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Overview

1.What factors influence climatic habitability?

2.VWhat are the astrobiological implications
of the early emergence of life on Earth?
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Dependence on Stellar Properties
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Climatic habitability depends on stellar properties,
But what about planet properties, planetary system properties?

Dependence on Stellar Properties
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Climatic habitability depends on stellar properties,
But what about planet properties, planetary system properties?

Dependence on Stellar Properties

Dependence on Planet Properties?

1,.5;;;5\,;;”1 * Rotation rate?

* Continent/ocean distribution?
* Atmospheric composition?
e Obliquity (tilt of spin axis)?
* Eccentricity?
* Longterm history of climate?
(initial conditions)

Kasting, Whitmire, & Reynolds 1993

(influenced by planetary system architecture)
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(0-D) Energy Balance on a Water-rich Planet
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(0-D) Energy Balance on a Water-rich Planet
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(0-D) Energy Balance on a Water-rich Planet
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(0-D) Energy Balance on a Water-rich Planet

Equilibrium
Temperature S O

Jemperate

Flux

Snowhball
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See Cowan+ 2011 re: detecting Snowballs
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High eccentricity planets are common!
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o ~20% have e > 0.4
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High eccentricity planets are common!
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High eccentricity planets are common!
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High eccentricity planets are common!
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e Classical HZ: aout = 1.4 AU?
e Eccentric HZ: aout ~ 2 AU at e = 0.5? )
e => apoastron ~ 3 AU?
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High eccentricity planets are common!

exeplanets.org | 8/30/2011

o
o

e Classical HZ: aout = 1.4 AU?
e Eccentric HZ: aout ~ 2 AU at e = 0.5? |
e => apoastron ~ 3 AU?
e Much more observable!
(Dressing, Spiegel+ 2010)
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Generalized Milankovitch Cycles:

Spiegel, Raymond et al. 2010,
see also Kita, Rasio, & Takeda 2010,
see also Barnes, Jackson, Kopparapu, etc.
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Generalized Milankovitch Cycles:

* Very mild cyclic changes in Earth’s obliquity and
eccentricity lead to dramatic changes in climate.

Spiegel, Raymond et al. 2010,
see also Kita, Rasio, & Takeda 2010,
see also Barnes, Jackson, Kopparapu, etc.
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Generalized Milankovitch Cycles:

* Very mild cyclic changes in Earth’s obliquity and
eccentricity lead to dramatic changes in climate.
e Extrasolar systems could undergo exaggerated
versions of these cycles.

Spiegel, Raymond et al. 2010,
see also Kita, Rasio, & Takeda 2010,
see also Barnes, Jackson, Kopparapu, etc.
CIERA
9/1/2011

Tuesday, September 6, 2011



More eccentric companions cause
faster and larger amplitude oscillations
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Spiegel, Raymond, et al. (2010) Simulations by Sean Raymond
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Spiegel+ (2010)
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Spiegel+ (2010)
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Timeline of Life on Earth
Earth Formed (4.54 Gyr ago)
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Timeline of Life on Earth
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A Commohn Sense Argument
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Even if life is rare throughout the Universe,
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A Commohn Sense Argument

Even if life is rare throughout the Universe,

* Still, it’'s not surprising that
life arose early on the planet on
which we find ourselves —
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A Commohn Sense Argument

Even if life is rare throughout the Universe,

* Still, it’'s not surprising that
life arose early on the planet on
which we find ourselves —

* Especially if evolution
requires possibly billions of
years to develop “intelligence”
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A Commohn Sense Argument

Even if life is rare throughout the Universe,

* Still, it’'s not surprising that
life arose early on the planet on
which we find ourselves —

* Especially if evolution
requires possibly billions of
years to develop “intelligence”

But finding life somewhere where we didn’t have to would count a lot more.
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Simple Assumption:
* Abiogenesis: a Poisson process
* Poisson rate parameter \ (measured in [time-1])

Spiegel & Turner (2011)
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Simple Assumption:
* Abiogenesis: a Poisson process

* Poisson rate parameter \ (measured in [time-1])

Bayesian Inference:
e Calculate Likelihood function — P[D | A ].
* Use appropriate (uninformative) prior.

Spiegel & Turner (2011)
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&9 Simple Assumption:
Abiogenesis: a Poisson process
Poisson rate parameter A (measured in [time-1])
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Probability Density

Prior: Dashed
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Probability Density

Posterior: Solid
Prior: Dashed
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Spiegel & Turner (2011)
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Probability Density

Uniform in mean time

Posterior: Solid
Prior: Dashed

-3 -2 —1 0 1 1 2 3
log : 0[7»] (Ain Gyr )

Spiegel & Turner (2011)
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Probability Density

Uniform in mean time

Posterior: Solid
Prior: Dashed
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Probability Density

Uniform in mean time

Posterior: Solid
Prior: Dashed

-3 -2 —1 0 1 1 2 3
log : 0[7»] (Ain Gyr )

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

o
o)

o
~

Prior: Dashed

Cumulative Probability
© o o
= Ol (@)

o
(&)

O
N

0.1

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

o
o)

o
~

Posterior: Solid
Prior: Dashed

Cumulative Probability
© o o
= Ol (@)

o
(&)

O
N

0.1

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

Uniform in rate

o
o)

Uniform in mean time

Posterior: Solid
Prior: Dashed

e o <9 O
r o0 o N

Cumulative Probability

o
(&)

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

Uniform in rate

o
o)

Uniform in mean time

Posterior: Solid
Prior: Dashed

e o <9 O
r o0 o N

Cumulative Probability

o
(&)

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

Uniform in rate

o
o)

Uniform in mean time

Posterior: Solid
Prior: Dashed

e o <9 O
r o0 o N

Cumulative Probability

o
(&)

Spiegel & Turner (2011)

Tuesday, September 6, 2011



—h

O
©

Uniform in rate

o
o)

Uniform in mean time

Posterior: Solid
Prior: Dashed

e o <9 O
r o0 o N

Cumulative Probability

o
(&)

Spiegel & Turner (2011)

Tuesday, September 6, 2011



Cumulative Probability
© o o o o o o
W NEN Ol (@) ~ oo (o

O
N

0.1

Spiegel & Turner (2011)

Tuesday, September 6, 2011



Conclusions

Habitability depends on properties of a star, planet,
and long-term history of planetary system.

Early life on Earth suggests life might be common, but
is not inconsistent with life being rare in the Universe.
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Model Details

P|D|M] X Pprior|[M]
P[D]

Bayes’ Theorem: P[M|D] =

1 — eXp[_)\(temerge N tmin)]
1 — eXp[_)\(trequired B tmin)]

Likelihood function: P[D|M] =

Likelihood function for
Mars life & Earth life: Pu[DIM] = (1 — exp[—A(tenorge — t?ﬁﬁf’s)])

> 1 — eXp[_A(tEr?l]étr}ée I tg?flth)]

1 — eXp[_A(tEarth s tEarth)]

required min
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100000 Effect of
* For ocean-world (around a G-star), Eccentricity?

mean flux governs climate.

* For desert-world (or around an A-star),
instantaneous flux can be significant in
determining climate.
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Dressing, Spiegel, et al. (2010) Eccentricity
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More massive companions More eccentric companions cause
cause faster oscillations faster and larger amplitude oscillations
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Earth Formed Timeline of Life on Earth
(4.54 Gyr ago)
4 Earth Habitable
(4.0 Gyr ago?)
Alternate Logic:
We have sample size of one,

so we can’t draw any conclusions
about the probability of abiogenesis.

Life Be\gi S
(by 3.8 Gyr ago?)

Uninhabitable/Sterilized
due to Late-Heavy
Bombardment, etc.?

“Intelligence”
Arises
5 2
CIERA (10° yrs ago~)
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What obliquities are expected?

Isotropic spin distribution?

LA R I AL L L B
. aObliquity near 90° favored |
- for terrestrial-mass planets!-

. Simulated
“Distribution of spin-

L EEEE A -
50 100 150

e[’]

Kokubo & Ida 2007
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85° obliquity Earth Effect of
Obliquity?
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Mercury: Chambers (1999) m(GP) =Jupiter
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Summary

* Unobservable or barely observable features of a planet

can have a profound and nonintuitive influence on climate
and habitability:"HZ"” depends on properties of planet in

addition to star.

* HZ also depends on properties of solar system in
which planet resides.

* For potentially habitable terrestrial planets around
other stars, nearly any amplitude and frequency
oscillation of eccentricity is possible.

* This might be harmful to (some kinds of) life, but might
also restore habitability to a frozen-over world in far less

than ~10 million years.
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A Few Scattered Questions to Address

* To what extent is an outer giant planet like Jupiter useful for protecting
us from damaging impacts? Does more work remain to be done after
the Horner & Jones studies?

* What are key observational degeneracies?

* For instance, how would we know if a planet is in a snowball state?
Can we tell the difference between (1) a snowball Earth that is shiny
and has cold COz clouds, and (2) a Venus?

* How can we discern obliquity?

* What actually happens at a highly eccentric planet’s periastron? Does
It suffer severe atmospheric loss?

* What is an appropriate metric of habitability? Should it be based on
whether life there would be observable?

* (Is it easier to tell whether a world is inhabited than whether it is
habitable?)

CIERA
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Trad = CTo/ I — (C/o)Ty ™2, we are left with the fol-
lowing nondimensional form of the equation:
oT™ 0 oT*

ety (il = =R*{S*(1—A4) —I"}.

Here, £* = P,1,/7qi# may be thought of as a dimen-
sionless thermal diffusivity, while R* = P,.1,/7raq may
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3 “Hadley” Cells per hemisphere
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3 “Hadley” Cells per hemisphere Faster Spin => =15 total cells
—

LAR
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Effect of
Rotation Rate?

24 hr-

0 o m
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¥

Faster Rotation
=> Stronger Coriolis
=> less efficient
aSt transport of heat
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Habitability Fractions

fimel@,\] = fraction of the year that latitude A is In

habitable temperature range (0°-100° C).
f.real@,t] = fraction of the surface area that is in habitable

temperature range at time t.
fianl@l = fraction of year and surface area that is

habitable.
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Fractional Habitability of Earth

Spiegel, Menou, Scharf (2008)

— — — Zonal Avg of NCEP Temps 2004
2D NCEP Temps

0 0.2 04 0.6 0.8 |
Time of Year
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Building a Simple Climate Model
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Faster Rotation Higher Eccentricity
=> Stronger Coriolis =>Warmer average climate
=> |less efficient transport of heat => Greater habitable semimajor axis

\O
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a=1.050 AU

45
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(incomplete list of)

Types of Habitability

Surface habitability

Subsurface habitability
“Spectral habitability”

Galactic habitability

Chemical habitability
Continuous habitability
Regional/Temporal Habitability
Dynamical habitability

Climatic habitability
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(incomplete list of)

Types of Habitability

Surface habitability
Subsurface habitability
“Spectral habitability”
Galactic habitability
Chemical habitability
Continuous habitability

Variations of orbital Regional/Temporal Habitability

elements of terrestrial Dynamical habitability
planet and other

objects in a system. Climatic habitability
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“Plan t Eccen r|c| vs "Planet aﬂaSS" (333)
¢

. High eccentricity
planets are common!
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Dynamical Habitability

Effects on Impact Rate Effects on Orbit Stability

Jupiter, Friend or Foe?

Menou & Tabachnik (2003)

# of collisions might be greater Kopparapu & Barnes (2010)

with Jupiter than without. Is this
bad for life? Good for evolution
of us?

Key Result

~40% of the 236 systems
considered have 90% of
HZ stable |
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