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Diversity of HZ Earth-sized Planets

How many planets do we need to survey?
How far are our targets?
Which specific stars do we target?

ts?
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The Chemical Diversity of HZ Earth-sized Planets

What is the Chemical Diversity of
Earth-sized Habitable Zone Planets?

How many planets do we need to survey?
How far are our targets?

ﬁ Which specific stars do we target?

Which planetary systems are better targets?
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Co-Directors:
Natalie Batalha, Dawn Gelino, Tony Del Genio
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Earths in Other Solar Systems (EOS)

How do Habitable Zone Earth-sized planets with biocritical ingredients form?
Where can we find these planets!?

5-year, $5.7M dollar program; |2 coordinated research projects
25 Co-investigators +13 Postdocs and Grad Students

Pl: Daniel Apai (Steward/LPL)
Deputy Pl:Tom Zega (LPL)
Team Leads: Lucy Ziurys, llaria Pascucci, Fred Ciesla
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-I What is the history of organicé in | . 3 How are Organics Delivered
the Solar System? to Planets? /

NExSS: Which Nearby Planetary .
© Systems are most likely
. to host life-bearing planets?
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How do the Planet Orbits and Occurrence Rates Depend

on Stellar Mass?

Mulders, Pascucci, Apai 2015 ApJ

e.g. Dressing & Charbonneau 2013, Howard et al. 2012; Plavchan & Bilinski 2013

- Updated stellar and planet catalogs (Huber+ 14; Burke+ 14)
- QI-Q8 data
- For each Kepler star: Probability of planet detection
as a function of planet period, radius
- Probabilities vs. Kepler Detection Statistics —> Intrinsic
occurrence rates and error bars

- Focusing on |- 4 Re planets
= Occurrence rates: semi-major axis, radius, spectral type
- Considering Kepler observing sequence
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occurrence rate (R, =1-4 R,)
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Conclusions

|) Planet distribution for 1—4 R are similar: increase and plateau
2) Planet occurrence rates are successively higher: fm > fx > fc > f¢
3) Distribution scales with M«!/3 down to 2 Rg and up to P=150 d

Planet formation / orbital evolution is stellar mass dependent

Mulders, Pascucci, Apai 2015 ApJ
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Stellar-mass Dependence of Volatile Delivery to HZ Planets
Ciesla, Mulders, Pascucci, Apai 2015 ApJ

- Modified Mercury integrator

- No giant planet

- No volatile loss (see talk by Tian)
- Stellar mass: 0.2 - 1.0 Msun

- Stellar mass-dependent snowline

- [lime-dependent snowline
- Large number of planetesimals (~103)
- Planetesimals: CC and IC
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More massive disks form more massive planets

NASA NExSS & Steward Observatory
Habitable Zone Planets Only
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Ilce content of planetesimals is important
and can lead to wet planetesimals even around
M-dwarfs

Ciesla, Mulders, Pascucci, Apai 2015 ApJ
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Conclusions

Target systems greatly influence the design of biosignature survey

Chemical diversity of Earth-sized planets important

EOS: Major effort to understand volatile and organics delivery

Early Science:

|) Planet distribution depends on stellar mass

2) Planet accretion: ice-rich planetesimals play important role
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Table 1
Simulation Parameters
Initial Water Habitable

M. Range Line M emb M plan cn(;:b plSn c?nb p(l:an Zone
(M) (AU) (AU) (M) (M) (AU)
1.0 0.54.0 1.3 0.05 25 %1073 50 974 88 1875 0.8-1.5
0.8 0.2-3.2 1.1 0.04 2x 1073 43 827 72 1528 0.39-0.74
0.6 0.1-24 0.9 0.03 1.5 x 1073 33 622 54 1122 0.20-0.37
0.4 0.05-1.6 0.8 0.02 1073 23 420 34 672 0.10-0.19
0.2 0.03-0.8 0.5 0.01 5% 107 11 196 16 291 0.05-0.10

Note. M,;,: embryo mass; M,,,,: planetesimal mass; N.n,,: number of embryos, N,,,: number of planetesimals. Habitable zone estimates taken from Raymond
et al. (2007).

Ciesla, Mulders, Pascucci, Apai 2015 ApJ
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Table 4
Planet Occurrence Rates for the Entire Kepler Sample
Period
(days)

0.4 0.68— 1.2—- 2.0~ 34— 5.8~ 10.0- 17.0- 29.0- 50.0- 85.0- 150.0-

0.68 1.2 2.0 34 5.8 10.0 17.0 29.0 50.0 85.0 150.0 250.0
32.0- 0.0058 0.048 0.018 0.027 0.088
45.0 <0.0012 <0.0017 <0.0025 <0.0036 +0.0066 <0.0073 <0.010 +0.029 +0.028 +0.040 <0.046 +0.103
23.0- 0.0048 0.037 0.023 0.022 0.035 0.082 0.12 0.067 0.10 0.14
32.0 <0.0013 <0.0019 £0.0044 +0.012 +0.012 +0.015 +0.022 +0.038 +0.06 +0.056 +0.08 +0.13
16.0— 0.0031 0.0045 0.011 0.050 0.090 0.041 0.13 0.097 0.18 0.076 0.11 0.17
23.0 £0.0023  +0.0033  +0.006 +0.015 +0.023 +0.020 +0.04 +0.044 +0.07 +0.059 +0.09 +0.14
11.0- 0.0017 0.0087 0.033 0.090 0.099 0.096 0.14 0.21 0.28 0.18 0.27
16.0 +0.0019  £0.0045 x0.010 +0.019 +0.026 +0.030 +0.04 +0.06 +0.09 +0.09 +0.13 <0.087
8.0— 0.0048 0.011 0.028 0.029 0.066 0.13 0.15 0.27 0.33 0.44 0.61 0.83
11.0 +0.0029  +0.005 +0.009 +0.011 +0.021 +0.03 +0.05 +0.07 +0.10 +0.13 +0.19 +0.29
5.7- 0.0016 0.022 0.028 0.039 0.16 0.14 0.19 0.17 0.41 0.55 0.97 1.0
8.0 +0.0020  +0.007 +0.010 +0.013 +0.03 +0.04 +0.05 +0.06 +0.11 +0.15 +0.24 +0.3
4.0- 0.0096 0.016 0.047 0.081 0.15 0.27 0.38 0.46 0.49 0.78 0.73 0.81
5.7 £0.0041  £+0.006 +0.012 +0.019 +0.03 +0.05 +0.07 +0.09 £0.12 +0.18 +0.22 +0.29
28— 0.0083 0.023 0.059 0.12 0.35 0.59 1.4 1.5 1.8 1.6 1.7 1.5
4.0 +0.0038  +0.007 +0.014 +0.02 +0.05 +0.08 +0.1 +0.2 +0.2 +0.3 +0.3 +0.4
2.0- 0.028 0.043 0.099 0.28 0.70 1.4 2.8 3.6 38 2.7 2.1 1.3
2.8 £0.007 +0.010 +0.018 +0.04 +0.07 +0.1 +0.2 +0.3 +0.3 +0.4 +0.4 +0.4
1.4— 0.039 0.12 0.20 0.52 1.0 1.7 24 2.1 1.8 1.4 1.4 2.1
2.0 +0.008 +0.02 +0.03 +0.05 +0.1 +0.1 +0.2 +0.2 +0.3 +0.3 +0.4 +0.7
1.0— 0.038 0.11 0.18 043 1.0 1.3 1.9 1.6 1.6 1.5 38 7.5
1.4 +0.008 +0.02 +0.03 +0.05 +0.1 +0.1 +0.2 +0.3 +0.4 +0.5 +1.3 +2.6
0.71- 0.019 0.064 0.12 0.34 0.69 1.6 1.6 1.5 0.25 6.4 9.7
1.0 +0.006 +0.014 +0.03 +0.06 +0.10 +0.2 +0.3 +04 +0.34 +29 +6.3 <13.2
0.5- 0.019 0.040 0.095 0.33 1.6 1.5 1.5 6.4 19.9 230.3 723
0.71 +0.008 +0.017 +0.037 +0.10 +0.3 +04 +0.8 +3.1 +6.4 <163 +69.0 +53.6
0.35—- 0.029 0.061 0.11 0.75 80.9 119.2
0.5 <0.018 +0.029 +0.074 +0.14 <0.82 +0.79 <6.5 +12.8 <54.7 +51.8 <389.7 <867.9

Notes. Occurrence rates per bin. Columns are orbital period P in days, rows are planet radius R, in Earth radii.

Mulders, Pascucci, Apai 2015 ApJ
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Exopiérieg: Biosignatures & Instruments

March 17-21, 2014 * Tucson, AZ * www.ebi2014.0rg

The conference will bring together the interdisciplinary commurity required to address the
challerge of searching for ife beyord the Solar System. Topics will inchude exoplanet
observations, ealy and extreme ife on Eath, plasetary stmosphwees and aemonpburic

bicsignatures, next-generation instrumentation and SETL

The conference wil be proceded by s L-day astrobiology kool introducing
the key concepts of the conference. School director: Rory Bames (Univ Washingten).

- INVITED SPEAKERS
John Baross (Univ Washington) Peter Lawson (NASA-JPL)
Natalie Batalha (NASA Ames) Alain Léger (Orsay)
Steven Benner (FFAME) Victoria Meadows (Univ Washington)
Olivier Guyon (Univ Arizona) Heike Raver (DLR)
Phil Hinz (Univ Arizona) Sara Seager (MIT)

Lisa Kaltenegger (MPIA, CfA) . Ignas Snellen (Leiden Univ)
Markus Kasper (ESO) .

Jill Tarter (SETI)




