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Ptolemy’s geocentric model

Planets (57 &

For more info: among stars (& )
http://aeea.nmns.edu.tw/AEEA/contents_list/universe concepts.html (KA ZE &R )
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Models are not equivalent to truth though.
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note

Ancient views of the cosmos might be born out of philosophical or
even aesthetic ideas: for instance, the notions of harmony and
symmetry sketched by a series of circles for the orbits of planets
(for ;=Z£ > you may refer to #H “ErJ7(E”). The geocentric
model is certainly the most straightforward idea based on the
perception that the Earth does not seem to move. In this model,
the Sun is not a star but is more like a planet in the sense that it
also orbits the Earth. | will tell you in one of the next lectures that
ancient people did try to examine if the Earth is moving but they
actually failed. After adding small circles on the big orbits around
the Earth, Ptolemy’s model did better explain the retrograde motion
of planets (planets means wanderers in this regard) and predict the
future position of planets. This is the spirit of science: making a
model to fit to observational results. However, the error given from
Ptolemy’s model becomes larger and larger as observations are
conducted for a longer time.
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Asteroids

Inner
Solar System

+ A8

Kuiper Belt

Outer
Solar System

—

Z 1IN

The Solar System

e S
http://www.gps.caltech.edu/
~mbrown/




Is our solar system abnormal?
PLANETS AROUND NORMAL STARS

- i &
MERGURY VENUS EARTH

L 2

ORBITAL SEMIMAJOR AXIS (AU)
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note

The Sun is not the only star having planets. Astronomers has
discovered more than 150 extrasolar planets (planets outside of the
Solar System). Many of these systems host a Jupiter-like planet
(Jupiter is the most massive planet in the Solar System) which is
extremely close to their Sun compared with our Jupiter. Is our Solar
System abnormal? How did planets form in general? In addition to
planets, can the asteroid belt and the Kuiper belt tell us about the
formation of the Solar System?
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The Sun as an example of a star

Thermonuclear
energy core

Radiative
zone

Definition of a

star (J& £):

an object is massive
and dense enough
to allow nuclear
fusion (Z&4) to
occur.

Convective
zone

© 2006 W. H.Freeman and Company
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note

Nuclear fusion happens when two or more atomic nuclei get close
enough down to the distance as small as it own size. This can occur
at the center of a star (actually this is just the definition of a star)
because the high temperature and high density environment brings
them to collide together against the electrical repulsion force
between protons. Within this extremely short separation, a strong
nucleus attraction becomes dominant over the electric force, thereby
fusing these atoms together and releasing a huge amount of energy.
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Stellar Mass, Color, & Lumlnosﬂy

notice that mass spread vs Iummosﬂy spread
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Figure 11-12a
Discovering the Universe, Seventh Edition
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Binary Stars (£ 5)

b+t B

In fact, Mizar is
a quadruple system!

May 29, 1996\ May4 1996

Roughly speaking, "/.
50% of stars are June 1, 1996 May 3, 1996

binaries.

l
/l

June 4, 1996

Fg e11-10

May 2, 1996

g the U y h Edition
2006W H Freeman and Company
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Star Formation

Rosette Nebula (NGC 2237) & # B &:
grawtatlonal collapse (ii] N 45)> stars form in cluster

‘ Uh.

-‘_ masswé s
stars g '

Figure 12-8
Discovering the Universe, Seventh Edition
© 2006 W. H.Freeman and Company
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note

Stars form in cluster. A huge and dense cloud of hydrogen gas for
some reasons collapses due to the pull of its own gravity. As a
result, some of the cloud fragments into smaller and even denser
clouds, each of which may further collapses by the pull of its own
gravity and finally become a star. These new born stars,
especially massive ones, can light up the ambient gas cloud.
Then the ambient gas becomes the emission nebula (the name
“emission” just means that the gas emits light) beautifully shining
in the sky.

2006/9/27 FEiE - H5 < K5
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Supergiant & Element Factory

Very strong stellar wind due to low gravity & high luminosity

300 million km
|e———————|

Hydrogen-fusing
W shell

Carbon-oxygen
core

Helium-fusing
shell

Figure 13-2
Discovering the Universe, Seventh Edition

© 2006 W.H.Freeman and Company We are aII Star dustS!
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Planetary nebulae:

0. 2 ta 3 llghr-years.
nce of emission
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dwarf ° -
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excited inner region.
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Discovering the Universe, Seventh Editi
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Slow stellar wind

Fast wind from
from a red giant

exposed interior

hcess that produces planetary

e involves two stellar winds. First,
hging giant, the star gradually

way its outer layers in a slow

of low-excitation gas that is not
‘I!GIb1F Once 1hra hot interior of the




note

A star like our Sun will convert hydrogen to helium and then to
heavier elements such as carbon and oxygen at its center. At
this stage, the star will inflate to a huge size and become a
supergiant. The stellar surface now is far from the stellar center
and therefore experiences very small gravitational pull. The gas
on the surface can then easily escape and forms strong stellar
winds. The heavy elements such as carbon and oxygen
manufactured at the stellar center can be brought away by the
winds to the interstellar space where new stars and/or planets
may form. This is why stars are element factories and we are all
star dusts. Soon after the supergiant phase, lots of stellar gas
has gone and becomes planetary nebula, leaving a very dense
stellar core at the center. This dense core is a white dwarf.

2006/9/27 FEiE - H5 < K5
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Supernova & ¥t £ : fate of high mass stars

BRITEAE(A.D.1054) » FEATH o
FEHRBRRE - A8 10 arcsec .
ﬁ%%ﬁ?ﬁ <<7FE5E>> o Pulsar in

‘ “on” state
larcmin - .0~ L .. " :

"

Pulsarin
“on”state

1 arcmin
P

Pulsar in
“off” state
/
e TR b Pulsarin
Y : - “off” state 1 arcmin
= . ; . = d 3 : . o S & © |_|
The Crab Nebula &ﬂkg %’ The Crab pulsar in visible

The Crab pulsar in X rays
light
Figure 13-18b

Pulsar (3 f ) was thought to be a
Discovering the Universe, Seventh Edition

©2006 W.H.Freeman and Company signal from an advanced alien
> as bright as the Milky Way civilization ©

» once per century in our galaxy
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Black Holes (R

fusion

) have no hair

If density
is high
enough

a - Very
Boundary of strong
black hole gravity

Figure 14-8
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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note

Rather than turning to a planetary nebula and a white dwarf, the final
fate (i.e. the final expanding phase) of a massive star (more than 7-8
masses of the Sun) ends up with a more energetic expansion: an
explosion with the luminosity comparable to the luminosity of the Milky
Way galaxy. This is a supernova. In this case, the stellar core exposed
to the outside world after the catastrophic explosion is even denser than
a white dwarf. This core is called a neutron star. A neutron star
manifests itself as an on-and-off light emitter just like a light house but
with extremely high precision. This is why a neutron star acquires
another name “pulsar” (I guess you know what “pulse” means) and has
been regarded as an accurate clock in nature.

An even more massive star would conclude its life with a supernova too,
but leaves an even denser “core” at its center: a black hole forms. One
of the most important properties of a black hole (or | should say the
definition of a black hole) is that it is dense enough to possess a space
boundary called the “event horizon”. Inside the “event horizon”, even
light cannot escape and therefore there is no way to know any “events”
happening in there. This is why we call it a “black hole”.

2006/9/27 FEiE - H5 < K5
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Structure of
the Milky Way

R R

Spiral galaxy g% & % :
most of forming
stars (+gas & dust)

lie in the spiral arms (#% &)

and around the center.
Most of the old stars
are located in the

galactic halo (£ 4 ).

Gravity of the Milky Way
Is stronger than that

contributed from the stars:
dark matter (s§ 44 4 ). So far
we do not know the nature

of dark matter.

2006/9/27
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;Nucleus (core)

>~ Nuclear

190000ly ————
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Side view
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Number density of
stars at'the center.is about -

105 higher than that ° 3%
in the solar neighborhood. , -




Active Galactic Nuclei (AGN)
SR E A

Cygnus A (3C 405)

NGC 4261

Accretion Disk

A supermassive black hole
(106 — 10° solar masses)
“fed” by an accretion disk
lies at the center of most
galaxies.
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Interacting Galaxies

Interaction between the galaxies
has produced new, blue stars

“Tail” of stars and
gas pulled out of the

\/ ‘ interacting galaxies

Galaxies with material
flowing between them

.

NGC 4676

Figure 16-25a
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Starburst
Galaxy

Stars are forming
at a rapid rate in
the “starburst”
galaxy, generating
lots of dust and
gas outflow.

lots of dust &
very strong
outflows from
supernovae

M 82 (NGC 3034) FOCAS (B, V, Ha)

% E ; Subaru Telescope, National Astronomical Observatory of Japan March 24, 2000

Copyright’€: 2000 National Astronomical Observatory of Japan, all rights reserved
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note

Unlike the collimated jets from the very small central region of an
“active” galaxy (a.k.a. AGN), the outflow from the center of a
starburst galaxy is not collimated but spreads out in a wide angle.
Astronomers believe that the collimated jet from an AGN is driven
by a supermassive black hole. The wide outflow from the center of
a starburst galaxy is the explosive gas and dusts from many
supernovae. The occurring rate of supernovae in a starburst galaxy
is certainly much higher than that in the Milky Way, implying that the
star formation rate is much higher in a starburst galaxy. This is what
“starburst” means.

2006/9/27 FEiE - H5 < K5
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Clusters of galaxies (galaxy clusters)

Region hidden

| by Milky Way
i Coma

%{ Centaurus

Ophiuchus

Y

r‘eat
attractor

Galactic Puppis
plane

Figure 16-15
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Large-scale structure

filamentary &

structure:
wall & void

Since light
takes time

to get to us,
a very distant
object is very
young.

2006/9/27
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b 4 & dot is a galaxy!
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The 2dF galaxy survey

Figure 16-16
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Hubble Flow: expanding Universe
4% > #BAR B (7 Z1&Doppler effect &F | 2 E)

GALAXIES in REDSHIFTS

D m

Virgo 1,200 km/s
(e B I
i Ill i|||

Ursa Major

. o
Y

I
Corona Borealis 22, 000 k Is

- .m T

Hydra 61,000 km/s
Fi g 16 29
Discovering the Universe, Seventh Edition

©2006W H.Freemana dC ompany
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note

The nearby galaxies do not serve a good indication of the expansion of the
Universe. It is because the flying-away speeds of the nearby galaxies are
small compared with their local movement due to their mutual gravitational
interactions. The farther away a galaxy is, the faster a galaxy is moving
away from us. Hubble observed the light spectra of distant galaxies. He
found the red shift of the spectral lines and concluded that the Universe is
expanding. This concept of the Universe is called “the Big Bang” model. The
Big Bang is referred to the extremely early phase of the Universe when the
Universe was tiny and hot.
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Catch the Ancient Light!

Cosmic Microwave Background (CMB)
FHMET RESH

Isotropic temperature: 2.726 K Robert

Dicke

- Blackbody curve for T=2.726 K: |
e the COBE data fit this with
y remarkable accuracy.
_7 > »| —
[ 10 83
2 %60 8K
L)
"_E 10-8 |-
Each small squareisa
data point from COBE.
102 I I |
2 4 6
Wavelength (mm)
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note

CMB radiation is coming from all directions from the sky (i.e. isotropic).
Since the energy of the radiation peaks at the microwave range, this
indicates that the radiation is cold now (2.726K). Astronomers have
modeled the radiation and believe that the CMB radiation is the ancient
light from the Big Bang. As the Universe expands and therefore cools and
becomes less dense, the ancient light can travel freely with little interaction
with matters. This is why the light can preserve the ancient history of the
Universe. The cold temperature of the radiation today is a result of the
expansion of the Universe (analogy: expanding hot gas gets colder and
colder just because energy spreads out in a bigger volume).
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Ancient Light is not 100% isotropic!
CMB anisotropy ¥5[a) {4

bR

~ I 200p K

tropy Probe)
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note

Tiny temperature anisotropy in the uniform CMB radiation actually
imprints the information of how the large-scale structure forms and
distributes. The slightly hot region is the site of collapsing matter (most
of them are dark matters) due to its own gravity pull (contracted gas
becomes hotter). This gravitational collapse form galaxies and clusters
of galaxies which exhibit a filamentary structure as we observe today
in the large-scale.
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Can we find

Cosmic Timeline another earth?

can be observed
in the future? 13.8Billion
not directly -~ =~ ~ il o oy
gillion Y&
observable o veats 1
100 N\l“lo
1 Million Ye2o
Big [
Bang
Emission of
Cosmic Background
Radiation Dark
Ages
Modern Galaxies
Eiigcl:rvee;f;t:eUm'verse,SevenrhEd'ih'on Can We bett o r . an We better

© 2006 W.H.Freeman and Company

understand nderstand the
the formation nature of the dark
of the large-scale energy?
structure and the

supermassive black holes?
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