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The purpose of this workshop is to:

Bring together the vibrant communities of mission
and instrument designers and yield modelers to share
their expertise

Introduce fundamental concepts in exoplanet
imaging yield modeling

Present state of the art yield modeling tools available
for use today and provide basic instruction in their
use

Discuss gaps in yield modeling approaches and
potential future efforts to close them
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What is science performance (yield) modeling?

e How much science can we get out of our instrument and mission?

!

| !
[ Metric } [ Capability } {Constraints}

e We'll want to iterate, so be parametric to be computationally fast

/ Measurement model \ / TR e \ / Mission model \

What you want to observe
(and not observe): definition
of an ‘Earth-like’ exoplanet,

Optics - Al!oc.atmg resources: exposure time,
mission time, fuel.

Photometr
Y - Allocation strategies would be different for

Starlight suppression

star list ~mission dynamics targe.t-llm!te.d or tlm.etllmlted scenarios.
occurrence rate \ / - For time-limited, efficiency concerns lead
noise and confusion sources to desire for optimization schemes.
\ - Optimization and scheduling is its own
) \field /
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Exoplanet Probe Studies (2015)
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Exoplanet Direct Imaging Concept Missions
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National Aeronautics and Space Administration
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HABITABLE
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OBSERVATORY

HeIDEX

Exploring planetary systems around our neighboring sunlike stars and
enabling a biroad range of observatory science in the UV through near-IR
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Standard Definitions and Evaluation Team
https://bit.ly/StandardsTeam =~
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Chartered to provide a consistent, transparent yield analysis using common input parameters
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Decadal STDTs SDET SSWG Probe Scale STDT

Standard Definition and Evaluation Team THE STANDARD DEFINITIONS AND EVALUATION

TEAM FINAL REPORT

Overview A COMMON COMPARISON OF EXOPLANET YIELD
Documents

Two of the four large mission concept studies for the Astrophysics Decadal Survey

were designed to directly image and spectrally characterize earth-like exoplanets. In « SDET Charter

2016, the Astrophysics Division chartered an Exoplanet Standard Definition and l « SDET Final Report l

Evaluation Team (ExSDET) for the purpose of providing an unbiased science yield ) Cornell University S

analysis of the multiple large mission concepts using a transparent and documented set STI | ;E?gcrzillﬁsscr%g NS2/ )

of common inputs, assumptions and methodologies.

Over the course of the past three years, the ExSDET has responded to the direction Cases

provided in the charter and the required deliverables by performing the following tasks:
e Case 1: HabEx 4H hybrid, metric C1
. De.zvejlop ana!yss tools that will allow quantification of the science metrics of the « Case 2: LUVOIR B. metric A
mission studies

i . " » Case 3: HabEx 4C, metric C2
« Incorporate physics-based instrument models to evaluate both internal and external

occulter designs » Case 4: HabEx 4S, metric C2
. e 2 = 5 s ¥ National Aeronautics and
« Establish the science metrics that define the yield criteria Space Administration
« Cross validate the various analytical methodologies and tools é:g;‘;“‘f;g;::;"&'zhwlw
H Pasadena, Californi:
« Provide complete evaluations using common assumptions and inputs of the Links e T
¢ sy A portion of this research was carried out at the Jet Propulsion Laboratory, California Institute of Technology,
exoplanet yields for each mission concept. under a contract with the National Aeronautics and Space Administration.
* EXOSIMS on Github Ta rg et LI St (©2019. All rights reserved. Government sponsorship acknowledged.
The primary goal of the SDET Final Report is to present the best understanding of the * AYO for LUVOIR
exoplanet imaging and characterization capabilities of the current STDT observatory « Habitable Exoplanet Observatory
and instrument designs, along with their nominal operating plans, using common input (HabEx)

assumptions and aqalysis methodol.c?gies. This report |§ explicitly not |ptended to « Large UV-Optical-Infrared Surveyor OCCU rrence
present an exploration of the capabilities of the full design spaces available to the LUVOIR ﬂ‘
various mission concepts. Due to large uncertainties in the astrophysics inputs, RateS
particularly exo-earth occurrence rate, the yield values should be considered relative H a b EX
rather than absolute. In strument
Fapecs ExoZodi Obs Scenario EXOSIMS
A. Water line -
: « EXOSIMS Overview in JATIS | YI e I d
B. Oxygen + Water R=140,5NR=85| R=70,SNR=5
lines e —— o EXOSIMS Overview
C.1 HabEx Full = = = =
Clhwodu. [T fol0 =10 ‘ « EXOSIMS Validation Planet Types LUVOIR )
€2. HabEx | R=70,5NR=10 | AYO
Architecture Trade
D«lUVOINF:" | R=7,sMr=5]| R=7,5NR=85 R=140, SNR =85 | R=40,sNR=10 | « AYO 2014 InStrU ment
300 400 500 600 700 800 900 1000 1100 1200 « AYO 2015 Planet Obs Scenario
{om) .
e AYO 2016 Starshades PI"O pe rtIeS

Figure 1. Characterization metric A facilitates a quick search for the water line at 940 nm with a
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Astro2020 recommendation for exoplanets
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® Astro2020 recommended a “future large IR/O/UV telescope optimized for observing habitable exoplanets and general
astrophysics” to be ready by end of the decade

® Astro2020 recommended “to search for biosignatures from a robust number of about ~25 habitable zone [exo]planets”

3 3 1 ’:"{ﬁ 1T 1T OVI 1T T Veble T B T '7'7"\7TR'7
Al C e ' i

b

10

1 "‘r. 1 methane |

Fig 7.6

Planet-to-Star Flux Ratio (x10%)
o ~ w ~

VJ.::“L. ' A i
: \; W h \\IJL 1 i

020304050607 0809 1012141618
Wavelength (um)

Planet-Star Flux Ratio (

@ ?
- z )
| 1 - { E 2
[ : N
=30 ' Nyl It T ~1008
% 25 ey {11 = 1 £
£ 5l i 0.0+ — - = \ 0';‘.) N
& 208 p T g .25 .50 7 1.00 1.25 1.50 1.75 2.0 o @
3 25 i v“{\ Y Wavelength [pm] .E 10 -g
% ol I I fl A methane | Hran S G =
& OE \i ‘ ‘ water ‘;"A Al 8 - 5
2 Jbé ' ‘ ‘_ e I \,‘ \\ ' A ‘S 5
20 s Wil y .I“,,j 5 5
020304 05 06 7racaqf 214 16 1 N metaner ' 11 VN LUVOIR metric: 20% BW -g 5
Wi cmsuoﬁ)\:umscs 10 12 14 16 18 . . — 3 2
Vavelength (um) =5, — 1
- 04 b Mongqlithic telescope (unobscured) 110 2
H,0. HO S Segmented telescope (unobscured) i L
v : gos i oy Segnented telescope (obscured) - - - - =
.8 - f S X [
=3 | 8 [11] 1 1 =
= | =~ wi |k { o2 T £
86k $ os| t; i b 2 LLJ]' 0 5 10 15
e | w « 03 e \ﬂ A 04 Inscribed diameter (meters)
F . 1N s | 0
‘37 sd% i’c‘;uv‘l r ‘ ‘ ‘LJ 3 1 02 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
¥ uh : ¥ U}:» 01{93" ' Wavelength (1.m)
2, WAL 2l o Standards Team
020304 [Q Jl 05" )u 1618 LJ 030405 ')( 0809 1012141618

Vavelength (um)

° Buﬂdmg on the work done by large concept studies and the Standards Evaluation Team, we can iterate, address nuances, and
incorporate progress to map exoplanet science goals to planet characterization to metrics

This will not be easy!

® Characterization is complicated and will likely involve multiple measurements. ... This means we’ll have more than one metric
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Different yield metrics reveal different sensitivities Y

Observing scenario, SNR, spectral resolution, number of sub-spectra, and precursor knowledge effect yield.
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More comparisons of metric impact on architectures in Morgan et al. 2021
https://doi.org/10.1117/1.JATIS.7.2.021220
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Different yield metrics reveal different sensitivities
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More comparisons of metric impact on architectures in Morgan et al. 2021
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Yield with broadband metric for three architectures
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Earth-like planets characterized broadband

The HabEx 4m architectures were scaled to 6m and starshade from 52 mto 72m
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Metrics are used to quantify trades

Descriptiorn = >,

Evaluatior

Metric
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Decision Matrix adapted from
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Science Traceability Matrix (STM)

e A tool to communicate how the science shapes the mission

* Flows the science goals and objectives to instrument and mission requirements

e Science objectives should be quantified

Table 2: Origins Science Traceability Matrix

Yield tools link the flow
of science observables
to mission requirements

Science Requirements Instrument Requirements Mission Requirements
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Observing Strategy impact on metrics
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Ipsrg:rlﬁssiaeg’? \ 1. Use precursor information to establish target list

/

Follow Up

|s this a planet? \ 2. Multi-color point-source photometry and proper motion
Observations

Is planet in the 3. Constrain orbits
habitable zone?\ '

s there water? \ 4. Search for atmospheric water

What is the star like? \ 5. Characterize the star’s activity level /

How massive are the planets? \ 6. Determine planet masses /

: . 7. Search for biosignatures & w
Are there signs of life? \ constrain Hy0 abundance
8. Check biosignatures
Are the signs of life robust? aren't false positives

9. Extend spectrum -
added features

Further
Characterization
Oceans? Vegetation?

Rule Out False Positives

Detection of Water Vapor

Setting requirements

Detection Confirmation & Orbit Determination

suoljeAlasqo bulaplaQ

What is the atmospheric context?

Are there other biosignatures? Broadband Detection

How does the planet vary
over its orbit? (e.g. seasons)

Available Precursor Observations

LUVOIR Final Report Fig. 3-11 HabEx Final Report Fig. 3.1-1



Exoplanet science yield model

Astrophysical Inputs
Star list

Instrument Parms
Aperture

Mission Constraints
Lifetime

exozodi Throughput, QE Observing allocation
Occurrence rate Contrast, IWA, OWA Observatory orbit
Planet radii Spectral Resolution Solar keepout
albedo Bandwidth, SNR Observing scenario
11 11
ﬁeasurement Instrument Mission
model performance model
model
[ (n) planets
characterized
Universe n Universe & & Universe SNR =
NS n+1 @ n+2 Rs =
> @ BW =
Wavelength =

EXOSIMS: Open source. Python. Parametric. Probabilistic. Modular.

Creates Monte Carlo ensembles of missions.
https://github/dsavransky/EXOSIMS

In habitable zone





