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— Occurrence Rate Model
* Conclusions and Future Directions
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Exoplanet Detections

» Which Stars?
000  How many planets?
2500 « What kind of planets?
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Detection Criteria - Geometric
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Detection Criteria - Photometric
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Bayes’ Theorem
ff|37=y(x|37)f37(y) = ff,y(x» y) = f37|f=x(y|x)ff(x)
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‘ Completeness]

I
Jop(01D)

» Garrett, D., Savransky, D. “Analytical Formulation of the Single-Visit Completeness
Joint Probability Density Function.” ApJ (2016).

» Garrett, D., Savransky, D. “Detected Exoplanet Population Distributions Found
Analytically.” In Techniques and Instrumentation for Detection of Exoplanets VIII, SPIE
(2017).

« github.com/dgarrett622/FuncComp, github.com/dgarrett622/ObsDist

« github.com/dsavransky/EXOSIMS 8




Delta Magnitude (Amag)
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Completeness
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How Many Samples?
mm_

Geometric Albedo P Log-uniform
Planet Radius (km) R, 6000 30000 Log-uniform
Distance to Star (AU) r 0.325 6.75  Savransky et al. (2011)
Semi-major Axis (AU) a 0.5 5 Log-uniform
Eccentricity e 0 0.35 Rayleigh
Phase Angle B 0 1t fz(B) = #
1 .
d(B) = - |sin B + (m — ) cos B] (Sobolev 1975)
1
Monte Carlo error: O (\/—ﬁ) 0



Cornell University

Sample Comparison
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Analytical Method

for, 570 Rp B.7) = F5(0)f 7, (Rp) f5 (BYf(r)

» Change of variables:

 Joint PDF:

fAmag,E,ﬁ,Rp (Amag' S, P, Rp)
 Marginalize over p and R,,:

Rp,max Pmax

famags(Amag, s) = j j f Bmags R, (Amag, s, p, Ry )dpdR,

Ry min Pmin
« Marginalize over instrument constraints:
Smax Amagpm

Comp = j J f amag s(Amag, s)dAmagds

Smin Amagmin(s)

Garrett & Savransky (2016) 12
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Comparison
Monte Carlo (1e9)
 Time: ~4 hr

.« Error: 0 (\/%)

Analytical
* Time: ~20 min
et ° e Error: Better than O(m™1)
% difference of 1€9 Monte Carlo samples
Garrett & Savransky (2016) 13




Normalized frequency

Application - EXOSIMS
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Application - EXOSIMS

- :
—>[ MissionSim ]< Sarvetnsemle ) Metric helps schedule or
urveyEnsemble
‘/l\, choose next target
SimulatedUniverse Observatory TimeKeeping
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y Yl Lo iaht Calculated via Monte Carlo
PlanetPopulation - .
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Savransky & Garrett (2015), Delacroix et al. (2016),
github.com/dsavransky/ EXOSIMS 15
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Detected Population Distributions
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Completeness Summary

 Probability of detecting planets belonging to assumed population
- Can now determine analytically
* Helps answer:

—Which stars should | include in the target list for my
instrument?

« Stars with high completeness values
—What are the biasing or filtering effects of my instrument?
* Detected planet population distributions

17
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Depth-of-Search

fpje(D|60)

» Garrett, D., et al. “A Simple Depth-of-Search Metric for Exoplanet Imaging Surveys.”
AJ (2017).
* github.com/dgarrett622/DoS
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Depth-of-Search
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Assumptions

e Circularorbits:e=0=>r=a
* Phase function (Agol 2007):

®(8) = w4(8) = cos* (5)

* Albedo: p = pape

1.0

0.8

Garrett et al. (2017) 20
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Completeness Calculation Issue

f only random variable

R \2
s = asin Fr=p (Xp) cos* (E)

3 instrument constraints: Sy,in, Smaxr Cmin
Can’t form f ¢ amas(s, Amag) like before

Need alternative method

Garrett et al. (2017) 21
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Completeness Calculation

 Find conditional PDF of Fp:

a

fFrla=a,Ry=R,p=p (Frla, Ry, p) =
2 /pRZ%FR

* Express geometric constraints as equivalent contrasts:

3.0 F

2.0 CZ

. Soi -
sin 1(ﬂ)) o
a \/‘l.v)-

<
<

_ . —PRp . —1 (Smax
5 P {sin ( ))Garrett et al. (2017

1) s (AU)
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Completeness Calculatlon

 Order constraints properly:
Cz > C4_ > C3 > Cl > Cmin, If le‘n > Ci: Ci —_ Cmin

* Marginalize over constraints:

F(a, Ry, p) =

a

2
PR3

r(\/C_B_\/C_l"l'\/C_Z_\/C_AL) Smax < A
< (\/C_Z_\/Fl) Smax = a
0

Garrett et al. (2017) 2



Depth-of- Search Constructlon

* On semi-major axis—planetary radius grid:

—For each bin of each target star:
Rpu ay

DoS = j jF(a,Rp,p)dadRp A1

Rp1 aq

A= (Rp,u - Rp,l)(au —ap)
* Element-wise sum grids from all target stars

Garrett et al. (2017) 24
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Depth-of-Search Example
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Number of Planets Detected
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Depth-of-Search Summary

* Instrument performance metric independent of planet population
* Simple, closed-form method
* Helps answer:
—What kind of planets will my instrument detect?
- Easier = large planetary radius, smaller separation
* Harder = small planetary radius, larger separation
— How many planets will my instrument detect?

* Element-wise multiplication of depth-of-search grid with
occurrence rate grid

27
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Occurrence
Rate Model

» Garrett, D., et al. “Planet Occurrence Rate Density Models Including Stellar Effective
Temperature.” PASP (2018).
« github.com/dgarrett622/Occurrence

28
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Occurrence Rate Models

Radial Velocity
Tabachnik & Tremaine (2002)
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Number of Planets per Star with P < 50 days
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Stellar Parameters
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New Model
9 lnc? 2077ln R, (%)a <§_;>p@

* Break Radius Model:
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Garrett et al. (2018) 31

» Simple Model:
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Selected Data
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Bayesian Parameter Estimation

_ fp1e(D]6)f5(0)
foip(0|D) = 7 D)
Oe@
S @ "
<

Foreman-Mackey et al. (2013), github.com/dfm/emcee 3
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Likelihood and Priors

Likelihood Priors
)2
L= ——Z[ln(Zn(Sz) + 52”) ] InQ~U(-510)—n=0,0=0
' a~U(-=2,2)
InRpu; Inay, 52 ,0~U( 2,2)
0°n
J j dlna oIk, o @ dInky R,~U(0.44,26) —0.6<7<0.3
e A A~U(—100,100) 7 coefficient

w~U(—=500,500) 72 coefficient
E~U(—5000,5000) 73 coefficient

Garrett et al. (2018) 35
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Model Fits — All Data
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Simple Model F|t — M Data
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M-Type Star Comparison
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Model Fits — FGK Data
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Break Radius Model — FGK Data
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Occurrence Rate Model Summary

* Fit model to SAG13 occurrence rate data over T, ¢ range

— Explicitly include function of T, ¢
—M-type stars: don’t fit T.¢; trend
— F-, G-, K-type stars: break radius model with linear Tesr

* Occurrence rates comparable to literature
» Step towards more complete model of planet occurrence

42



Depth-of-Search
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Future Directions

Completeness Depth-of-Search
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