F10E HBEARFK
IKEBOEE LR -FRE )
2010 ££2 R 22-24H

thE 2%

BIEFENDANIFE

once upon a time....
The Faint Young Sun Paradox

Piet Martens
Harvard-Smithsonian Center for Astrophysics
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Billions of Years Before Present

Kasting st al, Scientific American, 1983 , . ..
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ZDEEDIIRDEE L ?
L =4o(1- AT

A = Earth Albedo

o = Stefan Boltzmann Constant

T, = Radiative Equilibrium Temperature

L =Solar Irradiance at Top of Earth Atmosphere

T, = T, + AT,

reenhouse
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Snowball Earth & Bk ERE ?
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Bombardment
3.8-4.0 Ga
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The Faint Young Sun Paradox
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Convective zone Prominence

Chromosphere

Corona



http://www.novacelestia.com/space_art_solar_system/sun.html
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® Density
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The Faint Young Sun Paradox
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EERNERR ?

faint young sun
30 % less luminous

AN

»p
ice 300m thick (protection from UV)

S #*
prebiotic chemistry?

Badalerial. /9942 PNAS, 91:1248-1250. wWHEA (HELRLED
Image: http://www.chem.duke.edu/~jds/cruise_chem/Exobiology/sites.html
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Titan’s organic haze layer

Haze is thought to
form from photolysis
(and charged particle
irradiation) of CH,

® |f CH, becomes more
abundant than CO,,
organic haze begins
to form... Which
constitutes an Anti-
Greenhouse agent.

® So the limit on CO, s
an effective limit on
CH,

2010/222.2 (Picture from Voyager2) 2



A hazy early Earth? It has been proposed that if the early Earth‘s
atmosphere contained CH4, photochemical formation of an organic

haze layer may have made the Earth’s appearance very similar to that
of Saturn's moon Titan

22
CH

Haze Layer

Early Earth?

Trainer M G et al. PNAS 2006;103:18035-18042  courtesy of NASA/JPL/Space Science Institute.

©2006 by National Academy of Sciences




Climate Science Solution
(Richard Linzen, MIT)

Stratospheric clouds in nitrogen/methane
atmosphere can produce sufficient
greenhouse shielding to obtain high
temperatures (albedo effect minor)

How can this verified from observations?



Piet Martens 1 T D EH5
It’s probably the Sun!

® NASA Press release, May 2009: “NASA Rover
Sees Variable Environmental History at Martian
Crater” .....“The data show water repeatedly
came and left billions of years ago”.

® Squyres et al. (Nature, May 2009):
“...alteration may have required several hundreds
of millions of years of water exposure”.



Victoria impact
crater on Mars,
explored for

eight months
by Mars Rover
Opportunity




Fig. 1. Opportunity’s traverse at Victoria crater. Image acquired by the Mars Reconnaissance
Orbiter High Resclution Imaging Science Experiment camera.
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Panoramic View of the Crater Rim

If Mars has had surface liquid water for periods of
hundreds of millions of years throughout the last
two or three billion years, it’s atmosphere must
have been MUCH warmer than what a “faint
young Sun” would sustain
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Solar luminosity is a strong function of solar
mass: Lo~ Mg? BIDRELL>EESTIND)

Planetary orbital distance varies inversely with
solar mass: a ~ Mg™

Solar flux varies inversely with orbital
distance: S ~a™?

Flux to the planets therefore goes as
S~Mg°
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B. Wood et al., Ap. J. 574, 412 (2002)
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*70 Ophiuchi, mass ~ 0.92 M, age ~ 8 fE 4,
mass loss ~ 3x102 M., /yr(-L/R ?)

*E-Eridani, mass ~ 0.85 My, age ~ 5-10/54F,
mass loss ~ 1012 M, /yr

*The present Sun ~ 3 x 10 M, /yr

KIGEEXTZDHNEHAZ. IRFED ~100ZD
BeiaklL—FTHO=AIEEENTLY,
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U mass-loss = z-spin—down X (rl / rA)2

T spin-down = 2x10° years

[} = Tstar X (1/3_1/ 6)

M = Tstar % (3 _10)

Tmass-loss — 2x10" —2x 1012year3
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“Faint Young Sun paradox ”
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