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).'#) ExoPlanet Exploration Program

« EXOSIMS

What is EXOSIMS?

https://github/dsavransky/EXOSIMS

— Open source. Python. Parametric. Probabilistic. Modular.
— Creates ensembles of DRMs which can be analyzed statistically.
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Cumulative fraction-of-time target is observable
Size of point is proportional to target Vmag.

. Two year mission: 2036-2037 inclusive
. dMagLim = 26.5

. Sun keepout: >45° and < 83.4° is OK
. Earth keepout: >35° is OK

. Moon keepout: >15° is OK

. Other bodies: > 1° is OK



EXOSIMS Architecture

ExoPlanet Exploration Program

Synthetic planets HabEXx o
L UVOI R EXOCAT1

input HabZoneExoearthUniverse KasdinBraems
specification SimulatedUniverse |—» TargetList —»  OpticalSystem
KeplerLikeUniverse Nemati
SAG13Universe
Observatory ZodiacalLight
WFIRSTObservatoryL2 Stark
MissionSimulation
Timekeeping BackgroundSources
GalaxiesFaintStars

GarrettCompleteness KeplerLikel
Completeness |—»| PlanetPopulation
BrownCompleteness _Earth'l_’winHaonnel
EarthTwin¢abZone2
TravelingSalesMan
SurveySimulation SurveyEnsemble PostProcessing PlanetPhysicalModel
Tiered Hybrid IPClusterEnsemble D. Savransky, 2016 FortneyMarleyCahoyMixT

Completeness/Tint



ExoPlanet Exploration Program

EXOSIMS Architecture

Characterization of
Known planets

input
specification

WFIRST: -

SimulatedUniverse
KnownRVPIlanetsUniverse

KasdinBraems

— TargetList —»  OpticalSystem
KnownRVPlanetsTargetLis Nemati

MissionSimulation

Observatory
WFIRSTObservatorylL2

Y

Timekeeping

SurveySimulation

SurveyEnsemble

ZodiacalLight
Stark

BackgroundSources
GalaxiesFaintStars

Completeness

PostProcessing
D. Savransky, 2016

—»! PlanetPopulation
KnownRVPlanets

v

PlanetPhysicalModel




ExoPlanet Exploration Program

ExEP Yield Input Parameters

Input Notes
Astrophysics
eta_earth 0.5 SAG-13 Integrated over box0.5< Rp 1.5 earth radius
planet radius [0.5, 1.5] earth rglog uniform random distribution
planet mass 1 earth mass log uniform random distribution

geometric albedo
semi-major axis
eccentricity
cos(inclination)
argument of perigree

ascension of the ascending node

exozodi mean and variance

[0.2,0.2]

[0.75, 1.5] AU
[0,0.35]

[-1, 1]

[0, 360] degrees
[0, 360] degrees
23 mag/asec”2

Lambert phase function is used, uniform random distribution
log uniform random distribution

uniform random distribution

uniform random distribution

uniform random distribution

uniform random distribution

constant, corrected for Mv

Telescope

Diameter of pupil
obscuration factor
throughput

Detection lambda
detection bandwidth
SNR detection

limiting deltamagnitude
minimum completeness

4m, 6x4m, 6m
0

0.6333

550 nm

0.2

5

26

0.1

off-axis primary
Telescope only, not coronagraph

delta_lambda/lambda




Occulters

ExoPlanet Exploration Program

Inputs cont.

Internal Coronagraph type
IWA (only fixed by D)
OWA

Contrast

core throughput

core mean intensity

Detectors

Throughput for Coronagraph

HLC
2 lambda/D
20 lambda/D
1.00E-10
2.00E-02
4.00E-14
0.4

occ_trans for zodi transmission

imaging or spectrometer
dark current

readNoise

exposure time per frame
QE

pixelpitch

focal length

CIC

ENF

EM CCd gain

imaging
5.00E-04
0.007 e-
1000 sec
0.91

5.00E-06

3.00E-03
1

il

defaults are for WFIRST EM-CCD

FHWM sampled by 3.3 pixels

Post Processing

| post-processing contrast factor

Mission

|1/10 |

input can be [0,1]. 1/10 and 1/30 are common

mission lifetime
fraction to exoplanets

|3 years |




Pictorial Schedule

Charl Char2 Char3

Slew 1-2 ‘ ) Slew 2-3

Det

GA —_— —

* Three observing modes: Char/Det/GA.

« Multiple detection observations can occur in any blue
Det window. One Char observation per Char window.

« Char vs. Det schedules link up at the hand-over points
(black vertical lines), but otherwise are independent



HABEX WITH SAG-13 POWER
LAW DISTRIBUTION



SAG13 Power Law parameters are
Yield Simulation Inputs

Parametric fit (for G-dwarfs)

0°N(R,P)

e —— [;R%iphi inregion R;_{ < R < R;

(R in Earth radius, P in years)
Two-piece

broken
power law

0.26 3.4
0.59 Inf

0.38
0.73

-0.19
-1.18

Submission average Parameteric fit (integrated across bins)

Planet Radius [Rgs]

n=8
0.242
n=10
0.362
n=10
1.15
n=11
46

n=11

557
n=12

4.89
n=11

7.48
n=9

Average of all, sp. type G
T 0355 ' 0439

n=3

0.321
n=9
0.8
n=11

157
=11

5.26
n=11
1.96
n=12
6.36
n=11

6.46
n=8

n=9

0.972
=11
112
n=10
2.87
=11
599
=11
6.81
n=11

6.08
=10

7.25
n=5

U542
n=7

127
n=11

241
n=11

2.12
n=11

599
n=11

7.46
n=11

4.58
n=10

5.89
n=4
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Preliminary SAG13 Models

radius (earth rad)

G Star Occurrence Rate [%] From Toymodel
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~3600 planets per Synthetic Universe



Histogram of Detected Planets for 4m HabEx Coronagraph

150 ¢

F Nominal
F Optimistic 2 sigma
- Pessimistic 2 sigma | |

100

Detected Planets (Average)

Preliminary Results

Presented at EXOPAG16
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Each ensemble > 500 DRMs

G-dwarf model used for all star types

Pessimistic model = broken power law fit to avg — 2sigma
Optimistic model = broken power law fit to avg + 2sigma

HabEx

4m unobscured, 1=0.3
Vector Vortex Charge 6
Coronagraph

« 500 nm

« BW:0.1

+ dMagLim: 26

* PostProc: 0.1
Detector

« QE:0.9

* sread: 1.7e-6

* idark: 3e-5

+ CIC: 1.3e-3

* texp: 100
Geom. Albedo: 0.4
Mission

* 1vyear, 100%

* sunKeepout 45 deg

15



Comparison of 3 cases

N~ J. ) ExoPlanet Exploration Program

« Hybrid Starshade and Coronagraph
« Coronagraph Only
« Starshade Only

200 Histogram of Detected Planets for 4m HabEx Coronagraph

Hybrid
Coronagraph
Starshade

150 F

100

50 |
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TESTING
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EXOSIMS and AYO, very different
approaches, produce similar vields

).'#) ExoPlanet Exploration Program

Histogram of Yield for 4m, 6m, 8m, 2I/D, eta = 1

0.25
— 8m 21/D mean=337.2
— 6m 21/D mean=164.1
020 — 4m 21/D mean=53.9 |
8m 2.51/D mean=252.9
- 1 | 6m 2.51/D mean=97.4
£ 4m 2.5/D mean=35.4 4m, 2I/D 6.6 5.4 1.5
$ 015 .
g 4m, 251D 5.6 3.5 0.7
o
X 6m, 2 I/D 14.0 16.4 1.4
E 0.10
'25 6m,251/D 12.2 9.7 1.0
8m, 2 I/D 23.2 33.7 1.9
0.05
8m,25I1/D 20.3 25.3 1.8
0.00 Possible sources of variance:

160 15ICF 260 25IO 360 35ICF 460 450 . Overhead aCCOuntlng
Unique Planets Detected . Star selection
« Exozodi throughput
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BACKUP
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Simulated Mission Ensemble

Monte Carlo DRMs (Design Reference Missions)

Planet
Populations

Star Simulate .| Schedule J Detect [J Yield
Catalog 7 Universe, Mission, Stats

N

(populate planets)

y

Instrument

Characterize

« Simulate a universe by sampling planet population distributions

« Schedule a mission using spacecraft and mission observing constraints
— Dynamically respond to detections

* Repeat with a new universe 1,000 times



ExoEarth Candidate Yield

I 107 0.2
0.2 _, —_ . 0 Diameter (m)
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Monte Carlo . .
- Optimize Int. Cumulative
> Planets Instrument )
Time Alloc. Completeness
around stars

e ||| AYO: Altruistic Yield Optimization

Classes ] ]
Produces Static Time Budget
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