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16.1 Physical Properties of the Sun

The Sun: a star — glowing ball of gas held together by its gravity.
Sole source of light and heat powered by nuclear fusion.
Typical star, average star, knowledge of solar phenomena
Understand other stars in the universe.
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16.1 Physical Properties of the Sun

* The Sun radius 696,000 km.

e Its angular size 0.5° = 32.5’. (ch1)
* Distance from Earth: 150,000,000 km (1AU)
Mass 1.99%1030 kg =~ 332,000 Earth’s mass. (ch2)
e Mean density 1410 kg/m3, 0.255 Earth

e Surface Gravity 274 m/s?, 28 Earth.

e Escape Velocity 618 km/s. 11km/s Earth
e Central temperature: 15,000,000 K

e Surface temperature: 56800 K.
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16.1 Physical Properties of the Sun

Sidereal rotation period:
- 25.1 solar days (equators)
- 30.8 solar days (60°) latitude.
- 36 solar days (poles)
- 26.9 solar days (interior)




16.1 Physical Properties of the Sun

Core

= radius =0 to 200,000 km
» Temperature (inner radius) =15,000,000 K BRCEE SIS

. Inner core
» Energy generated by nuclear fusion radiative zone

. ae convection zone
e Radiation Zone

= radius = 200,000 to 496,000 km
» Temperature (inner radius) = 7° MK
» Energy transported by EM radiation

e Convection Zone
= radius = 496,000 to 696,000 km
» Temperature (inner radius) = 2° MK
= Energy transported by convection

e Photosphere

= radius = 696,000 to 696,500 km
» Temperature(inner radius) = 5800 K
= EM radiation escapes - visible surfacedulizh

Corona

Subsurface flows

/"

Photosphere

Chromosphere




16.1 Physical Properties of the Sun

e Chromosphere
= radius = 696,500 to 698,000 km Internal structure:

Inner core
= Temperature (inner radius) = 4500 K radiative zone Subsurface flows

convection zone
= Cool lower atmosphere

Photosphere

e Transition Zone
= radius = 698,000 to 706,000 km
» Temperature (inner radius) = 8000 K
» Temperature rising rapidly
e Corona
=sradius = 706,000 km out
*Temperature (inner radius) = 3,000,000 K
"Hot, low-density upper atmosphere

eSolar Wind
=radius = 10,000,000 km out
*Temperature (inner radius) =>1,000,000 K
=Material escaping and flowing through the solar system Or. T. Al-Abdullah




Region Inner Radius (km) ~ Temperature ()  Density (kg/m’)  Defining Properties

Core 0 15,000,000 150,000 Energy generated by nuclear fusion

Radiation zone 200,000 7,000,000 15,000 Energy transported by electromagnetic radiation

Convection zone 496,000* 2,000,000 150 Energy carried by convection

Photosphere 696,000* 5800 TR0 Electromagnetic radiation can escape—the part
of the Sun we see

Chromosphere 696,500* 4500 5 % 107° Cool lower atmosphere

Transition zone 698,000 8000 2% 1071 Rapid increase in temperature

Corona 706,000* 3,000,000 10712 Hot, low-density upper atmosphere

Solar wind 10,000,000 >1,000,000 107% Solar material escapes into space and flows

outward through the solar system

* These radii are based on the accurately determined radius of the photosphere. The other radii quoted are approximate, round numbers.

©2011 Pearson Education, Inc.



16.1 Physical Properties of the Sun

* Total Luminosity of the Sun: equivalent to the energy flow through a
sphere surrounding the Sun.

- The surface area of this sphere is 2.8 x 1023 m?

- Solar constant 1400 W/m?; energy reaching the Earth each second

- So, the total luminosity is: 1400 Watts/m? x 2.8 x 1023 m?

=4 x 1026 Watts

e Each second: the Sun produces 100 billion one-n
* 6 sec would evaporate the oceans.
* 3 min would melt the Earth’s crust.

Dr. T. Al-abdullah




16.2 The Solar Interior

» Lacking direct measurements , researchers looking for mathematical models
« Combining all available data with theoretical insight=> Standard Solar Model

Model Structure of the Sun:

e Sun’s mass, radius, temperature and luminosity are almost stable.

* Theoretical models begin with the assumption: It’s in hydrostatic equilibrium
* Pressure’s outward push balances the gravity’s inward pull.

* This assumption allow theorists to predict Sun’s Properties.

* Information about the Sun’s interior are required! [indirect]

* Doppler shifts of solar spectral lines = Sun Oscillates. Tﬁ%}
‘ I ’ in
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16.2 The Solar Interior

* Helioseismology: vibrating waves in the Sun 2 earthquakes
* P-wave & S-wave

Continuous Observation by SOHO
1.5 million km between Earth & Sun \

Radiation

* Data 2> Temp., rotation, density

Core

* Theoretical models (SSM) Predicts:

e Variation in density is large:
= core 150,000 kg/m3 (20 times density of iron) @
= at 350,000 km = 1000 kg/m3 (water) oo’
* Photosphere = 2x10-4 kg/m?3 (10 Earth’s surface) .. ™|
= Far Corona = 10-23 kg/m3 2 or

* 90% of Sun’s mass is within the inner half of its radius. *
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16.2 The Solar Interior

* Theoretical models (SSM) Predicts:
e Variation in temperature is also large (not as rapid as density):
» 15 MK at the core (10 MK to enthuse nuclear reactions)

= 5800 K at the surface SN D

* Helioseismology indicates Sun’s rotation speed varies

with the depth (No clear explanation) | l
N |

* Energy Transport @ | |

* very hot interior > Atoms are fully ionized or M |

2 transparent to radiations - no absorption of energy 55| | i\ |

* Moving outward =» electrons remain bounded in atoms £ K / \ |

= Absorption outgoing radiation = Totally opaque (500 Mm) | L i \‘\i

700,000 0 700,000

* The escaping energy reaches the surface by convection

Distance from canter (kmb

12
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16.2 The Solar Interior

* Energy Transport

» Convection cells organized of different sizes at different depths ( 200,000 km)
= Astronomers see the cells attached to the photosphere.

» Above the photosphere, the gas become thin = transparent

= Transition from opacity to complete transparency is very rapid

= Thin outer layer (photosphere)

e o

o

- = Y -

Dr. T. Al-Abdullah
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Chromosphere

Granulation /

! |Photosphere

* Above the Convection Zone and below the ;! EDAEDE
Photosphere: f,ﬂ' |
* regions of bright (blue shifted) and dark (red ;

shifted) gas.

e Each bright granule 1000 km
* life-time 5-10 min. 0,

* Direct evidence of upward motion of gas; boiling.£ Pt
e Supergranules = 30,000 km. |

Top view f—] 7
5000 km [R_1 VvV U X G
Copyright © 2005 Pearson Prentice Hall, Inc.
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General overview of atmosphere

*Photosphere
*Chromosphere

*corona
*Solar wind




Solar Atmosphere

Photosphere

Chro*osphere

Corona




Main Regions of the Sun

Transition zone (8500 km)

_ Chromosphere (1500 km)
Solar wind

fhotosphere (500 km)




The Solar Atmosphere

o The solar spectrum has
thousands of absorption
lines

o0 More than 67 different
elements are present!

o Hydrogen is the most
abundant element followed
by Helium (1% discovered in
the Sun!)

Solar Spec 0 Angstroms

4300
4320

4340
4360
4380 4399




Spectral lines are formed when light is

absorbed before escaping from the Sun;

this happens when its energy is close to an
atomic transition, so it is absorbed

ST R R | e e R R IR
Eaeti| { I | | ‘i l i ! '! [Ii i i\
{81 ‘Fr"!hi. :I; N HEEIEE RS [ )
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Element Percentage of Total Percentage
Number of Atoms of Total Mass

Hydrogen 91.2 71.0

Helium 8.7 27.1
Oxygen 0.078 .97
Carbon 0.043 0.40
Nitrogen 0.0088 0.096
Silicon 0.0045 0.099
Magnesium 0.0038 0.076
Neon 0.0035 0.058
Iron 0.0030 0.14
Sulfur 0.0015 0.040

© 2011 Pearson Education, Inc.




Observing Sun’s Atmosphere




Chromosphere

e Highly non-uniform plage
4300 K< T< 105K e
¢ n decreases to ~ 1015

m-3 in transition region

e Observed in many
wavelengths, e.g.,

e CallK(393.3 nm)

e H alpha (656.3 nm),... ®




Chromosphere

Transition zone (8500 km)

Solar wind ,Chromosphere (1500 km)
Ir

Bhotosphere (500 km)




(seen during full Solar eclipse)

Chromosphere emits very little light because it is of low density

Reddish hue due to (656.3 nm) line emission from Hydrogen




Chromospheric Spicules.

warm jets of matter shooting out
at ~100 km/s last only minutes

Reach several thousands km
above the photosphere

Spicules are thought to be the
result of magnetic disturbances

Ha light



Chromospheric Spicules.

Figure 16.11 Solar Spicules Short-lived, narrow jets of gas that typically last
few minutes can be seen sprouting up from the solar chromosphere in this
ultraviolet image of the Sun. These so-called spicules are the thin spikelike
regions whose gas escapes from the Sun at speeds of about 100 km/s

Dr. T. Al-abdullah




Transition Zone and Corona

Transition zone (8500 km)
Chromosphere (1500 km)
Bhotosphere (500 km)

Solar wind




Transition Zone & Corona

Chromosphere

. T o
Very low density, ransition zone

1,000,000
T~ 10°K

We see emission lines
from highly ionized
elements (Fe* - Fe*3)
which indicates that the
temperature here is
very HOT

100,000

Temperature (K)

| i I
5,000 10,000 15,000 20,000

Distance above photosphere (km)

Why does the Temperature rise further from the hot light source?

— magnetic “activity” -spicules and other more energetic
phenomena (more about this later...)




Corona

®T>10°K @ 10,000 km
en<10m3

¢ extends to Earth & beyond!

e Observed in EUV (T~10° K)

¢ Soft X-ray (T > 2 MK)

<> The cause of rapid temperature ris

ids not fully understood.




Corona

Hot coronal gas
escapes the Sun
— Solar wind




Solar Wind

Coronal gas has enough heat (kinetic) energy to escape the Sun’s gravity.
The Sun is evaporating via this “wind”.

Solar wind travels at ~500 km/s, reaching Earth in ~3 days

The Sun loses about 2 million tons of matter each second!

However, over the Sun’s lifetime, 4.6 billion year, it has lost only ~0.1% of its
total mass. S~ S -




16.4 Solar Magnetism

* The sun has a powerful and complex magnetic field ( Hale 1908)
* Sun Spots

* Irregularly shaped dark spots on the Photosphere ; discovered by Galilio.
*10,000 km across, hundreds or none at the same time.;
e umbra (dark spots): cooler ~ 4500 K

* penumbra (grayish): hotter ~ 5500 K

o Degree of darkness - Photospheric temperature.
o Dark w.r.t bright Sun i
o Last 1-100 days

DR. T. AL-ABDULLAH A B




16.4 Solar Magnetism

 What causes Sunspots

* Analysis of spectral lines can yield information about the origin of the
magnetic field.

* In sunspots the B-field is 1000 times larger than neighbors.

Magnetic field
Iine's.

» B-field block the convective flow of hot gas.

* Polarity of grouping sunspots indicates
the direction of B

o S= emerge from the interior. PR R | -
. |
o N= dive below photosphere (

o0 Sunspots pairs in the same
hemisphere have the same
magnetic configuration.

Magnetic

* Direction of the B-field reverses e

itself every 11 years. @ South pole
DR. T. AL-ABDULLAH
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16.4 Solar Magnetism
e Sun’s differential rotation: 25-36 days; distorts the B-field.

e wrapping it around the equator = north-south field reoriented in an east-west
direction.

» Convection causes hot magnetized gases to upwell toward the surface and
tangle the field pattern.

* B-field is strong > Sun’s gravity.

* A tube of field lines bursts out of the surface and loops through the lower
atmosphere = sug;ipot pairs. North Pole

L|b& gé’;‘?mﬁ

3 S N s

A &

| .

Dr. T. Al-Abdullah
South Pole
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Sun Spots

Copyright © 2005 Pearson Prentice Hall, Inc.

et amnauian © Reveal the differential rotation of Photosphere
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16.4 Solar Magnetism

* The average # of sunspots reaches maximum each 11 years (sunspot cycle).
At maximum 100-200 spots may occur each year.

e Solar cycle (22 years).

* 2008-2009 no spots were observed.

Cycle 24 Sunspot Number Prediction

SUN SPOT NUMEER 250
200 2007
150
200 T 100t
RO E
100 | T
] 5 5150
1995 2000 2005 2010 2015 2020, 2 g 100 -
0 <8 5
1385 41930 45595 2000 2005 2011 . 5 :
& 3 w | 1 1 1 I
DATE = 1935 1937 1939 1941 1943 1945 1947
2 200 (b) Year
©
2 s
71]
S 100 - _
W A 0
= : - M ML EAS I Y A |
Dr. T. Al-Abdullah . 1900 1910 1920 1930 1940  [1950 1960 1970 1980 1990 2000
(@) Year

CanvrAht @ 9NNE Poaarean Prantica Hall In~



16.4 Solar Magnetism
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16.5 The Active Sun

 The photosphere surrounding a pair
or group of sunspots can be a violent
place: active regions.

Prominence: a loop of glowing gas
ejected from an active region on the
solar surface.

* Quiescent prominence - days or
weeks, high above the atm.

* Active prominence - hours.
* 100,000 km radius. Length0.5 M k
e brightness > 1 MK.

e Released Energy: 102° Joule
Dr. T. Al-Abdullah




16.5 The Active Sun

* Flares: flashes occur across a region
of the Sun in a minute.

e X-rays and UV emissions are ejected.

e Temp - 100 MK.

e Bombs exploding in the lower region
of the Sun.

e Are believed to be responsible for
most of the internal pressure waves
=>» Solar Oscillations

Dr. T. Al-Abdullah
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16.5 The Active Sun

 Coronal mass ejection: associated
with flares and prominences, giant
magnetic bubbles of ionized gas
separated from the atm and escape
into space.

* Occurs once/lweek when sunspots
are minimum.

* Occurs 2-3 times/day when sunspots
are maximum.

Dr. T. Al-Abdullah
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16.5 The Active Sun

e Coronal mass ejection merge with the Earth’s magnetic field
 Dumping some of its energy into the magnetosphere.

e Causing communications and power disruptions.

(b)

Dr. T. Al-Abdullah
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16.5 The Active Sun
 Changing Solar Corona

e High temperatures - emitting X-rays - X-ray telescopes.
e Solar Winds escapes through solar windows: coronal holes.

e X-ray observations, 3 MK.
 lack of matter, less density.

e dark V-shaped

Thase framas wore takan at

rougtlly 2-olay imionvals,
‘ . p

Dr. T. Al-Abdullaf

42




16.5 The Active Sun
e Solar corona varies with the sunspot cycle.

* It is much larger and more irregular during the sunspot maximum

|=—10% km—=|

Dr. T. Al-Abdullah m
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Questions?!?

* For about 5 billion years, the Sun has been emitting :
4 x 102° Watts

* This is about 3 x 10" Joules per kilogram

 What can possibly be the source of so much energy?

Dr. T. Al-Abdullah
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16.6 The Heart of the Sun
Thermonuclear Fusion

* nucleus 1 + nucleus 2 - nucleus 3 + energy.

* The total mass decreases.

e Conservation of mass and energy = E=mc?2.

» Strong nuclear force > Coulomb force.

* The temperature is the trigger of the fusion, Thermonuclear.

 Neutrinos , weak nuclear force.

Proton Meutrino o Proton

P @
H and 2H

Pgan A<
are

Deuteron 1
Dr. T. AAbdullah - ” ISOto peS

Copyriaght © 2005 Pearson Prentice Hall, Inc.
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What is a neutrino?

Neutrinos have * no charge Y
* very small mass (10° m_) e
* cni &
spin
% - f
energy
§ Speed Of Iight FACT: ahant AR millinn nantrinae nace

They are produced only by weak interactions, e.g. decay of the neutron:

p—o>n+e +v n— p+e +v

where y is an anti-neutrino (all particles have an anti-matter partner,
and this is the neutrino’s one; the electron’s anti-particle is the positron,
with a positive charge). All neutrinos are associated with a lepton - this
one, from neutron decay, is an electron neutrino.



Thermonuclear Fusion: pp-chain

\ y Positron e
Proton M. 7 / ]

—= *-f_:’ o Neutrino

=

o - (n Deuteron

Helium-3 = = a .
B R .
\ 7 kA Helium-4
ablide i
~ = (1L}
\ 'P' -':'lr. /%/l -‘-:.: ":: -, u A- £ ":-:;; o
Ry - g ol
Proton S W Ao :
= E = Neutrino
":.-";{“ I:'III.'. H-:l.---x'h. l' i
/ i F .‘I _'I . \‘\ "o l‘:-u -:'-'
-~ X

‘x

Proton

@
Electron

47
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16.6 The Heart of the Sun

PP chain
TH+"H—->?H+e*+v,+0.42 MeV
eft+e—>2y+1.02 MeV
°H+ H — 3He + y + 5.49 MeV
SHe +3He — “He + 'H + 'H + 12.86 MeV

 The complete PP1 chain releases a net energy of 26.7 MeV.
* PP1 chain is dominant in temperatures of 10-14 MK.

e Below 10 MK, the PP-chain does not produce much “He.

Dr. T. Al-Abdullah 48



16.6 The Heart of the Sun

* Tremendous weight of the mass of the Sun presses inward under the
force of gravity.

Enormous pressure (generated by Thermonuclear fusion) inside the
Sun pushes back.

*‘HYDROSTATIC EQUILIBRIUM occurs when these two forces are
balanced throughout the Sun.

Pressure T
Gravity . e
in | g

Dr. T. Al-Abdullah i AL 49
Copyrig 05 Pearson Prentice Hall, Inc.



16.7 Observatlons of
Solar Neutrinos *

v o

1c IEUtr"J’I pPro _. Q ' c -
Jancy-between measiremisn

; ....;t'!.ib

number neutrmos
U I1 th 3 Earth
,.“ -w 4Solar

:.i‘




A look at the numbers

2 x 1038 solar neutrinos produced every second
Almost all make it out of the sun

Traveling very near the speed of light (8 min travel
time to earth)

70 billion neutrinos per second in each 1 cm square
patch on earth

Idea: catch the neutrinos and see if they tell us
anything about the solar interior

Dr. T. Al-Abdullah 51



Solar Neutrinos — what is a neutrino?

There are three types of neutrino, each associated with a different

lepton:
Neutrino Associated lepton
V., electron (m_c2 ~ 0.5 MeV)
V. muon (~200 electron masses)
V tau (~4000 electron masses,~ 2 proton masses)

» Neutrinos have a very weak interaction with ordinary matter
» (typical mean free path ~ 1 light year of water! — depends on energy).
» Any neutrinos produced at the centre of the Sun escape freely

» they are a direct probe of conditions at'the centre of the Sun.



Nuclear reactions in the Sun

2
p+p > ‘H+e*+v,

100%

2H+p—> 3He +y

(8% ) 1

3He + 3He —> *He + 2p 3He+p > *He +e*+ v

3He + *He — "Be +Y

0,02%

‘Be+e — ‘Li+v, @ ‘Be+p— %B+y

A\ 4

Li+ p — %He + *He 8B —» %Be +e*+v,

A 4

8Be — 4He + *He



Solar Neutrinos — flux
from Standard Model

Flux

Spectres continus : cm2sTMeV-!

Most neutrinos are low energy
Only a few have high energy

1010

106

Raies monoénergétiques : cm2s-
1

102

Neutrino energy (MeV)

10
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“the _detectO[

37Ar production rate (Atoms/day)

» Radiochemical
> Sensitive to ’Be and éB

(1 FWHM Results)

L L L 1 L .
= - (] w -y i =] =1 =]

SN AT Bl
ol TITTT TT0 TTRET T TITTET iR AR R g
A i
R::ult:
2.56 £ 0.20 SNU

Homestake mine (South Dakota)
600 tons of C,Cl,

Ve+3Cl > ¥Ar+e
L, %cl (T,,=35d)

1/3 of solar models
(6.9-7.5 SNU)

{ The « pionneering » chlorine experiment ]

SNU



GALLEX / GNO : =

radiochemical detection of primordial solar v

N2 + GeCl,

30.3 tons of gallium
in aqueous solution (GaCl; + HCI)

V. +'Ga > 1Ge + e

threshold = 233 keV
sensitive to all v

—100

1982 1894 19986 1288 2000 2002 2004

GALLEX: 77.5 +7.8 SNU (73.4 + 7.2 SNU)
GNO :62.9 £+6.0 SNU
GALLEX/GNO : 69.3 +5.5 SNU (67.6 + 5.1 SNU)

~60% of solar models
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electron
g %
%oz Jﬁ
3 4
0.1 s S5 e prstin, P il
D000 tong o A 03 0.5 0 05 1
. 'ﬁj}% D P cosO
N ; o Flux measured for 8B v :
(2.32 + 0.03 (stat.) + 0.08 (syst.)) 106 cm? s?
v, te —> v, +e
£ £ 45% of solar models
E>5 MeV (5+1) 106 cm2 st

sensitive to 8B v
S. Fukuda et al. : hep-ex/0103032




Solar neutrinos:
results Iand predictions D

o
7811 v2dee
e 4B
0,48 + 0,02 o
2582023 |
EAlLEX
Superk G;'I'.“I

chlorine Superk gallium

Spring 2001
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Y

Sudbury Neutrino Observatory (SNO)J

1000 tons D,O (target)
7000 tons H,0 (shield)
9600 8" PM for Cerenkov light
Canada-USA-GB Collaboration

* N N

Ve+td—o>p+p+e (CO)

vy+do>p+n+vy NC)

n+d->t+y

n detection n+Cl—>Cl+y
n+ 3’He—>t+p

Vete > vet+e

(elastic sc.)

E > 4-5 MeV
sensitive to 8B v
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Physics Implication: Flavor Content
Do =5.05 531 Peno =5.09 "0:33 '023
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Experimental results after SNO

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P) ]

Zl — e % Hvi o
. / Y08 /Ll}i
_

.06

0.48+0.07
=
/ 67+

0.41+0.01
2.06+0.23

BAGE GALLEX
Superk CNO
Cl1 HEO Kamickande Gk
Theory M "Be W P—P. pep Experiments m

BB M CNO Uncertainties




© The problem is solved

©® Nuclear reactions in the Sun produce only v,

® Until SNO, solar neutrino detectors were sensitive
only (mainly) fo v,

4 SNO has shown that : h

a) solar v, have been (partially) transformed into v, or
v, and "the oscillation mechanism explains the
observed deficit

. : : |
\b) the SSM is (at first order) right ! Y




SUMMARY

Crur Snn dis a star {p. 30, =

ing ball of gas held toacther
by dt=s owen gravity and pesssrered
by msclear fusion st s center,
The photosphere (p. 3940} is
the region at the Sun's surface
rom which wirtually all the sis-
ible light is emitted. The mnain
inderior regmons of the Sun are
the core (p. 390). where nusclear
reactions  generate  energy;:  the
radiation momne (po 39, wibere
the emergy travels ootward in the foomm of electromagnetic radiation
arnd the convection oome (p. 390E, where the Sun's matter is in oon-
stank oonvec five Troior

The AT af solar
enerpy reachimg @ 1 m~ at the
top of Earth’s atmosphere cach
second is a guantity known as
the solar constant (p. 3900,
The Sun’s leminosity (p. 390)
is the total amoasnt of energy
radisied from the solar surface
Ppor secand. Tt is determimed by
multiplying the solar constant
by the arca of an imaginsry
sphere of radions § AL7

Muoch of owur knowledgse of the solarc
interior coomes  from mathematical  sswowsd-
els,. The madel that best fits the obserwved
properties of the Soan s the standacrd
solar model (p. 392 Helioseisoeobogy
. FIF3p—the stoudy of wibrazions of the
scxlar swurface cansed by pressure wawes in the inmterior—
provides further insight ioto the Sun's structure. The effect of
the solar convection zane can be seen on thie surface in the form
aof granmilation (p. 396 of the photosphere. Lower levels in the
convection @ome also lcave their muark on the photosphere im
the formm of larger tremsient patterns called supergranolation
(- 397}

Above the photosphere lies the
romosphere (p. 390}, the Sun’s lower .
atmmosphers. Most of the absorprion Lines (

seom in the solar spectrom are prodoced
imn the upper photosphere and the chromao-
sphere. In the transition sone (p. 3000
abowe the chromosphere, the temperatore
imcreases from a few thousand to around a million kelvins, Aabowe
the transition zone is the Sun's thin, ot apper atmosphere. the

solar coroma (p. 390). Al & distance of abowt 15 solar radii, the
Fas in the corona is hot enoogh o escape the Sun's gravity. and
the corona begins to flow outward as the solar wind (p. 390

Sunspots (po 401} are Earth-sized regions
o the sodar surface thatl are a little cooler thamn
the surronnding photosphere. They are regions
of intenss magnetison. Both the numbers and
Iocations of sun spots vary in a roughlhy LT-year
sunspot cycle (p. 404) as the Suan’s magnetic
field rises and falls. The overall direction of the ffeld reverses
from one sunspot cycle o the nexi. The 22 -year cycle that resulis
whemn the directicon of the field is taken imto acoount is called the
solar cycle {p. 40-5)

G Saolar activity tends to beconcentrated
in active regions {(p. 405) associated
with groaps of sumspois. Prominences
(- 405} are looplike or shectlike  strasc-
tures prodoced when ot pas ejected by
activity o the solar surface mteracts with
the Sumn's magnetic Teld, The more intense
Flares (p. 406) are violent surface explosions that blast particles
and radiation into interplanctary space. Coronal mass ejections
(p. 4i&) are hopge hlobs of magnetized gas escaping into inior-
plansitary space. Most of the solar wiind Flosws ootward froom Toss-
density regions of the coraona called coronal holes (p. S07).

The Sun generaltes encrgy by commoert- — —
ing hydrogesn tao helinm in its core by the _-‘
process of noaclear fusion (p. 410, MNuoclei " A
are bheld wgether by the stromng ouclear — = "_-'-u— =

|
L

force (p. #1111} When four protoms are - =
comveriad to a bhelmm ooclens o the
proton—proton chain (p. 41 2). soeme mmass -"_

i= lost. The law of comservation of mass

mrd energy (p- 411) requires thet this mass appear as energy,
eventualby resulting in the light we see. Very high temperatares are
needed for Fuasiom to oscoar

B MNeatrimos (p. €1} are rhz.ar]'!r TS S S~
less particles that are prodoced in the
proton—proton chain and escape from the
Sun. They interact via the weak muclear
force (p. 412). Despite theoir elusiveness,
it is possible to detect a small fraction of
the neutrinos streaming from the Son.
hservations over several decades led tes the solar meatrino
problem {(p. 414) —substantially fewer neutrimos are observed
thamn are predicted by theory. The accepted explanation,
supported by rsecent observational evidence, is that meastrino
oscillations (p. 4$15) converl some neulrinos to other (unde-
tected) particles en route from the San o Earth,
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