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SHORT Mass — Period Distribution
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BIG QUESTIONS

« Why doesn’t the solar system .. s
have a Super-Earth or short- |
period planet?

» Are Earth-analogs around M- ¢ /. = e j
Dwarfs habitable? =t
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BIG QUESTIONS

Studying solar and exo-solar
planet formation
helps us answer these
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Gas giants

S N R R LRI
iy N;}i 2024 F———¢——1 Systematic Error -
139
\;80 \ Trapezium _
~10 Earth- i
mass cores 8 L W ]
360 T
B Cham | .
é %NGC 2264 :
1 MEarth E‘lo -
$20 - ml
Mars-mass = %362
embryos 0_..,|...|..\'.\l.l.l...
0 2 4 6 8 10
Age (Myr)
Pl.anete- Haisch et al. 2001, also:
il(;l(;al:s Briceno et al. 2001,
(~ m) Hernandez et al. 2007,
Hillenbrand 2008, Mamajek
2009
Dust
a few Myr
(hm) y
Fig Credit: 104 yrs 105 yrs 106 yrs 107 yrs 103 yrs

Sean Raymond
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Planet Formation in one plot
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Planet Formation in one plot

Gas giants
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Planet Formation in one plot
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Planet Formation in one plot
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BIG QUESTIONS

« Why doesn’t the solar system
have a Super-Earth or short-
period planet?

e Are Earth-analogs around M-
Dwarfs habitable?

« Why are the solar system’s
planets so non-uniform in m/
R (besides Earth and Venus)?




Recall: Super Earth’s can be formed close-in,

or further out:
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XMigration: Prevented by Jupiter
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In-Situ: Why Mercury and no Super-Earth?

* Small

* Mv/MM,ss: 14.8

Video Credit: Clement et al. 2018



In-Situ: Why Mercury and no Super-Earth?

* Small
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* Dynamically isolated
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In-Situ: Why Mercury and no Super-Earth?
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Eccentricity

Perturbations from Jupiter and a mass deficit
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Earth and Mars’ disparate compositions:
Implications for Mercury’s formation

Venus’ Seed Embryo

Earth’s Seed Embryo

0.5Mgy @0.3au

0.5My @ 0.5 au

Fig credits: Clement et al. (2021e)

o) =2, <

au

-1
=i
> e 2Myr



Earth and Mars’ disparate compositions:

Implications for Mercury’s formation

In addition to explaining the masses
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BIG QUESTIONS

« Why doesn’t the solar system
have a Super-Earth or short-
period planet?

 Location of resonance with
Jupiter, and possible outward
migration of Earth and Venus.

e Are Earth-analogs around M-
Dwarfs habitable?

« Why are the solar system’s
planets so non-uniform in m/R
(besides Earth and Venus)?
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Radius (R )

Transiting planets in HZ: M Dwarfs vs. Sun-like
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Hazards faced by potentially
habitable planets around small stars

e Planets’ and their atmospheres
must overcome a myriad of
challenges:

e Flares

e Tides (locking and heating)

Fig Credits: Sanz-Forcata et al., 2011; Bolmont et al 2017, Yang et al. 2017
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If atmosphere is lost, can it be replenished?
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Probability of a late, large, wet impact
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Probability of a late, large, wet impact

e Assumptions:
. Leftover mass ( ~ 0.10Mg)

o Leftover Size Frequency Distribution (SFD):
« Modern asteroid belt (e.g.: Bottke et al. 2005, Morbidelli et al. 2016,2018)
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Quantifying late bombardment
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Quantifying late bombardment

Icy impacts after magma-ocean phase
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Quantifying late bombardment

Icy impacts after magma-ocean phase
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Quantifying late bombardment

« Extremely sensitive to
the system mass

« Somewhat sensitive to
the SFD of the leftover
material (this affects
volatile retention)

e Prospects are bleak
around earlier M-Dwarfs
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BIG QUESTIONS

« Why doesn’t the solar system have a
Super-Earth or short-period planet?

 Location of resonance with
Jupiter, and possible outward
migration of Earth and Venus.

e Are Earth-analogs around M-Dwarfs
habitable?

/ e Possibly not in the way planets
around larger stars might be
« Why are the solar system’s planets

so non-uniform in m/R (besides
Earth and Venus)?
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Conclusions Contact me:

. . mclement@carnegiescience.edu
« Understanding the formation of the solar Web:

system’s smallest planet helps us
understand major differences between
exoplanets and our own system

clementplanet.com

« While Earth analogs around early M-
Dwarfs likely face numerous challenges
the Earth did not, those around late M-
Dwarfs might have more in common with
the Earth.

« Jupiter and Saturn’s earliest evolution
fundamentally changed the solar system’s
evolutionary trajectory.
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