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Astroblology seeks to understand how habitable worlds are made
Habitability = water + organics + energy + the right temperature
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*J Life, water and Astrobiology. . ...

» Astrobiology seeks to understand how habitable worlds are made

-+ Habitability = water + organics + energy + the right temperature

As of Sep 8, 2024: ~30-70 potentially habitable planets
5,756 confirmed, 7217 candidates, 4,297 planet systems

€ c€@ € ¢

- Credit: NASA/JPL-Caltech Credits: ALMA, ngVLA
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It is a complex process. ..

Chemistry is set by temperature (location)

Giant planets move things as they grow
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hat does life need on a planet?
* Organic & other compounds
~* Asource of energy
* Solvent: Liquid water (just the right amount. .. .)

But our inner solar systemisdry . . ..

Lost |ts Water .

Oceano0.023% D ry— water at Almost Dry
[otal ~ 0.05-0.1% poles, subsurface




What does life need on a planet?
* Organic & other compounds
* Asource of energy

* Solvent: Liquid water (just the right amount. .. .)

But our inner solar systemisdry. ...

.,_". 3 ,.,’ii. .)>' Ay 4
Dry — water at

Total ~ 0.05-0.2% Poles, subsurface

Almost Dry

Deamer & Damer (2020)
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' What does life need on a planet?

* Organic & other compounds
* Asource of energy

But our inner solar systemisdry. ...

= T R A
Ocean 0.023% Dry — water at Almost Dry
Total ~ 0.05-0.2% Poles, subsurface

* Solvent: Liquid water (just the right amount. . ..) »& -

Univ. Bern, J. Leibundgut



Possible Water Sources

By 4.3 billion yr: granites,
rock cycle, Water veneer

4.28 Billion ars —Acasta
10 Million yr 100 Million yr 1 Billion yr Gneiss, Canadian Shield

A 4

Stardus: comet dust
(NASA/JPL)



Possible Water Sources

By 4.3 billion yr: granites,
rock cycle, Water veneer

10 MiIIilon yr 100 MiIIioIn yr 1Bi||io|n yr
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Possible Water Sources

By 4.3 billion yr: granites,
rock cycle, Water veneer
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Possible Water Sources

By 4.3 billion yr: granites,
rock cycle, Water veneer

o Million 1Bi||io|n yr

\ 4

Walsh (2011) Nature 475
Raymond & Izidoro (2017) Sci.



A Chemical Fingerprint

. - Giotto Mission D/H 1986

— Comet delivery of water
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Owen & Bar-Nun 1995, Icarus 116 kg
12X =
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A few comets
Meier, R. 1998, Science
Bockelee-Morvan, 1998,
Icarus
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Meteorites

~Initial solar system
 Geiss & Gloeckler 1998, SSR 84



A Chemical Fingerprint e+l

Q [/ Giotto Mission D/H 1986
o _ Comet delivery of water
Protosun/star

30X —f—

‘Balsigéf-1995,-'J'GR'ioo“ :
Owen & Bar-Nun 1995, Icarus 116

12X —— (after Willacy, 2009)
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Earth’s Ocean
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A few comets

; Meier, R. 1998, Science
6_4)( _l_ Bockelee-Morvan, 1998,
Icarus
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& Meteorites

DiHF=s, Initial solar system
: Geiss & Gloeckler 1998, SSR 84
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‘Balsigéf-1995,-'J'GR'ioo“ :
Owen & Bar-Nun 1995, Icarus 116

12X —

Earth’s Ocean

[

A Chemical Fingerprint

Q //  Giotto Mission D/H 1986

— Comet delivery of water

2

A few comets
Meier, R. 1998, Science
Bockelee-Morvan, 1998,
Icarus

Meteorites

% Ps Initial solar system
: " Geiss & Gloeckler 1998, SSR 8

Comet D/H
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—@— (/1995 01 Hale-Bopp

<@ 153P/Ikeya-Zhang

Oort cloud
Giant planet  Quter solar
region system

Altwegg et al (2015) Science 247



‘Balsiger 1995, JGRioo "~
Owen & Bar-Nun 1995, Icarus 116

Earth’s Ocean
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" Giotto Mission D/H 1986

— Comet delivery of water

A few comets
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Hallis et al. 2015, Science 350



A Chemical Fingerprint

| / - Giotto Mission D/H 1986

— Comet delivery of water
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- Meech & Raymond (2020)
Isotopic fingerprints .

Willacy & Woods 2009, ApJ 703, 479
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* Different physical processes for different isotopes
—> Chemical insight from multiple species.
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Meteorite clues

Credit: S. Andrews, B. Saxton, ALMA
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Snapshots of disk evolution
during Jupiter’s growth
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Warren, P. (2011). E&PSL 311
Kruijer, T. et al. (2017). PNAS 114

Cr Isotopes



Meteorite clues

Earth’s water origin scenarios

1. Earth captured water & organics from inner disk gas
2. Delivery from materials tossed in by Jupiter

e.

Testing the Hypothesis
* Material tossed in by Jupiter hit all the rocky planets

* Some got trapped in the asteroid belt . .. Where they
remain today .. ..

Credit: S. Andrews, B. Saxton, ALMA



What do we need

* Icy bodies that record history of where they formed

Tracing the formation

* Need to have the' ices survive
* Multiple isotopes

* Asource close enough to observe in detail

% ReqU|res an in-situ or sample return mission

_ e ¢
|® Comets
|% Asteroids o %° . : .
8 haenss |0l . -~ -5 "8 I\
o Volatiles R S o om— . | \
° o. ..°.0.. .:o | . \

What about the dynamics?

Hsieh & Jewitt (2006)

i 1.0 15 20 25 3.0 35 40 45 50 55
Science 312

Semimajor Axis [AU]



Manxes: A New type of LPC

135,000 km

CFHT
n 10/22/14
10/25/14
VLT
- 11/18/14 Reduction #1
11/18/14 Reduction #2

Primitive S-types ~ Thermally altered S-types
3Juno 32 Pomona
7 Iris 433 Eros
42 Isis 25143 ltokawa

Relative Spectral Reflectivity
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Wavelength [um]

Meech et al. 2016. Sci. Adv.
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* Aug 2013 Pan-STARRSza Survey discovers unusual LPC
— Heliocentric light curve = H20 sublimation
— Does this solve Oort’s missing comet problem (run out of volatiles)?
— Spectrum consistent with inner solar system rocky asteroids



Manxes: ANew type of LPC

135,000 km

1.3
CFHT
. 10/22/14 |
31'2 10/25/14 e
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+3 3244 PrlmJtlveS-types ThermaI’LyaItered S-types
o A ey 3-Juno 32 Pomona .
o7 Tmm * Aug 2013 Pan-STARRSz Survey discovers unusual LPC

42 Isis 25143 ltokawa

06 07 08 o — Heliocentric light curve = H20 sublimation
Wavelength [um] . . . .
. — Spectrum consistent with inner solar system rocky asteroids
— Formed near the SS snowline, ejected to Oort cloud early in SS history?

Meech et al. 2016. Sci. Adv.
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Manx Implications: Early solar system dynamics

Colors code starting position of planetesimals: inner solar system outer solar system Pholus

A C/2014 S3

* 1 Asteroid belt -
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Gas giants interact with planetesimals
— Scattered Oort cloud material composition depends on scenario
Manxes have a range of surface colors (& formation locations?)

— Are these just bodies that form near the ice-line, do they include samples of evolved comets?



LSST Timeline

— Early 2025 17t light, Survey late 2025, early 2026

Floodgates opening

CATatA LSST & Small bodies (10 yr survey)

SKY SUurRveY

— ~100 new MBCs

— ~10,000 comets, 5o data pts along orbit, multiple filters

— 30,000 TNOs

— 5 x10%Main belt asts, 3 x 205 Jovian trojans, 1 x 105 NEOs

— ~1o0interstellar objects

.°+//—~o\§

VERA C. RUBIN
OBSERVATORY
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Value of Sample return
— Rich detail on multiple isotope systems that can constrain solar system

formation'models
* Example here with origin of Earth’s water
* Return of refractory material also key for habitability story

— Ideally want this for a range of small body classes
* MBCs, Manxes, LPCs, Jupiter Trojans, small KBOs, . . . And of course, ISOs!
— Helps address processes that lead to the formation of habitable worlds in
planetary system habitable zones



