temperature bins (hot, warm, and cold) de ned
by the condensation temperatures of ZnS, HO,
CO,, and CHy. Figure 4 shows this 5 3 grid of
planet types. The occurrence rate of each planet
type is shown, together with the range of uncertainty
given by the optimistic and pessimistic cases, all
calculated by integrating the continuous occurrence
rates of Dulz et al. (2019, in prep.) over each bin.
Each planet type was assigned a geometric albedo
(shown in Figure 4) and a Lambertian scattering
phase function. All planets were assumed to be
on circular orbits. The semi-major axis boundaries
that de ne the temperature bins of each planet type
are assumed to scale with the bolometric stellar
insolation; that is, they scale with the square root of
the bolometric stellar luminosity.

The green outline in Figure 4 shows the adopted
de nition of an exo-earth candidate. Exo-earth
candidates are assumed to be on circular orbits
and to reside within the conservative HZ, spanning
0.951.67 AU for a solar twin (Kopparapu et al.,
2013). Exo-earth candidates span radii ranging from
0:8a %5 to 1:4 R , where a is the semi-major axis
for a solar twin. The lower radius limit comes from
an empirical atmospheric loss relationship derived
from solar system bodies (Zahnle and Catling, 2017).
The upper limit on planet radius is a conservative
interpretation of an empirically-measured transi-
tion between rocky and gaseous planets at smaller
semi-major axes (Rogers, 2015). All exo-Earth
candidates were assigned Earth's visible geometric
albedo 0f0:2, assumed to be wavelength-independent.

3.a.ii. Binary Stars and Close Companions.De-

(a) Optimistic

(b) Nominal

(c) Pessimistic

Final occurrence rates with Fernandes

tecting exoplanets in binary star systems presents et al. (2019b) and SAG13 distributions constrained
additional challenges. Light from companion stars by dynamic stability. The color scale, which varies

outside of the coronagraph's eld of view, but
within that of the telescope, will diract o of
particulate contaminants and surface gure errors

between the cases, indicates planets per star.
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A comparison of SDET occurrence rate distributions with Kopparapu et al. 2018 planet type

de nitions ar}g planet  SAG13 nominal occurrence rates. Earthlike planets use limits o0:95 < a < 1:67

AU and 0:8=" a<R, < 1L4R .

Planet Type SAG13 | Optimistic | Nominal | Pessimistic
Hot rocky 0.67 1.82 0.64 0.22
Warm rocky 0.30 1.07 0.31 0.09
Cold rocky 1.92 3.80 1.89 0.50
Hot super-Earths 0.47 0.88 0.43 0.21
Warm super-Earths 0.21 0.56 0.22 0.09
Cold super-Earths 1.42 1.36 1.33 0.51
Hot sub-Neptunes 0.48 0.66 0.44 0.28
Warm sub-Neptunes| 0.22 0.41 0.23 0.12
Cold sub-Neptunes 1.63 1.19 1.38 0.78
Hot sub-Jovians 0.07 0.10 0.07 0.05
Warm sub-Jovians 0.07 0.13 0.07 0.04
Cold sub-Jovians 1.35 1.14 1.06 0.58
Hot Jovians 0.056 0.07 0.06 0.05
Warm Jovians 0.053 0.13 0.08 0.06
Cold Jovians 1.01 1.48 0.85 0.45
Earth 0.24* 0.71 0.24 0.09

*Not included inKopparapu et al. (2018), but calculated based on earthlike limits using original SAG13 nominal power law.

Figure 4. Adopted planet classication scheme,
per-class occurrence rates , and their ranges. Geo-
metric albedos,Ag, shown in background.

on the primary and secondary mirrors. Some of this
stray light is scattered into the coronagraph's eld of

view. For some binary systems, this stray light can
become brighter than an exo-earth.

The stray light from binary stars in the nal image

point spread function (PSF) at large separations as-
suming a =20 RMS surface roughness and arf 3
envelope, wheref is the spatial frequency of optical
aberrations/contamination. Stray light was assumed
to be measurable or modelable, such that it could
be subtracted o and contributed only Poisson noise.
It should be noted that including the full amount
of light scattered by the companion is actually con-
servative, as the companion scattered starlight could
be actively reduced with multi-star wavefront con-
trol coronagraphic techniques (Belikov et al., 2017,
Sirbu et al., 2018, 2017; Thomas, Belikov, and Ben-
dek, 2015).

3.a.iii.1. AYO. When implementing the stray light
model, the AYO vyield code makes no arti cial cuts
to the target list based on binarity. The bene t-to-
cost optimization in the AYO yield code determined
whether or not stray light noise made a target un-
observable. In practice, the AYO prioritization does
reject a number of binary systems with contrast ra-
tios close to unity and/or close separations.

3.a.iii.2. EXOSIMS. In EXOSIMS, the binary leak
model is implemented via a pre-computed table of
stary light contribution as a function of companion
angular separation. For a particular target, the loca-
tions of the closest and brightest binaries are queried
(as described in Y3.b.i). In cases where the returned

plane was estimated and included as a noise source@lues are the same, it is assumed that they are de-

in exposure time calculations. The numerical stray
light models of Sirbu et al. (in prep) were utilized.
These models predict the power in the wings of the

scribing the same source, and one of the entries is
dropped. The input table is interpolated to the an-
gular separation of the target companion stars. A
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binary leak term is evaluated as the sum of the contri- Detailed descriptions of the HOSTS observing
butions of the closest and brightest companion stars, strategy, data reduction, and analysis, together with
and this term is then added to the overall background detailed statistical results, were provided by Ertel
ux term containing the zodi and exozodi contribu- et al. (2018). The HOSTS Report and this section
tion and the speckle residuals. provide only a brief summary of these points and
updates where necessary. In particular, the Report
3.a.iv. Zodiacal Light. The solar system's zodiacal Provides the nal null measurements and derived HZ
brightness varies with wavelength and the telescope's dust levels (zodi levels) for all observed stars and
p0|nt|ng, the closer one observes toward the Sun, nal statistics derived from those measurements.
the brighter the zodiacal cloud will appear. Zodiacal
cloud brightness was estimated as a function of The observations were carried out with the
wavelength and ecliptic latitude and longitude by Large Binocular Telescope Interferometer (LBTI).
interpolating the tables of Leinert et al. (1998). The HOSTS team used nulling interferometry in
EXOSIMS specically schedules each observation, the N band to combine the two 8.4-m apertures,
enabling it to compute the zodiacal brightness based to suppress the light from the central star, and
on the target's ecliptic coordinates on the date of to reveal faint, circumstellar emission. The total
the observation. Because AYO does not directly Ux transmitted in nulling mode was measured
schedule any observation, reasonable assumptionsind calibrated using a photometric observation
were made for the solar elongation of each target at of the target star. Nodding was used to subtract
the time of observation. AYO calculations adopted a the variable telescope and sky background. Each
solar elongation 0f135 and 60 for the coronagraph Observation of a science target (SCI) was paired with
and starshade instruments, respectively (consistent an identical observation of a reference star (CAL)
with their instantaneous elds of regard). AYO to determine the instrumental null depth (nulling
calculations then translated this solar elongation transfer function, the instrumental response to a
into an ecliptic latitude and longitude given the Point source) and calibrate the science observations.
target star's equatorial coordinates, and adopted the Data reduction followed the strategy outlined by
corresponding zodiacal brightness. Defrére et al. (2016) with minor updates as described
by Ertel et al. (2018).

The basic detection statistics for dierent sub-
samples of targets are summarized in Table 3. The
HOSTS team found higher detection rates for stars
with cold dust (dusty stars) compared to stars

This section discusses the survey approach, the dataVithout (clean stars). For early type stars this
reduction method, and the resulting distribution Correlation is strong, but the small number of dusty

of exozodiacal dust. Then the implementation of SUn-like stars in the HOSTS sample prohibits a

the exozodiacal light model in the yield codes is de nite conplusion. Such stars are relatively rare
discussed. and observing them was not a priority of the HOSTS

survey as stars with known cold dust are unlikely to

3.av.l. LBTI HOSTS Survey. Observations for be rst choice targets for future exo-Earth imaging
the HOSTS (Hunt for Observable Signatures of MISSIONS.

Terrestrial Systems) survey for warm dust around

nearby stars (exozodiacal dust, i.e., dust in and )

near their habitable zones, HZs) were completed Table 3. Subsamples, excess detections, and occur-
in the rst half of 2018 (during observing semester '€Nce rates.

2018A). The goal of HOSTS was to constrain the

3.a.v. Exozodiacal Light. The exozodiacal light level
used in the yield simulations were taken from the
recent results of the Large Binocular Telescope
Interferometer (LBTI) survey of exozodiacal dust.

occurrence rate and typical level of exozodiacal Cold dust Clean  All

dust around a sample of nearby stars in order to Early 50f6 l1of9 60f15

assess the risk imposed by this dust to future space type 83%;% 118 % 40 %

missions attempting to directly image habitable sSun- 1 of 2 30f20 4 of 23
exoplanets. The HOSTS Report contains the_|mme- like 50%% 152 % 179 %

diate conclusions of the survey relevant to this goal

(Ertal2018Report, 2018). Al 6of8  40f29 10 o0f38

75%,%  13%% 26%%
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Figure 5. Sensitivity of the HOSTS survey com-
pared to previous surveys.

Figure 5 compares the zodi sensitivities (1 accu-

3.a.v.2. Sample constraints on habitable zone

dust levels. In addition to the basic statistics
described in the previous section, the HOSTS team
carried out a detailed statistical analysis to deter-
mine the typical HZ dust level for Sun-like stars.
The HOSTS team followed the strategy described
by Mennesson et al. (2014) and Ertel et al. (2018).
In their previous analysis of an early subset of
HOSTS observations, they assumed a log-normal
probability distribution of the zodi level of a given
star (luminosity function) and tted it to their zodi
measurements for dierent subsamples of stars to
determine the median zodi levels of these samples
and its uncertainties. They found that: (1) a
lognormal luminosity function appears inadequate to
reproduce well the observed distribution of excesses,
instead a bimodal luminosity function is more likely

racy of the measurements) reached by the HOSTSin which most stars have low zodi levels and a
survey to those of previous surveys, speci cally the few “outliers' have relatively high levels; and (2)
photometric measurements from WISE (Kennedy within the statistical uncertainties, the dierence

and Wyatt, 2013) and the Keck Interferometer Nuller

between stars with and without cold dust seen for

(KIN; Mennesson et al. 2014). The shown HOSTS early-type stars cannot be conrmed nor ruled out

sensitivity is about a factor of ve better than that

for Sun-like stars. The former is further supported

of KIN for the observed samples; for the best targets, by the complete HOSTS survey data, while the
HOSTS has detected HZ dust levels that are a few latter remains valid. Thus, the HOSTS team did not

times higher than in our Solar system.

Figure 6. Nominal, optimistic (low median, m
lower ), and pessimistic (high median, m + ygper )
free form ts to the HOSTS data for Sun-like stars.

distinguish between dusty and clean Sun-like stars
and use the “free-form' iterative maximum likelihood
algorithm described by Mennesson et al. (2014)
instead of a lognormal luminosity function.

For the free-form method, the explored zodi levels
are binned and the unknown luminosity function is
parameterized through the probability that a given
star has a zodi level in each of the bins. For the
HOSTS analysis, the team selected bins of equal
width of 1zodi ranging from 0zodis to 2000 zodis,
an upper limit consistent with the LBTI measure-
ments of Sun-like stars. The probability in each bin
was then adjusted iteratively to maximize the likeli-
hood of observing the data (Mennesson et al. 2014,
Section 4.6). The median zodi levelm was used to
characterize the distribution. To determine the un-
certainty of the derived distribution, the team ran-
domly disturbed this 'nominal’ distribution, creating
10° new distributions with small deviations from the
nominal one. The likelihood of observing the data
was computed for each of these distributions, and
the pro le likelihood theorem was then used to de-
rive 1 con dence intervals onm from its distribution
among them. A median zodi level of Sun-like stars
of m = 45" 7’2 zodis was found. The nominal and 1
optimistic (low median, m lower ) @Nd pessimistic
(high median, m+ pper ) free-form distributions are
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shown in Figure 6. These statistics were adopted by
the HabEx and LUVOIR mission study teams.
3.a.v.3. Implementation in Yield Models. Fol-
lowing Savransky, Kasdin, and Cady (2010), EX-
OSIMS models the contribution of exozodiacal light
asf (= 1)2:5M Ms=r2 where is the assumed
number of exozodi in units of zodi, | is the target
system inclination, r is the planet-star separation dis-
tance, andMg is the absolute magnitude of the target
star in the relevant observing band. The function f
is the empirically derived variation of zodiacal light
with viewing angle given by

(2) f()=2:44 0:0403 +0:0002692
with  in degrees, in the range [0,90] (and is mirrored
for 2 [90;180} D. Lindler, Personal Communica-
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than the star from the descending to ascending node.
A visual orbit by itself, however, cannot di erentiate
the two nodes, and additional information, such as
radial velocities, is needed to break this degeneracy.
In the case of re ected light observations the degen-
eracy should be relatively easy to resolve, since the
planet should be signi cantly brighter after passing
the ascending nodes compared to before.

We determine the expected precision of orbital
parameters as a function of number of revisits by
simulating relative astrometry datasets from space
telescopes, and then tting the orbit and noting
how the posteriors narrow as more observations are
acquired. This process is repeated for simulated
planets with di erent input parameters and a variety

tion, 2008). This expression evaluates to a scaling of observing cadences. Astrometric measurements

factor that can be applied to the mean ux of the

local zodi (typically given in magnitudes per square
arcsecond), resulting in the total exozodiacal light
ux. The inverse r? factor accounts for the decreas-
ing exozodi contribution with planet separation, as
discussed in Stark et al. (2014).

3.a.vi. Orbit Determination. Once a planet is de-

tected by a space telescope, characterizing the planet
requires an accurate assessment of the planet's orbit.

Most immediately interesting are semi-major axis
and eccentricity, which set what fraction of a planet's
orbit it spends in the habitable zone. Additionally,
models of re ected light spectra (Batalha et al.,

2019) are given as a function of separation and

phase angle, and so the full set of orbital parameters
allows for directly determining the orientation of
the star and planet in 3D space. Thus by observ-

ing the system at a variety of phase angles these
g y v P g ¢ 10 pc), but varying eccentricity. Plotted are the

models can be directly tested against data. Withou
precursor information such as RVs, the orbit must
be determined from the astrometry measured by
the spacecraft itself. The missions will measure
relative astrometry, separation and position angle
of the planet relative to the host star, as a function
of time, at a series of discrete epochs.
visual orbit directly measures the orbital parameters
semi-major axis, period, eccentricity, inclination

Such a

are assumed to have Gaussian noise with = 5 mas,
with noise added to each measurement by drawing a
random variable from such a Gaussian, and assum-
ing 5mas uncertainty on the resulting measurement
when tting the orbit. Planets are assumed unde-
tectable if the true separation falls within the WA,
or if the planet lies below the contrast curve, which
can happen as planets move into unfavorable orbital
phases with minimal illumination of the planet's
disk by the host star. Orbit tting is done with the
rejection sampling algorithm OFTI (Blunt et al.,
2017), which, like MCMC, samples the posteriors of
the orbital parameters, but does so more e ciently
for orbits with limited data.

Figure 7 shows the result for such a simulation,
with three simulated planets with identical orbital
parameters (semi-major axis of 1 AU, period of
1 year, inclination angle of 30, and distance of

1- uncertainties on each parameter from the orbit
ts, as more data are added to the orbit t. For
the highest eccentricity, the planet is within the
IWA at the rst epoch, but detectable at all other
epochs. A general result from a variety of inclination
angles and noise realizations is that 3 4 well-spaced
observations (including the discovery epoch) are
su cient to recover semi-major axis, eccentricity,

angle, and epoch of periastron passage, as well agnd inclination angle (Figure 7), as well as separation

two parameters with a 180 ambiguity: position
angle of nodes and argument of periastron.

The line of nodes can be directly measured from
a visual orbit, with the planet and star at equal
distances from the observer at the two nodes, the
planet being further than the star as it moves from

the ascending to the descending node, and close

jfequired to reach 10% precision.

and phase angle for a particular epoch (Figure 8)

to better than  10%. In some cases 10% precision
is reached after only three observations, but others

require four.

Observing cadence is also a factor, with poorly-
sampled data increasing the number of epochs
Too frequent



EXEP SDET

Figure 7. Precision on orbital parameters as a
function of time for simulated habitable zone plan-
ets as a variety of eccentricities, but with otherwise
identical orbital parameters. Generally, better than
10% precision is reached on these parameters after
four astrometric measurements with detections.

sampling results
which is degenerate with other parameters.

in a poorly-measured period,
With
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Figure 8. Precision on separation, phase angle,

and line-of-sight o set between star and planet for

the discovery epoch as more data are taken. As with
the orbital parameters, better than 10% precision is

reached on these parameters after four astrometric
measurements with detections.

not achieve 10% uncertainty, even for the most fa-
vorable phasing and only for the highly constraining
priors. For three to six observations per orbit, the

enough of a gap between epochs, the period canuncertainty on semi-major axis was below 10% after

be constrained along with the other parameters.
Similarly, too long a gap runs the risk of sampling
below the Nyquist limit, and again poorly con-
straining the period. We have found that spacing
observations 2-6 months apart, for an exoplanet on
a 1-year orbit, tends to recover orbital parameters
with better than 10% precision after 3-4 observations.

Another study by Horning, Morgan, and Nielsen
(2019) sought to determine the minimum number of
observations required to determine the semi-major
axis and eccentricity to 10% uncertainty. A rejection
sampling algorithm was developed based purely
on astrometry (no photometry) and applied to a
test case of an Earth-Sun twin at 10 pc with 45
inclination. An astrometric uncertainty of 5mas was

assumed. A variety of observation cadences were

attempted and it was found that the most e cient
was uniform sampling over the orbit, for observation
numbers from two to six per orbit. The simulation
results for uniformly spaced observations over one
orbit are shown in Figure 9. Two observations did

half an orbit. Observations spanning more than half
the period of the planet is a critical condition for
achieving uncertainty less than 10%. These results
also show that three observations, evenly spaced,
spanning more than a half a period, is the minimum
number of observations to reach 10% uncertainty
of the semi-major axis and eccentricity. Higher
inclinations may require an additional observation.

The impact of phasing of the observations for
three observations was also studied. Less than
10% uncertainty was achieved by all phasing of the
uniformly spaced three observations. A sensitivity
as low as 1.5% in semi-major axis and eccentricity
could be achieved with optimal phasing.

Recently, Guimond and Cowan (2018) have
undertaken a similar analysis, though with a slightly
di erent set of instrument assumptions: astrometric
precision of 3.5 mas instead of 5, and inner working
angle of 31 mas, compared to the 51 mas we assumed
earlier. We display their Figure 5c in Figure 10,
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Figure 9. A comparison of uncertainty in the orbital parameters for 2, 3, 4, 5, and 6 observations
spaced equally over one period of an Earth-like orbit inclined a#t5 degrees. This comparison uses only
the astrometry data to infer orbital parameters (it does not incorporate photometry), does not have null
observations, and the initial observation is taken at quadrature.

showing precision on semi-major axis as a function of than 10% precision on recovered semi-major axis.
number of epochs. Their results for 1 and 2 epochs

are obtained through a semi-analytic method, while Guimond and Cowan (2018) nd a greater
3 epochs and above are found from an MCMC orbit likelihood of needing only 3 epochs to constrain
t (Blunt et al. 2017 has shown that OFTI and semi-major axis if the underlying distribution of
MCMC produce identical posteriors for identical planet eccentricities favors small eccentricities, such
datasets and priors). Additionally, Guimond and as a beta distribution (Kipping, 2013) or linear with
Cowan (2018) explore a larger range of parameter a negative slope (Nielsen et al., 2008). This is con-
space, drawing from six orbital parameters, while sistent with our nding that for an equal number of
leaving distance set to 10 pc and mass to 1 M. epochs, better orbital parameter precision is reached
Despite the di erences in methods, we nd generally for planets on more circular orbits. Guimond and
consistent results: that 3 to 4 epochs result in better Cowan (2018) also explored the dependence on
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Figure 10. Figure 5c of Guimond and Cowan
(2018), giving the 1 precision on semi-major axis
measurements as a function of number of epochs for
100 simulated planets with varying orbital parame-
ters.

astrometric precision, and as expected the likelihood

of needing a fourth epoch increases with decreasing

astrometric precision.

Thus, the consensus result is that the basic

properties of a newly detected habitable zone planet
can be characterized with 3 4 detections separated by

2 6 months.

The e ective implementation for each of the
modeling codes was slightly dierent. For AYO,
the number of required detection observations was
6 with the assumption that 4 would be successful
and provide orbit determination. For EXOSIMS,
the criteria was one of several that acted as a funnel
to promote targets for characterization observations.
For a target to be promoted for characterization, the
planet had to have 1) three detections that spanned
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more than half the period of the planet or four
detections, 2) be within the habitable zone, and have
a radius tting the de nition of exo-earth candidate.
Performing the successful detections implied that
orbit tting had been performed and the observer
had knowledge of criteria (2).

3.b. Input Target Catalog. EXOSIMS and AYO
use dierent input target list catalogs, a result of
previous limitations and unavailability of catalog up-
dates. While ideally all yield calculations would use
a single, standardized target list, Stark et al. (2019)
has demonstrated that the minor di erences between
target lists are inconsequential; target list di erences
result in yield dierences at only the few percent
level. This is due to the fact that the two target lists,
while independently generated, depend heavily on
the Hipparcos survey, and contain largely the same
stars out to 30 pc, and due to the fact that the overall
yield is robust to inaccuracies in individual stellar
parameters when large numbers of stars are surveyed.

3.b.i. EXOSIMS. EXOSIMS uses the original
ExoCat-1 catalog (Turnbull, 2015), as stored in
the MissionStars table of the NASA Exoplanet
Archive hosted by the NASA Exoplanet Science
Institute °>.  Missing photometric information for
targets is optionally synthesized by interpolating
over Eric Mamajek's Mean Dwarf Stellar Color and
E ective Temperature Sequence (Mamajek, 2019).
Information is lled in with the following order of

precedence:

(1) Any instances of missing V band apparent
magnitudes where the target spectral type
can be identied and is a dwarf type are
lled by interpolation of the cataloged mean
V magnitudes over the spectral subtype.

(2) Any instances of missing B band apparent
magnitudes where the target spectral type
can be identi ed and is a dwarf type are lled
by interpolation of the cataloged mean B-V
colors over the spectral subtype, which are
added to the V magnitude.

(3) Any instances of missing stellar luminosities
where the target spectral type can be iden-
tied and is a dwarf type are lled by inter-
polation of the cataloged mean luminosities
over the spectral subtype.

(4) Any instances of missing bolometric correc-
tions where the target spectral type can be

5https://exoplanetarchive.ipac.caltech.edu/docs/
data.html
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identi ed and is a dwarf type are lled by in-
terpolation of the cataloged mean bolometric
corrections over the spectral subtype.

(5) Any instances of missing K, H, J, I, U, or
R magnitudes where the target spectral type
can be identi ed and is a dwarf type are lled
by interpolation of the cataloged mean H-K,
J-H, V-I, U-B, and V-R colors, respectively,
over the spectral subtype, and addition to the
K, H, J, V, B, and V magnitudes, respec-
tively.

ExoCat-1 is further modi ed in the case when the
binary leakage model is being used with updated in-
formation from the Washington Double-Star catalog,
maintained at the U.S. Naval Observatory. Stars
from ExoCat are cross-referenced by their Hipparcos
identi ers and four additional columns are added to
the input catalog:

(1) The separation (in arcseconds) of the closest
companion to each target

(2) The magnitude in V band of the closest
companion to each target

(3) The separation (in arcseconds) of the bright-
est companion to each target

(4) The magnitude in V band of the brightest
companion to each target

In certain instances, the closest and brightest com-
panions are the same star, in which case the latter
data set is omitted.

3.b.ii. AYO. AYO uses an input star catalog com-
piled following the methods of Stark et al. (2019).
Briey, the target list is equivalent to the union of

the Hipparcos New Reduction catalog and the Gaia
TGAS catalog. For each star, the catalog adopts the
most recent measured parallax value from the Hip-
parcos, Gaia TGAS, and GAIA DR2 catalogs, then
down-selected to stars within 50 pc. BVI photometry
and spectral types were obtained from the Hipparcos
catalog. Additional bands and missing spectral types
were supplemented using SIMBAD. All stars identi-
ed as luminosity class I-1ll were Itered out, leaving

only main sequence stars, sub-giants, and few un-

classi ed luminosity classes. Binary parameters were
retrieved from the Washington Double Star catalog,
which was cross-referenced with the catalog via SIM-
BAD. We note that while the AYO input catalog ex-
tends to 50 pc, not even the LUVOIR A concept ob-
serves habitable zones beyond 30 pc.

3.c. Summary of Astrophysical Parameters.

The preceding discussion of astrophysical assump-

tions and inputs is summarized in Table 4.

Final Report

15

3.d. Instrument Parameters. The instrument
parameters for the baseline HabEx and LUVOIR B
architectures analyzed are summarized in Table 5.

We briey describe what assumptions are made
regarding the raw contrast oor for both architec-
tures. Planet yields are estimated using the raw
contrast performance predicted by modeling simu-
lations of the coronagraph optics. For HabEx, the
contrast performance was predicted by end-to-end
structural thermal optical performance (STOP)
models for both the coronagraph and starshade
instruments.  For LUVOIR Architecture B, the
coronagraph performance was modeled using an
ideal optical state of the telescope optics, including
the segmented primary mirror. To account for
possible modeling residual uncertainties and physical
wavefront residuals, the raw contrast adopted at
a given separation is always de ned conservatively
as the worst of two values: the model predicted
performance at that location and some constant
raw contrast oor, de ned as the best instrument
contrast reachable at any separation from the star.
AYO found HabEx EEC yield to be fairly insensitive
to the raw contrast oor as long as its value remains
of the order of 10%°. Both AYO and EXOSIMS use
the raw contrast oor.

It is worth noting that the raw contrast is an
instrumental performance parameter. It is dier-
ent from the minimum planet-to-star ux ratio
detectable, which can be signicantly lower than
the instrument raw contrast, as illustrated by the
ground-based detections of exoplanets signi cantly
fainter than residual starlight speckles using ad-
vanced post-processing techniques e.g. Lafreniere
et al., 2007; Soummer, Pueyo, and Larkin, 2012.

4. Yield Definition

The desired end product of the direct imaging
of exoearth candidates is not only their discovery,
not only determination if they are in the habitable
zone, but a full spectra to reveal biomarkers. A
starshade and coronagraph arrive at a full spectra in
very di erent ways and consequently the observing
scenarios to narrow the targets to candidates for full
spectral characterization are di erent. Furthermore,
the two yield codes implement the observing scenar-
ios with very di erent approaches, so metrics that
are available explicitly in EXOSIMS may be implicit
in AYO. Four spectral characterization metrics are
evaluated to provide various levels of delity of the
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Table 4. Adopted Astrophysical Parameters

Parameter AYO EXOSIMS Description
0.24 SAG}:Wpower Fraction of sunlike stars with an exo-Earth candidate

Rp [0:6; 1:4]R Exo-earth candidate planet radius?

a [0:95; 1:67]AU Semi-major axis for solar twin

e 0 Eccentricity (circular orbits)

COSi [ 1;1] Cosine of inclination (uniform distribution)

! [0;2 ] Argument of pericenter (uniform distribution)

M [0;2 ] Mean anomaly (uniform distribution)

Lambertian Phase function

Ac 0.2 Geometric albedo of rocky planets

Ac 0.5 Geometric albedo of gas planets

2 23 mag asec?  Lindler model® Average V band surfape brightness of zodiacal light for
coronagraph observations

z 22 mag asec?  Lindler model® Average V band su_rface brightness of zodiacal light for
starshade observations

X 22 mag asec? V band surface brightness of 1 zodi of exozodiacal dust

n LBTI best t distribution Number of zodis for all stars

@Actual lower bound is Rp > 0:8=" a

bLindler zodiacal light model as a function of ecliptic latitude and longitude at observation time

¢ Local zodi based on ecliptic pointing of telescope. On average, starshade observes into brighter zodiacal light.
94 For solar twin. Varies with spectral type, as zodi de nition xes optical depth.

time, the subspectra have the spectral resolution
and SNR shown in Figure 11 for metric D, which are
Characterization metric A facilitates a quick su cient to resolve the features of interest in each
search for the water line at 940 nm. It is used by the subspectra.
LUVOIR observing scenario to vet candidates for a
full spectra. The 20% bandwidth is achievable by a  Characterization metric C as rendered by the
coronagraph in one observation. The spectral reso- HabEx starshade and coronagraph are shown in
lution of R=70 and SNR=5 is su cient for detection = Figure 12 for an earth-Sun twin at 7.5 pc, 5 exozodis
of the waterline while keeping the integration time and added noise The coronagraph meets the minimal
minimal. spectral resolution and SNR to nd the critical
species of interest over a sequence of integrations
Characterization metric B adds the oxygen line while the starshade provides additional spectral
at 760 nm with a 20% bandwidth. The R=140 and resolution in a single observation to produce the
SNR=8.5 is sucient to detect the narrow water spectra in one continuum.
feature. A coronagraph can observe this additional
20% bandwidth subspectra series to the waterline
subspectra.

nal science product (Figure 11).

Characterization metric D extends the spectral
range to 1250 nm to observe the deep, broad water
line at 1130 nm or the methane line at 1150 nm.

Characterization metric C is the full spectra for The extension of the spectra into the NIR allows
the HabEx starshade. The baseline HabEx archi- for observation of multiple absorption bands of a
tecture uses the starshade to achieve a continuousgiven species and breaks degeneracies of overlapping
spectra from 300 nm - 1000 nm in a single integration features. The R=40 and SNR=10 of the NIR sub-
time to SNR=10 at 650 nm. The starshade IFS spectra allows for detection of water and methane
produces a spectra from 450 - 1000 nm that is anin the NIR. In the UV, LUVOIR will use band
R=140. The starshade UV camera uses a grism to photometry to achieve R=7, SNR = 5 subspectra.
achieve R=7 from 300 - 450 nm. A coronagraph can In the range from 450 to 700 nm, the species of
cover the same spectra in a sequence of 20% BWnterest (Water, Oxygen, Ozone, Methane, and
subspectra. To minimize coronagraph integration Carbon Dioxide) do not produce features or produce
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Table 5. Instrument Parameters
Parameter LUVOIR B HabEx
Primary Diameter (m) 8.0 4.0
Obscuration Factor 0.14 0
Integration Time Limit 60 days 60 days
Coronagraph Performance
Raw contrast oor 2 1101 110 %0
Raw contrast stability P 1104 2 10 1
Post-processing Factor 0.25 0.29
Systematic noise oor 26.5 mag 26.5 mag
Core throughput® 0.46 0.5
Photometric Aperture 0.8 =D 0.7 =D
Inner Working Angle, IWA ¢.5 39 =D 2:4 =D
Inner Working Angle, IWA ¢.1 1.5 =D 1.5 =D
Outer Working Angle 60 =D 26 =D
Bandwidth () 20% 20%
Imaging Channel ¥
Non-coronagraph Throughput 0.17 0.28
Bandwidth 20% 20%
Imaging Channel 2
Non-coronagraph Throughput 0.39 0.42
Bandwidth 20% 20%
Spectral Channel
Non-coronagraph Throughput 0.39 0.42
Bandwidth 20% 20%
= 140 140
500 nm 500 nm
Detectors
Quantum E ciency 0.9 0.9
Photon Counting E ciency 0.75 0.75
Dark Current (e/s) 3 10° 3 10°
Read Noise (e/pix) 0 0
Clock-Induced Charge (e/s) 1.3 10 ° 1.3 10 °
Starshade
Starshade Thrust (mN) - 1040
Starshade Slewi s, (S) - 3000
Starshade Stationkeepingl sp (S) - 308
Starshade Wet Mass (kg) - 11180
Starshade Dry Mass (kg) - 4550
Starshade Separation (km) 76600

YBlue imaging band for HabEx, UV imaging band for LUVOIR B
Red imaging band for HabEXx, Visible imaging band for LUVOIRB

weak narrow features that require prohibitively large visible spectra. The starshade IFS has the capability
SNR, so R=7 and SNR = 8.5 is used. for R=40 spectral resolution.

For the HabEXx starshade, the NIR spectral region Additional metrics are reported for detected
can be observed by placing the starshade at aplanets and planets promoted for characterization.
closer distance. The change in distance requiresThese metrics are unique to the EXOSIMS approach
some days to slew the starshade, so NIR spectralof scheduling observations on synthetic planets. The
characterization will not instantaneously follow the simulated observation can be deemed successful
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Figure 11.  Four yield characterization metrics are used: metric A (Water line, 20% bandwidth), metric

B (water and oxygen lines, each at 20% bandwidth), metric C is the HabEx continuous spectrum from 300
nm to 1000 nm achieved by the starshade at R=140 and aggregated by a coronagraph in 20% bandwidth
subspectra, metric D is the extends the spectra to 1250 nm for detection of water at 1200 nm.

or not based on achieved SNR. Observations over Alternatively, we can sample from the same
multiple epochs and propagation of the synthetic planet population to create a synthetic “simulated
planet determine when su cient conditions are universe'in which planets are placed in orbits around
met for an orbit within the habitable zone and the some subset of our target stars in accordance with
planet is promoted for characterization. Due to assumed occurrence rates. We can then simulate an
e ciency of search, it is likely that the number of observing sequence using our instrument description
planets detected is larger than the number promoted. on this simulated universe, recording the numbers of
successful planet detections and characterizations.
AYO reports a single number for yield which An ensemble of such simulations (keeping the instru-
includes the cumulative completeness for characteri- ment description and mission rules constant while
zation and detection and accounts for the integration varying the random draw of planets) will provide
time for the number of detections required for orbit both the expectation values and full distributions of
determination. planet detections.

As stated, the completeness yield and full mission
5. Yield Modeling simula}tio_n yield shou!d (and ty_pically do) produce
very similar results. Di erences in results occur when
There are two basic approaches to yield modeling, di erent input assumptions are made between the
using many of the same constituent parts and similar two methods, di erent operating rules are adopted
calculations, but arriving at the nal yield estimates (for example in how integration time is allocated
in fundamentally di erent ways. The rst approach  per target), or when one method imposes di erent
is to evaluate the summed completeness of a set ofconstraints than the other. Full mission simulations
target stars for a particular planet population and make it signi cantly easier to directly model dynam-
instrument. Completeness, de ned by Brown (2004, ically evolving factors and constraints throughout
2005) is the probability of detecting a planet from the course of the mission, such as the motion of the
an assumed population, given it exists, upon the observatory on its orbit, the observatory keepout
rst observation of a target star with a particular  regions, and local zodiacal light contributions. They
instrument. The completeness of multiple stars, also allow for the simulation of reactive mission
scaled by the expected occurrence rate of planets inrules, such as requiring characterization followups
the population, produces an expectation value for the for positive detections. Such elements can be treated
number of planet detections for that observing pro- broadly in the completeness yield case, but as this
gram. An extension of Brown's original work (Brown approach does not directly model specic observa-
and Soummer, 2010) allows for the inclusion of addi- tions, or the execution of a time-dependent observing
tional observations of the same target stars (revisits).
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