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Part III --- Understanding the Stars

Our Star, the Sun

Nature of Stars

Lives of Stars from Birth through Middle Age
Deaths of Stars

Compact Objects: Neutron Stars and Black Holes

Mt —04 A 220 WKW ERKH

Part II --- Understanding the Universe

Our Galaxy: The Milky Way Galaxy

Galaxies

Quasars and Active Galaxies

Cosmology: The Origin and Evolution of the Universe
Search for Extraterrestrial Life

k% — 06 f 25 H M EREH
W HiE (G0%) k# (35%); fFE - H% - Hiy (35%)

B4 ¢ http://www.astro.ncu.edu.tw/~wchen/Courses/Ast101/index.htm



K% (The Sun)

5:28:06 AM
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Continuous Spectrum

Emission Spectrum
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http://bass2000.o0bspm.fr/solar spect.php 670-54000 A
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http://csepl10.phys.utk.edu/astrl62/lect/light/absorption.html
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T € Xk

e Chemical burning?
Typically 10-1° J per atom.
How long can the Sun shine by chemical
burning?

1Ly = 4x10°°W - 4 x 10% atoms per second

The Sun contains about 2x10%° kg/2 x 10-%" kg
~ 10°" atoms

= 3 x 10 s~ 10,000 years




By € Kk

1800s T[] Lord Kelvin and German
Hermann von Helmholtz: contraction
compresses Interior gases - heat
Kelvin-Helmholtz contraction

William Thomson Hermann von Helmholtz
‘ (1824 -1907) (1821 -1921)
j-f ' British, first Baron Kevin German

Gravitational energy ~ GM?/R ~ 4 x 10%1 )
1Le = 4X1026W = 3 x 107 yr

18 30 5 & R BT M BR A h E  0E R ok
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animation: cold gas  animation: hot gas Thermonuclear fusion



L:/Ast101/fuscond-anim1.gif
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3He

(b) Step2: (c) Step3:

« Two protons (hydrogen nuclei, 'H) collide. * The 2H nucleus from the firststep  * Two 3He nuclei collide.
* One of the protons changes into a neutron (shown collides with a third proton. * A different helium isotope with two
in blue), a neutral, nearly massless neutrino (v), and * A helium isotope (3He) is formed protons and two neutrons (4He) is
a positively charged electron, or positron (e*). and another gamma-ray photon is formed and two protons are released.
» The proton and neutron form a hydrogen isotope (2H). released.
» The positron encounters an ordinary electron (e”),

annihilating both particles and converting them into p rOtO n - p rOtO n (P P) Ch ai n E }‘7@

gamma-ray photons (vy).

A= A= LEE

WA {51 (proton) fillfi SEE—HY °H Bl —(E | | MifE == (*He) hil# -

S —(ERAUPT () 0| | b T Zjﬁ (‘ie)
O A 'E

tH— (&l F-(neutrino) » fz—{[&
[~ (positron) L 55— B A HGET R
BB TR (CH) animation: pp chain

IF 81— {8 71 ER, AR AA2LB S 2
(annihilate) » 3 40 EE B 43 N
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A: Quantum tunneling effect (&

B Bl
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3 F R 3T

& ) - the particle can penetrate the potential
barrier even with insufficient total energy




Energy Gained in a PP Chain

4H -> 1 He + neutrinos + energy

Mass of 4 H =6.693 x 1027 kg
— Mass of 1 He = 6.645 x 1027 kg

Mass deficit =» 0.048 x 10?7 kg

E =mc?=(0.048 x 1027 kg) X (3 x 108 m/s)?
=4.3x10712]
To generate 1 L ,= 3.9 x 102 W, the sun needs

to convert some 600 million tons ( 7N{ENEE )
of H into He In Its core per second.



Dawn to arrive at Ceres on March 6, 2015
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http://ircamera.as.arizona.edu/NatSci102/lectures/sun.htm




KZR& A

e B3k (photosphere)
KERARMBEHN—E 5 BELK 400 km ; 7 H KA
IREZW KT " BT

e ¢ 3 (chromosphere)
L JEEREE 5 S EWEK 0 R A EAREKERE (wH
%(*)%‘ﬁmﬁ%  TAEREGR - ENAE BEXN

e P % (corona)
NI ARRIIE  EHBEENE  BEHZEY
RANTE > AEERmA 1e, Rf
photosphere i H &4z — - REH2RRFI K H
%1% (coronagraph) Kk > 4 #t & 3| corona




In this narrow transition region between
the chromosphere and corona, the temperature
rises abruptly by about a factor of 100.
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K57 & 3

» #mr3 2 (limb darkening)
- X% 2 ¥ (sunspots)

» R ¥r4H 4% (granulation)

o 4k 4 (spicules)
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Top of ‘
photosphere 7@& ﬁl%é%ﬁ
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Appears
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An observer looking at the Sun’s
limb can see only part way into
the relatively cool photosphere...
hence_this reglon appears orange
and dim,

Top of
photosphere

To observer

f

Base of
photosphere

To observer

An observer looking at the
center of the Sun’s dlsk can see
to the hot, lurminous base of the

photosphere... hence this region
appears vellow and bright.
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« November 15, 1999, i
Mercury transited o "
(passed in front of the 8
Sun)

* Observed by the
TRACE spacecraft A

* The Sun appears

larger in the
ultraviolet image

than 1n the visible- Every 6-9 min
light image. Why?




Solar spectrum
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K A4 4% (granulation)
AW R PO 2 3 &
A e 1y 5E 3

A granule: a hot, bright rising

central part + cooler, darker
descending gas

A typical granule
~ 1500 km in

diameter, lasting
for ~10 minutes



Blue: areas of rising gas

Red: areas of sinking




414K 4R 4% (spicule)

Corona

Spicule Transition
region

Chromosphere
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Chromosphere




Spicules

Chromosphere

Photosphere

Cross section of photosphere.

http://crab0.astr.nthu.edu.tw/~hchang/gal/f1801-atmospherel.JPG



1{%.2 % (sunspots)

! 55%_" % tbﬁﬁiﬁﬁ

RS - R T
H R AR R

lgraedts Ree
TR T il

BETREEEAN
Gl .

7 e Res BRI
s b s st el e wileatin
fizeie @l flr sl v Flonins s 0pRd Mo

Magnetic field




SDO HMI 18—Nov—-2013
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400 Years of Sunspot Observations
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B2 K& g Zeeman Effect --- splitting

of a spectral line by magnetic field

A R ‘ ‘\;..i':\ !
o] Outside the sunspot, the " _ ﬂ

. magnetic field is low
and this iron absorption
lineis single.

%

¥ Within the sunspot, the

magnetic field is strong
and this iron absorption
. line splits into three.

(b) The spectrum in and around
the sunspot

(a) A sunspot




The magnetic field gets increasingly tangled because of
the differential rotation. The field breaking through the
surface iIs parallel to the surface and suppresses upward
convection - cooler and lower elevation

many
rotations

.\*\

After 1 rotation After 2 rotations After 3 rotations

Bobcock’s magnetic dynamo model
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Solar Cycle 3 Solar Cycle 24 compared to Solar Cycle 5
Aligned on month of 23/24 minimum
Solar Cycle 22

>
— Solar Cycle 4
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60 Solar Cycle §
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Solar Cycle 6
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3. The upper helix or “coil” of
magnetic ficld can break loose,
carrymg matenal with it mto space.

1. If magnetic ficld loops 2. ... the held lnes of

begm to pmch together... adjacent loops can
reconnect, causmg a
rekease of energy.

Sun's surface

Before magnetic reconnection After magnetic reconnection

Magnetic field reconnection causes release of
energy and ejection of material upward.
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http://soi.stanford.edu/results/SolPhys200/Schrijver/images/arcade 9 nov_2000.gif



Approximate size
of earth for
comparison
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Data by the Ulysses
spacecraft in 1994
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Material ejected Ejected material encounters -
from the corona the Earth’s magnetosphere

. : I_Earthp N

CME animation

(a) A coronal mass ejection (b) Two to four days later . 2_49{Ly\f§

SOHO RZERLFTTAEE RN | | s RE EHVRASL 222 K -
coronal mass ejection {YJ X 5 W ER R EE S > (AT
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Solar Flares Cause Sun Quakes APOD 1998.06.01


http://antwrp.gsfc.nasa.gov/apod/image/9806/sunquake_soho_big.jpg
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RG22 BE 3% 7) JF #5 (hydrostatic equilibrium)

Pressure from gases
above the slab

g S ol solar
material

Pressure from gases
Weight of the slab below the slab

Material inside the sun is in hydrostatic
equilibrium, so forces balance
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Granule

Sunspot
Penumbra —
Umbra

Corona

Photosphere

Temperature
minimum

— Flare

Chromosphere
Transition region

Prominence

http://en.wikipedia.org/wiki/Convection_zone

Solar wind

The Sun

All features drawn to scale



The Solar Neutrino Problem

e Thermonuclear reactions produce neutrinos
(#% F ) ; 1038 neutrinos per second!

* This amounts to 10* solar neutrino per m? on the
Earth’s surface

* Neutrinos react with matter very weakly; but
they do interact with matter occasionally, e.g.,
neutrino + neutron = proton

e But In various solar-neutrino experiments, only a

fraction
 \WWhat ha

nas been detected of the expected flux.

opened? neutrino oscillation



Frame for 11;5.—; ht detectors

The Sudbury Neutrino Observatory (Canada)
with 1000 tons of heavy water



