Dynamical water delivery: how

Earth and rocky exoplanets get wet
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Is Earth dry or wet!

® Surface water = |
“ocean”

® Mantle:<0.3to>10

OCEANS (Lecuyer et al 1998; Panero 2016,
Marty 2012; Halliday 2013)

® Core:<0.l to >50

OCEaANS (Badro et al 2014, Nomura et al
2014)
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Water in small bodies
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4 mechanisms of water
delivery

|. Pebble snow

. Wide feeding zone

External pollution

IR N

Inward migration



. Pebble shnow
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Distribution of water in a
protoplanetary disk

T~140 K

Temperature determined by viscous heating,

irradiation (e.g., Chiang & Goldreich 1997; Ciesla & Cuzzi 2006)
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viscous heating +
irradiation
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As disk cools, snow line moves inward
(e.g., Sasselov & Lecar 2000; Dodson-Robinson et al 2009; Martin & Livio 2012; Ciesla et al 2015)
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Wet gas moves faster than snow line, so water at snow
line supplied from inward-drifting pebbles
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At ~20 Mg, Jupiter blocks inward flow of icy pebbles

(Lambrechts et al 2014)
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Disk cools but snow line is “fossilized”
(Morbidelli et al 2016)



Jupiter prevented pebbles from
delivering Earth’s water

Time of Snapshots of disk evolution
parent body during Jupiter’s growth

accretion
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Heliocentric distance

Kruijer et al 2017






J1M

planet with narrow feeding zone

. Teeseees . . »

planet with wide feeding zone
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Feeding zones are several AU wide (in this case)
(Raymond et al 2006)




The classical model

Real terrestrial
planets

Simulations

he “small Mars”
problem
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Raymond et al 2009

Wetherill 1991; Chambers 2001; O’Brien et al 2006; Raymond et al 2006, 2009, Morishima et al 2008, 2010; Nagasawa et al 2005, 2007;
Thommes et al 2008; Fischer & Ciesla 2014; Izidoro et al 2014,2015
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Narrow feeding zone + pollution from scattered
planetesimals



Jupiter’s growth affected nearby
planetesimals

Stability limit for nearby
orbits (~3.5 Ry ~M'3)



Jupiter’s growth affected nearby
planetesimals

Stability limit for nearby
orbits (~3.5 Ry ~M'3)



Herrestrial
plahet-crossing

orbits Robust to planetesimal size,

giant planets’ growth and
migration history
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The Grand Tack model
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Time = 0 Myr
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Water is delivered to Earth by same population that was
implanted into asteroid belt as C types

(Walsh et al 201 |; O’Brien et al 2014; Raymond & Izidoro 2017)







Type | migration

(2013)

® |hward or
outward

® [imescale
~10-100 kyr
(bigger=faster)

Golreich & Tremaine 1980;Ward 1986, 1997; Kley & Crida 2008; Paardekooper et al 2010, 201 |; Pierens et al 2013; Lega et al 2014; Bitsch et al 2014; Kley & Nelson 2014



Inward migration: composition reflects a different
location within disk
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Inward migration: composition reflects a different
location within disk

55

Key unknown: formation zone of migrating bodies
(e.g., rocky vs.icy)



H/r = 0.05
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The ~Mars-mass building blocks of the terrestrial planets
were too small for long-range migration




Possible sources of
Earth’s water
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.J ® Pebble “snow’: too many dry meteorites ,;

.) ® Wide feeding zone: Classical model Ma
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Extrapolation
to exoplanets




Exoplan raphics

Solar System-like
(~1% of total)

No planets
detected to date

~10%

A Q ~90%

< >
~90% < )
super—Earths/

sub-Neptu ©
Eccentric giants (~50% of to I

d some hot Jupiters)




Eccentricity
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Eccentricity
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Exoplan raphics

Solar System-like
(~1% of total)
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No planets
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MERS

Forming hot super-Earths by type | migration
(Izidoro et al 2017)
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MERS

Forming hot super-Earths by type | migration
(Izidoro et al 2017)

Orbital distance



Forming hot super-Earths by type | migration
(Izidoro et al 2017)

Chain of orbital resonances

MERS
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MERS

Forming hot super-Earths by type | migration
(Izidoro et al 2017)

Wider, non-resonant configuration
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The period ratio distribution
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The period ratio distribution

Simulations match period ratio
distribution and Kepler dichotomy
with 90-95% unstable systems and

5-10% stable resonant chains
(Izidoro et al 2017)

Simulations: unstable
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The snow line vs stellar mass
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Stellar-mass dependent factors

Snowline closer to HZ
(e.g., Mulders et al 2015a)

Longer disk lifetime
(e.g., Pascucci et al 2009)

Higher disk mass
(Pascucci et al 2016)
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More super-Earths
(Mulders et al 2015b)

More gas giants
(e.g. Johnson et al 2007)
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Summary

® Four mechanisms of water delivery

® Pebble “snow’” (sato et al 2016)

® Wide feedlng ZONES (Morbidelli et al 2000; Ray /ﬂ - 17)

External pollution (Raymond & Izidoro zo|7W 73?5, /

Migration (Izidoro et al 2017)

® Exoplanets § i
| SRS, ~>.., Sk
\'.'.. NI e 2
® Planet-planet scattering bad for terpestrials, . &
(Raymond et al 2011,2012) Wt X

® Super-Earths: migration model matchgs

observations (Izidoro et al 2017)

® Stellar mass trends: it’'s complicated...



