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Our Star: The Sun

e Goals
— Layersthat make up the Sun.
— Understand the Solar cycle.

— Understand the process by which energy isgenerated by the
Sun.

e Componentsof the Sun

— Solar Interior:
» Core whereenergy isgenerated.
« Radiative Zone (includes core).
» Convective Zone (outermost region).
— Solar Atmosphere
» Photosphere (wherethevisiblelight originates).
o Chromosphere.
e Corona (seen during Solar eclipse).

— Solar Wind
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Diameter:
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1.4x 10° m

e Profileof the Sun (110x Earth’sdiameter)

M ass:
Average Density:

Effective Temperature:
Rotation period:
Luminosity:

Age:

Spectral Type:
Surface Composition:

Distance Galactic center:

(3.5x Earth-M oon distance)

2.0x10¥ kg

(3.3x10° x massof Earth)

1.4gm cm3

(Water =1 gm cm®)

5780K

25.4 days (at Equator)

3.8 x 10%® Watts

5x 10°years

GaV

70% by mass Hydrogen

28% by massHelium

1% by mass Oxygen

0.4% by mass Carbon

0.6% isother elements
8kpc
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Solar Atmosphere

Our Star: The Sun

* Photosphere
— Lowest layer of the Solar Atmosphere
« Furthest into the sun that we can see (optically thick to visible
photons).
* Very thin (350km, 0.05% of Sun’sradius).
o Averagetemperature 5800K: fallsto 4000K (~30% drop) at the
uppermost layers (e.g. Earth’satmosphere).

— Limb Darkening
Figure 18-9
* Photosphereisdarker at theedgeor “limb” of the Sun.
« At thelimb weonly seethetop (cooler part) of the photosphere.

F=sT" Blackbody Law

— Spectrum
» Photosphereradiates asa Blackbody.
e Cooler outer partsshow absor ption lines (cooler gasin front of hot
blackbody).
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Dimmer light comes
from higher, relatively
cool layer within

the photosphere

- :-|/

Both light rays travel
about the same
straight-line distance
through the photosphere

Bright light comes from
low-lying, hot layer within
the photosphere
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 Photosphere
— Opacity

Sun does not have a true surface.

We can seeinto the Sun only asfar as photons can escape
out.

The photosphereisthefirst region of the Sun wherethe
density (104 kg m3) islow enough for photonsto escape.

Neutral Hydrogen atoms gain an electron through collisions
becoming negatively charged ions.

Photons are absorbed by H-releasing the electron
(fonization wavelength 1650 nm).

H + e® H-
H-+ g ® H+e

Photons of wavelength shorter than theinfrared are easily
absor bed.
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 Granulation
Figure 18-3, 18-4

— Photosphere’s Textured Surface

« Material bubblesup from the convective zone carrying
energy (convection).

» Occur in patchesof 1000 km across (~1").

Hot ® Rises® Cools® Falls

» Falling material 300 K cooler (lessluminous) than rising -
givesgranularity.

e Doppler measurements show bright inner part risesand
dark outer part falls.

e Granulesmove at speedsof abut 4 km s.

 Occur on atime scale of afew minutes.
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o Chromosphere (Sphere of color)
— Layer abovethe photosphere

10,000 km thick.
L ow density (108 Earth’s atmosphere).

Temperatureincreaseswith altitude 4000 K at top of photosphere
25,000 K at top of chromosphere.

Chromosphere acts as a hot source: emission lines (Hydrogen: Ha
emission).

View chromospherein emission against the photosphere (in

absor ption) by using narrow passband filters.

— Spicules

Figure 18-7
Not a shell likethe photosphere.
Made up of a series of jets. Spicules.

Spiculesare 700 km across, 7000 km long and rise up at speeds of
20 km s1,

Lifetime of a spiculeisonly 5 - 15 minutes.
Spicules cover about 1 - 3% of the Suns surface.
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 Chromosphere

— Convective cdlls

» Spiculesoccur at the boundaries of large organized
convective cells (super granules)

e Cedlsare 30,000 km across and contain hundreds of smaller
granules.

e Large-scale convection moves slowly at 0.4 km st (1 tenth
the speed of the granules).
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e Corona

Figure 18-10

— Outer most part of Solar Atmosphere

Extends out to ~10° km until it becomesthe solar wind (high speed
protons and electrons).

High temperature (2x10°6 K).
Very low density.
Only 10% asbright asthe photospher e (as bright as a full moon).

Viewed asirregular streamsof gasduring a total eclipse (or using a
cor onagr aph).
Hot thin gas - emission line spectrum.

Temperatureissufficient to highly ionize elements (e.g. iron with
13 electrons stripped from it).

Hot dense regions (emitting X-rays) and cooler less denseregions
(coronal holes).

Massislost through these coronal holes (particles escape at 400 -
800 km s1). Up to 1012 kg can be g ected in a single burst of activity.
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e Solar Wind

— Streaming Charged Particles

e Coronaand ions g ected stream into space becoming the
solar wind.

e Density of thewind (at the Earth) isvery low (5x10°
particles per cubic meter).

» Solar wind causesthetails of cometsto point away from the
Sun (wind pushesin that direction).

— Effect of the Solar Wind on the Earth

» Charged particles (ions) from flaresreach the Earth in a few
hours causing the aurora (Borealisand Australis).

» |lonsexcite moleculesin the atmosphere which emit visible
light asthey fall back to their ground state.

« Extremely energetic flares can cause disruptionsin radio
transmission and power blackouts.
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Temperature, Pressure, Heat

— Temperature!l Heat

» Even though the Coronaisat 10° K most of the heat comes from
the photospher e (5800K).

* Low density meansthat little heat is produced.

o Temperaturerefersto how fast an atom ismoving (random
motions).

» Heat referstothe amount of energy being produced by a gas.

Energy Density g Density x Temperature

(Heat)
Energy densityCorona  _ 7 cyona Tcorona
Energy DenSty PhOtOSphere rPhotosphere TPhotosphere
_ 10" x10°
10% x 6000

=1.7x10"

e Little heat comesfrom the Corona.
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— Pressurevs Density vs Temperature
P=rkT

e P: Pressure (N m-2
r: Density (m-3)
k: Boltzman Constant (1.38x1023J K-1)
T: Temperature (K)
— Pressureisaforce per unit area.

— Consider a box of gas particles.

 Every timeamolecule hitsawall both it and the wall experiencea
force.

* Theforceacting on thewall will be higher if more particles collide
with thewall in a given time -- i.e. if the density of gasis higher or if
the particles are moving faster.

 Theforcewill also be higher if the particleshave more energy -- i.e.
if thetemperatureishigher.
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Solar Activity

e Sunspots

— Magnetic Stormson the Suns Surface

Magnetic field in the sun spot is 1000x that in the quiet Sun.
Irregular shaped dark regionson the surface of the Sun.

Usually in pairs (one with North polarity and the other with South
polarity).

They extend a few x103 km across (>2x diameter of the Earth).

Central region isdark (umbra) with a brighter outer region
(penumbr a).

Luminosity isdueto thevariation in temperature (4300 K at the
center of a sunspot and 5000 K at the edge).

I:umbra — (4300 K )4 —_

= =0.3
I:penumbra (5000 K )4

Central region emit 30% of thelight of the penumbra.

L ast for about 1-100 days (they can be used to trace the rotation of
the Sun).
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e 3Sunspots

— Differential Rotation of the Sun

Period of the Sunsrotation varieswith Latitude (fastest at the

=uator). Equator: 25.0 days
30° North/South: 27.5 days
70° North/South: 33 days
— Sunspot Cycle

Number of sunspotsvarieswith time. Hasa period of 11 years
(Heinrich Schwabe).

Maxima: 1968, 1979, 1989, 2000
Minima: 1965, 1976 1986, 1996

After a minima sunspotsfirst appear at 30° North or South of the
equator.

Over timethey move closer to the equator.
At theend of acyclethey arevirtually all at the equator.

Presence associated with intense magnetic field of the Sun (bar
magnet: 100 Gauss, Earth: 0.7 Gauss, Sun: 4130 Gauss).

Sunspot minima: Mini Ice Age (1645 -1715).
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e 3Sunspots
— Creation of Sunspots (Solar Dynamo)
Figure 18-23

e Sun spots occur wherethe Suns magnetic field project through the
photosphere.

* These charged particlesinteract with Suns magnetic field (like an
electric current).

« Differential rotation of the Sun winds up the magnetic fields (like a
ball of twine).

» Field linesbecome very close together and repel each other (north
repels north).

« Convection currentscause theselinesto get tangled up.

« Eventually loops protrude out of the photospher €' s surface causing
sunspots.

» Sunspotshave north or south polarity: sunspots moveto the poles
(canceling out the magnetic field of the Sun) and the equator
(canceling each other out).

» Thepolarity of the Sun getsreversed.
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— Flares.

Rapid brightening of small area of surface of Sun, generally in
region of a sunspot.

Typical lifetimeis 20 minutes.

Very energetic (effect radio reception on Earth cause “the
Northern Lights’).

Temperaturescan reach 108 K.
It isassociated with visible emission lines, X-ray emission, and radio
emission.

— Plages.

Bright regions near sunspots - emit strong hydrogen spectral lines.
Compensate for lower energy output of sunspots.

— Filaments and Prominences.
* Filamentsarestring-like structuresthat may extend up to 100,000

km acr oss the surface of the Sun. Absorb light from photosphere
(Hydrogen lines).

« A filament that protrudes off the edge of the Sun it iscalled a

prominence. Emission lines are then observed.

* Prominences may be responsible for the heating of Corona.



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110

Solar Interior

 Energy generation 3.9x10% W

— Gravitational Energy

* If Sun contracts pressure and temperature will increase
(generating energy).

 Kdvin-Helmholtz contraction.

» Energy associated with the gravitational collapse of the Sun is
4.8x104 J

* Energy depleted in 40 million years.
— Chemical Energy
» Chemical reactions may fuel the Sun.
» A chemical reaction releases about 10-1° J.

 Sun contain 1057 atoms. _ :
Sun contains about 10°" atoms. g — =10 ¥ x 10
=10 * J
38
« Sun exhaustsfuelin T, = 10 2;]
3.9x10™ J s
=3x10" s(10,000yrs)

— Cannot sustain luminosity via chemical or gravitational means.

J
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— Nuclear Reactions
 Restmass of a particle

E.. =mc’

E: energy (J)
m: mass (kQ)
Cc: speed of light (m s?)

M ass of a hydrogen atom (1.67x10%"kg)

E,. =1.67x10% x (3x10%)
=1.5x10"° J

Total relativistic energy of the Sun (1.99x10%° kg) is 1.8x10%
J.

Timerequired to convert it all to energy is 1.5x10'3 yrs (only
a small amount of massis converted to energy).



Our Star: The Sun Survey of Astronomy A110

Nuclear Reactions

 Terminology

Proton Hydrogen nucleus H 1 proton

Alpha particle Helium nucleus “He 2 protons+ 2 neutrons
Positron Positive electron e’ antiparticle

Neutrino ~massess particle n carrieslittle energy

When antimatter and matter (et + &) meet they annihilate
releasing energy.
Neutrinosinteract weakly with matter: escapethe Sunscorein 2s.

* Nuclear Fusion s
— 4Hydrogen ® 1 Helium + Energy DM =0.048x10"kg

Hydrogen Burning 5
DE = 0.048x107 x (3x10°)

* 4xMass, =6.693x10%" kg
M&Sﬁ_“e: 6.645x102/ kg — 43)(1012 J

* 107x more energy than a chemical reaction
* Sun could last 10 years by fusion.
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— Nuclear Fusion
e Converting 1kg of H to He gives 6.3x10%* J

e Converting 6x10' kg of H to He per second will give 3.9x10%
W.

o Atthisratethesun can last 10 yrs.

— Requirementsfor Fusion
e Fusion requiresT>107K.
* Protons must collide with enough energy to overcomethe
electrostatic repulsive for ce.

o At short rangetherepulsiveforceisover come by the
Strong For ce (holds nuclel together).
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Nuclear Reactions

e Proton-Proton Chain
Figure B18-2

— Fusion reaction for starswith T<16x10° K (e.g. Sun)

Stepl: H+H mmmp 2H + € + n

Deuterium positron  neutrino

€ +€ mm) g proton ® neutron + positron
Gammaray neutrinos released when protons

convert to neutrons

Step2: °H+'H mmmp SHe +

Helium 3 Gammaray

Step 3:  °He+3He mmp “He + H + IH

Helium 4 Hydrogen Hydrogen

— 6 Hydrogen ® 1 Heium + 2 Hydrogen + Energy
85% of the energy of the Sun isformed thisway
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Nuclear Reactions

« CNO Cycle
— Fusion reaction for starswith T>16x10° K

Step 1: 12C + 1H mmmp 13N

+ .
Carbon Nitr ogen GamMa ray Gains proton
Step 2: 13N ) 3C + ¢ + n
ep Carbon Positron Neutrino Proton® Neutron
Step 3: 13C + 1H mmmp 4N+ |
P Nitr ogen GamMaray Gains proton
Step 4: “N + 1H O -
ep - Oxygen Gamma ray Gains proton
Step 5: 150 - 15N + .e+ + n. Proton® Neutron
Nitrogen Positron Neutrino
Step 6: 15N + 1H - 12C T 4He Gainsproton
Carbon Helium

— 4 Hydrogen + 1 Carbon ® 1 Helium + 1 Carbon +
Energy
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Transporting Energy

 Hydrostatic Equilibrium
Figure 18-26

— Sun Neither expands nor contracts
e For adab of gaswithin the Sun the for ces must equalise
(equilibrium).
» Pressure pushing outwards must equal the gravitational pull
on the dab plusthe pressure pushing down on the dab.

* Pressure must increasetowardsthe center of the Sun.
» |f pressureincreasestemperature and density increase.

 Thermal Equilibrium

— Temperature of the Sun Is constant

 |f all the Sunsenergy does not escape it will heat up (and
expand).

 |f too little escapesit will cool down (and collapse).

* Energy production and release must bein equilibrium.
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Energy Transportation

e Threebasic mechanisms

— Radiation

» Electromagnetic radiation istransported form one place to another
(e.g. Sun warmsour skin).

« Radiation accountsfor energy transport in the Suns core and inner
70% (radius) of theinterior.

* Requirestemperature gradient to transport energy from center to
surface. (center of Sun ishotter than surface). Energy diffusesto

the surface.
— Convection
e Occurswhen matter moves from one place to another (hot air
rising).
» Convection accountsfor energy transport in the outer 30% (in
radius) of interior.
— Conduction
» Occurswhen energetic particles heat cooler atomsvia collisions
(e.g. heating a spoon by placing it in a hot liquid).
* Present in very dense stars (white dwarfs).



Our Star: The Sun Survey of Astronomy A110



Our Star: The Sun Survey of Astronomy A110

e Neutrinos

— Neutrino emission is evidence of the nuclear reaction
INn the Sun

e Sun produces 10% neutrinos per second.

* Neutrinosonly interact weakly with materials- difficult to
detect.

 They aredetected using large 100,000 gallons of dry cleaning
fluid (or ice).

e Only 30-50% of the expected number of neutrinosare
detected (neutrino oscillations).
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Summary of Sun’s Layers

Layer % Mass Radii T Density

(Raun) (K) (gm/cm?)
Core 40 0.00to0 0.2 1.5x107 160
R.E. 59 0.28t00.72 4.0x106 2
C.E. 1 0.72t01.00 1.0x106 0.01
Phot. - 1.0 5780 10°
Chrom. - - 10,000 low
NB.

Valuesrefer to center of core, and at the midway point in
the outer layers.

T = Temperature

R.E. = Radiative Envelope

C.E. = Convective Envelope

Photosphere has a height of only afew hundred km
(lessthan 0.05% of the solar radius)

Chromospher e has a thickness of approximately 1.5% of
the radius of the sun.



