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A Few Quick Things...

E-mailing me: Must have AST2002 in the subject

Mary Hinkle, Graduate Teaching Assistant:
Office Hours: Mon 1:30-3:00pm. PSB 316

My office hours: Mon 3:00-4:00pm. PSB 308
Tue 3-4 pm. PSB 308

First Mid-term : Will be having more reqular homework

Will start going over some of the exam questions...

Next Knights Under the Stars Event — Wed 28th Feb 7-8:30pm



Mars Lost its Magnetosphere

Early Mars Mars Today

Warmer core generated Warmer interior caused extensive
stronger volcanism and outgassing.
magnetic +-...& i

field. i

Lack of core convection means
no global magnetic field.

Cooler interior no longer
drives extensive volcanism
or outgassing.

... Some remaining gases
" condense or react with
; surface.
Weaker magnetosphere ™.,
has allowed solarwind ™.,
to strip away much of the " Thinner atmosphere reduces
atmosphere. greenhouse warming.

3 Thicker atmosphere
Stronger magnetosphere protected created warmer and
atmasphere from solar wind. possibly wetter climate.

* Somehow Mars lost most of its atmosphere.
* Magnetic field may have preserved early Martian atmosphere.

» Solar wind may have stripped atmosphere after field decreased
because of interior cooling.



Wet to Dry Mars
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Is Venus geologically active?

--: The round blobs are steep stratovolcanoes,
apparently built from a “thick” lava.

-2 These two volcanic peaks are
probably much like the shield

volcanoes that make up the

Hawarian Islands on Earth.

:
Tectonic forces
have fractured and
twisted the crust,

- This central image shows the ful
surface of Venus, 98% of which was
mapped by Magellan. Natice the
three large, elevated “continents”
called Ishiar Terra, Lada Terra, and L PR ;
10.km Aphrodite Terra. o A% 50 kim

Impact craters, like this one, are This round corona was probably made by &
relatively rare on Venus and are mantle plume. It is dotted with small volcanoes
distributed uniformly over the surface. (the round dots) and surrounded by tectonic
stress marks.



Why is Venus so hot?

» The greenhouse effect on Venus keeps
its surface temperature at 470°C.

« But why is the greenhouse effect on
Venus so much stronger than on Earth?

* Venus has a very thick carbon dioxide
atmosphere with a surface pressure 90
times that of Earth.

* Thick carbon dioxide atmosphere
produces an extremely strong
greenhouse effect. (Runaway
Greenhouse Effect)

» Too hot for liquid water...
- On Earth, carbon dioxide dissolves in
water, and can react to form carbonates,

* Venus has reflective sulfuric acid clouds  slowly removing it from the atmosphere
- HIGHER ALBEDO

* Receives less heat from sunlight than Earth




The Atmospheres of Venus & Mars

Surface pressura
relative to Earth {bars}

Major greanhousa

gases (GHG)

Temperature if _ _
no OHG (0 4B 18 57
Aclual temperature (*C) 477 15 -47
Tamperatura change +571 +33 +10

due to GHG




What unique features of Earth are
important for life?

1. Surface liquid water
2. Atmospheric oxygen
3. Plate tectonics

4. Climate stability



The Carbon D|0X|de Cycle

rantalendes ockonlnd—— 1. Atmospheric CO, dissolves in
rivers carry broken-down rainw ate r.
Atmospheric CO, minerals to the sea.
dissolves in ra:f'nwa fer, . _
Volcanoes autges CO, g 2. Rain erodes minerals that flow
: '- ; into the ocean.
T 3. Minerals combine with carbon to
) hnake carbonate rocks on ocean
oor.

4. Subduction carries carbonate
rocks down into the mantle.

5. Rock melts in mantle and
outgases CO, back into

; atmosphere tﬁrough volcanoes.

Broken-down minerals

react with dissolved Tectonics makes a very slow
0, to form carbonate feedback loop possible...

Carbonate rocks subduct rocks.

and melt, releasing C0, More heat = More rainfall




CO, Concentration

temperature change (°C)
(relative to past millennium)
|
P

a 1960 1970 1980 1990 2000 2010
year

800 700 600 500 400 300 200 100 O
thousands of years ago

 Global temperatures have tracked CO, concentration for the
last 500,000 years.

 Antarctic air bubbles indicate the current CO, concentration
Is at its highest level in at least 500,000 years.



Modellng of Climate Change
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Observations (black curve) show a clear ="
rise in average global temperatures.
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Computer models including
only solar and volcanic
changes (blue curve) do not
match the rise . . .
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* Models of global warming
that include human
production of greenhouse
gases are a better match to
the global temperature rise.

 Models don’t work without
greenhouse gas
contributions

 Increased by 0.5°C in the
past 50 years.

» The concentration of CO, is rising rapidly.
* An unchecked rise in greenhouse gases will eventually lead to

global warming.



What makes a planet habitable?

The Role of Planetary Size

Small Terrestrial Planets Large Terrestrial Planets

Warm interior causes -
interior cools rapidly . . ..., mantle convection. . .

... leading to ongoing
tRCtonic and VOICAIIE «wsvevsarasnns,
activity most ancient
craters have been
erased

.. . S0 that tectanic and
volcanic activity cease
after a hilfion yaars or
so. Many ancient craters
therefore remain. =«
{utgassing produces an
atmosphere and strang

sok of volcanism means : g ;
AR (R nieeiion: ek gravity holds it, so that

littta outgassing, and low — OrNSION 19 008SIBl, sasserserssst™
gravity allows gas to 85CapE .- < =t BRI ReEln

mare easily; no atmosphere Core may be molten,
means no erasion, producing a magnetic field ="

if rotation is fast enough,
and a magnetosphere that
can shield-an atmosphere
from the solar wind

Must be large enough for geological activity to
release and retain water and atmosphere



The Role of Distance from the Sun

Planets Close to the Sun

Planets at Intermediate
Distances from the Sun

What makes a planet habitable?

Planets Far from the Sun

Surface is too hot S Moderate surface «s......... Low surface sse-sun....,
for rain, Snowy, «-..., temperatures can e tempearatires
or ice, so littls - allow for oceans, can aflow for
EOSI0N OCCLNS. rain, snow; and ice and snow,
ice, leading to but na rain
substantiaf or Ocearns,
erosion limiting
s Erosion,
S o L
High atmospheric s Gravity can morg 3 Atmosphere may 4
temperature allows o easily hold e exist, but gases can A
a5 [0 85cape More easily «w--- BIMOSHREric (ases, «es=" i mare gasily condense - ¥
gast i { heri | v cond

ta make surface ice.

* Must be located at an optimal distance from the Sun

for liquid water to exist = Habitable Zone (Goldilocks
Zone)



Comparative Surface Ages
of Terrestrial Worlds

RELATIVE AMOUNT OF SURFACE AREA

Planets 4
ot AGE OF SURFACE (billions of years)



Planetary Destiny

period bf heavy low levels gf/ modern E a rth I S h a b Ita b | e
cratering cratering continue appearance

~& because itis large
¥4  enough to remain

0 geologically active,

~ and it is at the right
@
w
L

Earth

Venus

Mars

distance from the

Mercury ‘T | Sun SO Oceans COUId
. | | | form.
| f t 1 t (2b'||‘ f 3) ' t g

‘ _ amount of volcanic/tectonic activity |




Summary of Last Time

Chapter 7: Earth and the Terrestrial Worlds

Earth as a Planet

Why is Earth geologically active?

«  What processes shape Earth’s surface

« How does Earth’s atmosphere affect the planet?

The Moon and Mercury: Geologically Dead

«  Was there ever geological activity on the Moon or Mercury?
Mars: A Victim of Planetary Freeze-Drying

What geological features tell us that water once flowed on Mars
Why did Mars change?

Venus: A Hothouse World

* Is Venus Geologically Active?

«  Why is Venus to Hot?

Earth as a Living Planet

«  What unique features of Earth are important for life?

How is human activity changing our planet?

What makes a planet habitable?



IClicker Question

Question: What is the source of Earth’s
magnetic field?

A. Magnetic rocks
B. Magnetized iron in Earth’s crust
C. Magnetized iron in Earth’s core

D. Molten metal circulating in Earth’s outer
core, moving like electrons in a wire



IClicker Question

Question: What is the source of Earth’s
magnetic field?

A. Magnetic rocks
B. Magnetized iron in Earth’s crust
C. Magnetized iron in Earth’s core

D. Molten metal circulating in Earth’s outer
core, moving like electrons in a wire



IClicker Question

Question: Why are smaller terrestrial bodies such
as Mercury or the Moon “geologically dead”?

A. They don’t have volcanoes

B. They cooled off faster than Earth did
C. They don’t have erosion

D. They were hit by fewer meteorites
E. They are made of different materials than Earth




IClicker Question

Question: Why are smaller terrestrial bodies such
as Mercury or the Moon “geologically dead™?

mPo® >

. They don’t have volcanoes
. They cooled off faster than Earth did

'hey don’t have erosion
ney were hit by fewer meteorites
ney are made of different materials than Earth
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The Jovian Planets

Jupiter e — Saturn Uranus Neptune

Distance from Sun = 5.20 AU Distance from Sun = 9.54 AU Distance from Sun = 19.2 AU Distance from Sun = 30.1 AU

Mass = 318Mg.p Mass = 95Mg Mass = 14Mg. Mass = 17Mgann

Density = 1.33 g/cm® Density = 0.71 g/cm”® Density = 1.24 g/cm® Density = 1.67 g/ocm®

Composition: mostly H, He Composition: mostly H, He Composition: H compounds, Composition: H compounds,
rock, H and He rock, H and He

Formed beyond the snow-line where water could condense
« Bigger and more massive

» Lower density, different composition

 All have rings and Numerous Moons



Missions to Outer Planets

» Jupiter has been visited briefly by several spacecraft passing by, or using
a gravitational assist (e.g., New Horizons)

* The Pioneer and Voyager spacecraft visited Saturn

» Uranus and Neptune only had a single flyby from Voyager 2

The Galileo The Juno Spacecraft is The Cassini Spacecraft
Spacecraft studied studying Jupiter 2016- studied Saturn & it’s
Jupiter & it's moons moons from 1997-2017

from 1995-2003



'-q.
-

Jovian planet formation

- The Jovian cores are
~1OX Eal‘t hd. -'rr ~-~ '_
 The Jovian differences are in the amount of
H/He gas accumulated.




Differences in Jovian Planet Formation

TIMING The planet that fon;ns érllest
- captures the most hydr@genvand helium gas.
- Capture ceases after the first solar wmd blows

- the Ieh%er gas away. _———
< LOCATION: The planet that forms in a denser .
part of tﬁe nebula forms |ts core flrst S
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Planetary Migration?

Current models favor the idea that the Jovian planets formed closer to the Sun
Then migrated outwards. Also possible that Uranus & Neptune switched

» Predicted by the Nice model - Jupiter and Saturn come into 2:1 resonance
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Density Differences

2 * Uranus and Neptune
1.5 - I are denser than Saturn
I - because they have less
1 - H/He, proportionately.
0.5 - * Here, the units are such
0 that the density of
|

water is one.
* What about Jupiter?



Sizes of Jovian Planets

* As you add more mass,

Similarly, adding mass to a jovian planet
. 1.25 ewventually Wou/d incrpase /'.Is density -«--...... yOU COmpreSS the
:(': rather than increase ftsrjd/us. underlylng gas |ayerS
. upiter 4
‘%J_ 1.00 - Saturn -
5 » Greater compression is
g 07 p why JuElter IS not much
5 larger than Saturn,
3 050 even though it is three
) | ! ' - times more massive.

0.1 0.8 1 o 10
mass of planet (Jupiter masses)
b This graph shows how radius depends on mass for a 1 1
hydrogen/helium planet. Notice that Jupiter is only slightly * ‘JOVIan planets Wlth
larger in radius than Saturn, despite being three times as even more mass can

massive. Gravitational compression of a planet much more .
massive than Jupiter would actually make its radius smaller. be Smal Ier than J u plte I.



Jupiter’s Clouds

Atmospheric

pressure Altitude ﬁﬁ

0.4 bars 23 km

Oscillation of
O0km = cky'brightness

—18 km

(Y

Laser beams

Entry site

Expected




Models of Jupiter’s Interior

pressure temperature Jupiter density
(relative to (K) (glcm®)
sea level
on Earth) ___gcloudtops

1 125 W gaseous iydiogen Wy (0002
500,000 2000 liquid hydrogen 0.5
2,000,000 5000 1.0

metallic hydrogen
100,000,000 20,000 _o5 Earth

core of rock, metals,/

- atmosphere
crust
mantle

and hydrogen compounds

care

« High pressure inside of
Jupiter causes the phase of
hydrogen to change with
depth.

* Hydrogen acts like a metal
at great depths because its
electrons move freely.

« ~30x the pressure of
Earth’s core & 4x the
temperature



Models of Jovian Interiors

Earth O ; ]
0

50,000

Neptune

Molecular hydrogen
Metallic hydrogen

“Ices”

Rock




Thought Question

If Jupiter & Saturn have large amounts of liquid,
metallic hydrogen, and are spinning very fast,
what does that imply?

They have huge, very powerful
magnetospheres




Magnetosheath

Magnetotail

Mercury (x400)

L Mag’netosheath
Magnetopa

Magnetosheath

B
Magnetotail

Plasmasﬁ:@?’é' e ———

Solar-wind =
plasma Earth (x40)

Magnetosheath




Aurora’s on the Jovian Planets




Jupiter’s Aurora: A Closer Look




The Connection Between the
Magnetosphere and The
Galilean Satellites

Il. 'Il. .
—— Md-g:.' 1 ?tr :'n] = :i"l _ .
H-H"'Exlb i |I " i
"..___‘ | | ,-"I
‘-. i !I "

""-._';- ol __'::.
T Jupiter
1

He g lonized
=T atoms swept
A ahead of lo by
Rotatlonal —————10's orbital Jupiter's
axis speed magnetic field}




Rings of Jovian Planets




Rings

All four Jovian
planets have rings

Jupiter’s rings
probably made of
silicates with sulfur
from lo

Saturn’s rings are
made from tiny
water ice particles

Uranus and
Neptune have dark
rings (organics)




Saturn’s Rings are VERY Thin




Shepherd Moons & Enceladus

The diffuse E-ring is
formed from plumes
coming from Enceladus

Some gaps are caused
by Shepherd moon’s

(Here Daphnis)




Saturn’s Hexagon




Jupiter’s Big

[\

- Storm system that
has been active over
- . 300 years

e Could fit 2-3 Earth’s
Inside It



Coriolis Forces

» Caused by the fact that different latitudes of
the Earth are traveling at different speeds

e Storms on Earth are due to movement of air
from high pressure to low pressure

The Coriolis force
diverts winds.-...

No. not responsible
for toilets flushing in
different directions



Big Red Spot is a Source of Heat

Karen Teramura, UH 1fA

N




Jovian Planets: Extreme Wind Speeds

* These planets all rotate VERY fast
* Winds observed can be over 1600 km/hr

(a) Jupiter

Wind speeds on Jupiter
reach about 450 km/h.

300 150 0 150 300 450
Velocity (km/h)

(b) Saturn

Equatorial winds on Saturn

can reach an extraordinary
1,650 km/h, or almost half

akiumapetucom\
North pole

Equator

0 7001400
Velocity (km/h)

{c) Uranus

Even with its peculiar
orientation, Uranus exhibits
zonal winds.

North pole

Equator

=700 0
Velocity (km/h)

700 1400

{d) Neptune

The strongest winds on
MNeptune are easterly.

North pole

Equator

-2500 <1250 0 1250
Velocity (km/h)



Composition of Jupiter's Bands

—50

100

® cold enough for
_s0- ammonia to condense
to form clouds

—100 '“\,

o- cold enough for
ammonium hydrosulfide

.04 form clouds

= ’5°X\ to condense to

sl o gl

cold enough for
water to condense
to form clouds




Compositions of Jovian
Atmospheres
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The latest images of Jupiter from Juno are
stunning!







