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Description

introduction and importance of yield tools for science
requirements and mission requirements

detailed overview of EXOSIMS open source mission
simulation tool

detailed overview of AYO (Altruistic Yield Optimization)

Yield prediction for space-based nulling interferometry

Reducing Detection Confusion in Directly Imaged
Multi-Planet Systems

Orbit Retrieval of Directly Imaged Exoplanets: When
and How to Look

Current progress in demographics

Q&A and discussion of priorities for future model
improvement

Duration

10 min

30 min

30 min

10 min

10 min

10 min

5 min

15 min

12:30 pm -3:00 pm MT
Session 2

Description

Interactive tutorial of EXOSIMS using GoogleCollab and at least two sample
problems

Interactive tutorial of ExoVista

Open hack time for participants to start on their own problems with assistance
from tool developers
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Duration

60 min

40 min

50 min
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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 /




_ 0010203 04050607 080910111213 141516 17 1819 20 4

Historical Approaches

)

Generate universe m

Update
mission time

savransky, Kasdin, Lady 201U

NASA EXOPLANET
EXPLORATION
PROGRAM

T
C, =46%

Stark 2015

05

10 15
At/P

median

39 39
38— -3
37 Probability Density (AU-1 Amag-1) T P F 3% T H E I A
10 .
36 551 - 3
s f s Select initial target Set input Generate initial candidate pool
50 B = & (highest completeness) parameters and calculate completeness
33- -3
fg® Brown 2005 =2 5 Set FAP, MDP
a 31— _ 31
% 30— 0 [ ;| = == = i o e e o e o e o v e o o o e e v 5. S e e o e
H » z ! Calculate true and longest| . . . . ctime Add time for
5 » = ! likely integration time duty cycle
27 -7 :
2- 2% ! Observablti planet exists No observablti planet exists
25— - 25 ]
% % 1 Generate detection Generate false alarm Calculate new adjacency
% % | or missed detection or null detection matrix and select next target
']
22 -2 i FA or detection l
21 - 21 ! A 4
P A L g , K i (* Schedule re-visit in ? Schedule re-visit in % Get
1‘1 0.1 02 03 04 05 06 07 08 09 I‘U 11 12 13 1415 1.6 7‘7 18 19 2‘0 : Bstimated ol,biw‘ periods mean Ol‘bital periods spmm
App’aunl Sg;nralinn (s)in AU ) E
084
06+ o . o . . .
Hunyadi, oo Coronagraph Optimization: Simple Time Budgeting
Shaklan, 02+
Brown 2007
024
04"
06"
087 T T T 1 0
B 80F
3
. 8 08
Hunyadi, Lo, Shaklan 2007 Star#1 %
1000 & 5
7 slope = marginal g 2 06F
productivity, star #2 & 5
= S =
s 5 40 °
@ slope = net o O 04r
g productivity, star #2 é e
Lo} o
= 5 20f
3 slew £ 02r
= . S
@2 time z
[} A %
g oL vy 0.0
i 0 5 10 15 20 0.0
= D (m)
. — ATLAST, LUVOIR, HabEXx
0 6 t, 2N 100
Observing time / hrs

40

35

30 |

25 —

20

156 4

10

Earth-like planets characterized

6m coronagraph
800-1000nm, R=70, SNR=5

— — Perfect prior -
—-—- EPRV prior B
—— No prior -
~
7z
7
V. 7 Perfect prior: upper
bound using realistic

4 4 mission constraints
/
7
/
/
/ Partial prior using EPRV .
/ sensitivity for positive ’_,-f"
/ detections F
/ &=
|
g
-
-
Rd

Blind search requires
photometric detection,
orbit determination, then
spectral characterization

Reflectance
o
nN

0.5 0.6 0.7 0.8 0.9 1

T I I
500 1000 1500
Mission Time (davs)
Water Search Metric

S

R=70, SNR=5|

Wavelength (zm)

Earth-like planets characterized

35

25 |

10

Reflectance

0
E P Rv 6m coronagraph

450-690 n, R=7, SNR=5
680-1000nm, R=140, SNR=8.5
— — Perfect prior

—-=- EPRV prior
—— No prior

Morgan 2021

20 — —
’/
-~
///
-
15— -
7
7 .-
& | e
-, —_
7, 5
7, =5
@ P
y F
54/ 37
/./'/
’
T T T
0 500 1000 1500

Mission Time (days)
4x20% BW Broadband Metric
R=7 | R=140, SNR=8.5

.5 0.6 0.7 0.8 0.9 1
Wavelength (1:m)

N
~

o
o

= T

o©



Exoplanet Probe Studies (2015)
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Exoplanet Direct Imaging Concept Missions
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Standard Definitions and Evaluation Team

https://exoplanets.nasa.gov/exep/studies/sdet ©
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Chartered to provide a consistent, transparent yield analysis using common input parameters

NASA EXOPLANET PROGRAM About Studies News Meetings/Events R Technology NExScl E G For the Public

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
Evaluation Team (ExSDET) for the purpose of providing an unbiased science yield
analysis of the multiple Iargg mission concepts u_smg a transparent and documented set STSI ‘ ggfﬁgﬁ;ﬁﬁz&
of common inputs, assumptions and methodologies.

« SDET Final Report

Cornell University

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
. . " « 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

National Aeronautics and
Space Administration

« Establish the science metrics that define the yield criteria

« Cross validate the various analytical methodologies and tools éﬁ:ﬁ:}:‘i‘:&::;’:;mw
« Provide complete evaluations using common assumptions and inputs of the Links Posadens, Califonia
exoplanet yields for each mission concept. A portion o this research was carried out at the Jet Propulsion Laboratory, California
o under a contract with the Nation: eronautics and Space inistration.
* EXOSIMS on Github T a r g 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 ar.mlysus methodo!qgles. This report |§ explicitly not |.ntended to « Large UV-Optical-Infrared Surveyor OCCU rrence
present an exploration of the capabilities of the full design spaces available to the

LUVOIR

various mission concepts. Due to large uncertainties in the astrophysics inputs, Rates ﬂ"
particularly exo-earth occurrence rate, the yield values should be considered relative H a b EX

rather than absolute.

Instrument
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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”
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° 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!

e Characterization is complicated, and will likely involve multiple measurements. ... This means we’ll have more than one metric



NASA EXOPLANET
EXPLORATION
PROGRAM

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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Kepner and Tregoe, 1965
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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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Agenda

Pre-Session:

Pre-recorded short talks on the fundamental concepts of yield modeling

Speaker
Eric Mamajek

Jessie
Christiansen

Eric Nielsen

Bertrand
Mennesson

Bijan Nemati

John Krist
Dmitry Savransky
Shannon Dulz

Bijan Nemati

Title

Star Catalogs

Occurrence rates and planet demographics

Planet generation Planet propagation and Orbit
geometry

Zodiacal Light

Photometrics Part 1 - Coronagraph Parameters
and SNR

Photometrics Part 2 - SNR Structure

Photometrics Part 3 - Random Noise and Time
to SNR

Starlight suppression system modeling
Completeness Delta Mag and Integration Time
Bonus 1 - Population Demographics Modeling

Bonus 2 - Photon Counting with EMCCDs

Links

Video | PDF

Video | PDF

Video | PDF

Video | PDF

Video | PDF Parts
1-3

Video

Video

Video | PDF

Video | PDF

Video | PDF

Video | PDF
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The purpose of this workshop is to:

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

e Introduce fundamental concepts in exoplanet
imaging yield modeling

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

e Discuss gaps in yield modeling approaches and
potential future efforts to close them



Session 1

Speaker

Rhonda Morgan

Dmitry Savransky

Chris Stark

Felix A. Dannert, ETH
Zurich

Samantha Hasler,
MIT

Margaret Bruna,
Mcgill University

SIG2

Rhonda Morgan
(facilitator)

9:00am -11:00am MT

Description

introduction and importance of yield tools for science
requirements and mission requirements

detailed overview of EXOSIMS open source mission
simulation tool

detailed overview of AYO (Altruistic Yield Optimization)

Yield prediction for space-based nulling interferometry

Reducing Detection Confusion in Directly Imaged
Multi-Planet Systems

Orbit Retrieval of Directly Imaged Exoplanets: When
and How to Look

Current progress in demographics

Q&A and discussion of priorities for future model
improvement

Agenda

Duration

10 min

30 min
30 min

10 min
10 min

10 min
5 min

15 min

12:30 pm -3:00 pm MT
Session 2

Description

Interactive tutorial of EXOSIMS using GoogleCollab and at least two sample
problems

Interactive tutorial of ExoVista

Open hack time for participants to start on their own problems with assistance
from tool developers
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Duration

60 min

40 min

50 min



Starlight Suppression Workshop Aug 8-10

https://exoplanets.nasa.gov/exep/events/457/towards-starlight-suppression-for-the-habitable-worlds-observatory-workshop/
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Towards Starlight Suppression for the Habitable Worlds Observatory Workshop

Date:
August 8, 2023 - August 10, 2023 Downloads
Location:
400 S. Wilson Ave. Pasadena, CA 91106 Dratt B{')g?k Agendzli)avz Day3
» View map Tue Aug 8 Wed Aug 9 Thu Aug 10
Welcome
REGISTER g
Coronagraphy
Lunch
August 8-10, 2023 Time TBA .
o]
) ) % Coronagraphy Starshade Tr:l::, ::'::dm'

Chairs: Brendan Crill (NASA/JPL) and Laura Coyle (Ball Aerospace) &

Virtual Poster Abstract Submission
NASA has begun planning for an ambitious program (coming soon)
to develop the Habitable Worlds Observatory
(HWO) — the first in a panchromatic suite of Great

Obecervatoriee recommended by the A<tro?2020)

The agenda of talks will consist of invited

ctimmary Ialbe it we nlan +A ar~ant
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o O

Observing Strategy impact on metrics

O NASA EXOPLANET
EXPLORATION
PROGRAM

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 =
O & BW =
Wavelength =

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

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

In habitable zone





