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14.1 A Closer Look at the Sun

 Our goals for learning:
— Why does the Sun shine?
— What is the Sun's structure?
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Why Does the Sun Shine?
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A Closer Look at the Sun 7.7

- It can be powered by Nuclear energy! (E =mc?)

Nuclear potential energy (core)
Luminosity

~ 10 billion years
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The Stable Sun (104

 The Sunisin
gravitational
equilibrium (also
called hydrostatic
equilibrium).

« Weight of upper
layers compresses

lower layers. Q ,
/
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The Stable Sun o4

Gravitational equilibrium:

* Energy supplied by fusion
maintains the pressure
that balances the inward
crush of gravity.

(Fp = P/A, where P is
pressure, A is area and Fp
is the force from this
pressure)

pressure = The outward push
gravity <G of pressure.. . .

... precisely
balances the
inward pull of
gravity.

.. .. ........
“* Pressure is greatest
deep in the Sun

where the overlying
vy weight is greatest.

Pressure from gases
above the slab

Slab of solar
_ material

l Pressure from gascs
Weight of the slab below the slab

(a) Material inside the sunis in hydrostatic equilibrium, so forces balance
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The Stable Sun 3o

Energy Balance:

* The rate at which
energy radiates from
the surface of the
Sun must be the
same as the rate at
which it is released
by fusion in the core.

Energy released by

fusion in the Sun’s
core. .. E%l

... balances the radiative energy
emitted from the Sun’s surface.
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The Stable Sun o4

fusion in the Sun’s
core. .. e

Gravitational contraction: Energy released by § g

* Provided the energy that
heated the core as Sun
was forming.

« Contraction stopped when
fusion began.

... balances the radiative energy
emitted from the Sun’s surface.
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What Is the Sun’s Structure?
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Basic Properties of the Sun

Radius:
6.9x10® m (109 times Earth)

Mass:

2x10%° kg (300,000 Earths)
Luminosity:

3.8 x10% watts

Rotation:

VIS

Earth shown for
size comparison

25 days at the equator to 30
days at the poles
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Thought Question 1 (142

What two properties of Earth are necessary to use
Newton's version of Kepler's third law to determine the
mass of the Sun?

A. Earth’s radius and mass
B. Earth’s orbital radius and mass
C. Earth’s orbital radius and orbital period

D. Earth’s radius and orbital period
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Thought Question 1 2.2

What two properties of Earth are necessary to use
Newton's version of Kepler's third law to determine the
mass of the Sun?

A. Earth’s radius and mass
B. Earth’s orbital radius and mass
_C. Earth’s orbital radius and orbital period

D. Earth’s radius and orbital period
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The Sun’s Structure (1.7

Solar wind:

A flow of charged
particles from the
surface of the Sun

 The solar wind

speed can range
between ~ 300 —
1000 km/s
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The Sun’s Structure o7

Corona:
* Very thin (low density) material
« Outermost layer of solar atmosphere ~ 1-2 million K
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The Sun’s Structure 3o7)

Chromosphere:
- Middle layer of solar atmosphere ~ 10,000 — 100,000 K
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The Sun’s Structure o7

Photosphere:

* Where the plasma becomes transparent
* Visible surface of Sun ~ 5800 K
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The Sun’s Structure o7

Convection Zone:

* Energy transported
upward by rising hot gas
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The Sun’s Structure o7

Radiation Zone:

* Energy transported upward by photons
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The Sun’s Structure (7.7

Core:
* Energy generated by nuclear fusion at ~ 15 million K
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What Have We Learned? (1 o5

- Why does the Sun shine?

— Chemical and gravitational energy sources could not
explain how the Sun could sustain its luminosity for
more than about 25 million years.

— The Sun shines because gravitational equilibrium
keeps its core hot and dense enough to release
energy through nuclear fusion.
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What Have We Learned? o5

 What is the Sun's structure?
— From inside out, the layers are:

Core

Radiation zone
Convection zone
Photosphere
Chromosphere
Corona
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14.2 Nuclear Fusion in the Sun

 Our goals for learning:
— How does nuclear fusion occur in the Sun?

— How does the energy from fusion get out of the
Sun?

— How do we know what is happening inside the
Sun?
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How Does Nuclear Fusion Occur in the

Sun?

At low speeds, electromagnetic repulsion
prevents the collision of nuclei.

i 2

At high speeds, nuclei come close
enough for the strong force to bind

°°°°°°°°°° them together.
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Nuclear Fusion in the Sun ¢ o5

Fission Fusion
- Big nucleus splits into - Small nuclei stick together
smaller pieces. to make a bigger one.

- (Example: nuclear power  ° (Example: the Sun, stars)

plants)
fission fusion
J@ 9

- 3
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Nuclear Fusion in the Sun o5

» High temperatures
enable nuclear fusion
to happen in the a
core.

At low speeds, electromagnetic repulsion
prevents the collision of nuclei.

9 N = 9

At high speeds, nuclei come close
. enough for the strong force to bind
"""""" them together.
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Nuclear Fusion in the Sun sofs)

| l
0@ o @B+ iy
+ — energy —
3@ / ’9<
4 H 1 “He

* The Sun releases energy by fusing four hydrogen nuclei
iInto one helium nucleus.
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Nuclear Fusion in the Sun ¢ o5

Hydrogen Fusion by the Proton-Proton Chain

Step 1 Step 2 Step 3 Overall reaction Key:
Two protons fuse to make  The deuterium nucleus and  Two helium-3 nuclei fuse to gamma ray &Q neutron
a deuterium nucleus a proton fuse to make a form helium-4 (2 protons,
(1 proton and 1 neutron). nucleus of helium-3 2 neutrons), releasing two @ t
This step occurs twice in (2 protons, 1 neutron). This  excess protons in the N < / d proton
the overall reaction. step also occurs twice in process. @ Y

the overall reaction. > »& A~y damma
3 @ @ o« ray
x" i) 3\ o neutrino

: »‘3 e ’& gamma ray «  positron

9 \ ., 990,,% e \ o 2
; s 4
2 . ‘(\0‘0 / ~
\ b 4 g’b‘(\ '_,./" 9
) ——, =5

* The proton—proton chain is how hydrogen fuses into
helium in the Sun.
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Nuclear Fusion in the Sun 505

In Overall reaction Key:
4 protons gamma ray & neutron
Out D ; / & proton
‘He nucleus Py
© i » A~y Jamma
o ray
2 gamma rays & \
: o  neutrino
2 positrons 9 3
: gamma ray . ositron
2 neutrinos &

Total mass is
0.7% lower.
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Solar Thermostat

... leads to a large decrease
in the fusion rate . . . temperature . . .

sseca AL
lowers the core
pressure.. . .

restoring

the fusion
rate to

... causing the core to
contract and heatup . . . \\

A slight drop in core

... leads to a large increase
in the fusion rate . . .

...that
raises the core
pressure. . .

restoring :

the fusion \ /"/< §

\ /
rate to X \‘//
AN 7
» L
\\\ —//

A slight rise in core
temperature . . .

... causing the core to
expand and cool down . . .

« Decline in core temperature causes fusion rate to drop, so core

contracts and heats up.

* Rise in core temperature causes fusion rate to rise, so core expands

and cools down.
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Thought Question 2 (1.2

What would happen inside the Sun if a slight rise in core
temperature led to a rapid rise in fusion energy?

A. The core would expand and heat up.
B. The core would expand and cool.

C. The Sun would blow up like a hydrogen bomb.
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Thought Question 2 (2.2

What would happen inside the Sun if a slight rise in core
temperature led to a rapid rise in fusion energy?

A. The core would expand and heat up.
'B. The core would expand and cool.
C. The Sun would blow up like a hydrogen bomb.

The solar thermostat keeps burning rate steady.
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Energy Escape from the Sun (1014
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Energy Escape from the Sun (.14

* Energy gradually leaks out of the radiation zone in the
form of randomly bouncing photons.
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Energy Escape from the Sun sof4)

Bright spots appear on Sun's
surface where hot gas is rising . . . ... then the gas sinks
after it has cooled off.

AL

a This diagram shows convection beneath the Sun’s surface:
Hot gas (yellow arrows) rises while cooler gas (black arrows)
descends around it.

« Convection (rising hot gas) takes energy to surface.
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Energy Escape from the Sun (.14

 Bright blobs on photosphere show where hot gas is
reaching the surface.

...and cooler gas

Hot gas is rising here . . . is sinking here. VIS

b This image from the Daniel K Inouye Solar Telescope in Hawai’i
shows the mottled appearance of the Sun’s photosphere. The
bright spots, each about the size of Texas, correspond to the rising
plumes of hot gas in the diagram in part a.

@Pearson Copyright © 2024 Pearson Education, Inc. All Rights Reserved



Photon transport from the Sun’s Core

Energy radiated by photons from the surface of the sun originates from the
sun's core. To get to the surface, however, energy is transported via various
mechanisms, thus making it difficult to tell how it was actually produced in the
core.

Photon transport from the core to the surface:

1. Photons created in the Sun's core from hydrogen fusion diffuse towards the
Sun's surface (~ 170,000 years to get out).

2. Beyond the radiative zone, energy is transported to the surface through
convection (bulk transfer of plasma).

3. At the surface, photons are mostly radiated out by blackbody radiation.
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How We Know What Is Happening Inside
the Sun?

—2500—-2000 -1500 -1000-500 O 500 1000 1500 2000
Velocity (m/s)
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We Learn About the Inside of the Sun by ...

- making mathematical models
* observing solar vibrations

* observing solar neutrinos
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Solar Vibrations

« Patterns of vibration on
the surface tell us about
what the Sun is like
Inside.

* Here, vibrations
revealed by Doppler
shifts are shown.

—2500—-2000-1500 -1000-500 O 500 1000 1500 2000
Velocity (m/s)
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Solar Models

- Data on solar vibrations agree very well with
mathematical models of solar interior.
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Solar Neutrinos (102

* Neutrinos created
during fusion fly
directly through
the Sun.

* Observations of
these solar
neutrinos can tell
us what's
happening in the
core.

Overall reaction Key:

gamma ray & neutron

Q‘g/ @ proton
3 »@ .
3 &\ ° neutrino

gamma ray . positron

D
D
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Solar Neutrinos o2

Solar neutrino problem:

- Early searches for solar
neutrinos failed to find the
predicted number.

* More recent observations
find the right number of
neutrinos, but some have
changed form.

* 4'H - 4He +2v + 2y +2e*
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What Have We Learned? o5

« How does nuclear fusion occur in the Sun?

— The core's extreme temperature and density are just
right for nuclear fusion of hydrogen to helium through
the proton—proton chain.

— Gravitational equilibrium acts as a thermostat to
regulate the core temperature because fusion rate is
very sensitive to temperature.
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What Have We Learned? o5

- How does the energy from fusion get out of the Sun?

— Randomly bouncing photons carry energy through the
radiation zone.

— Rising of hot plasma carries energy through the
convection zone to photosphere.
- How do we know what is happening inside the Sun?

— Mathematical models agree with observations of solar
vibrations and solar neutrinos.
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14.3 The Sun—-Earth Connection

 Our goals for learning:
— What causes solar activity?
— How does solar activity vary with time?

@ Pearson Copyright © 2024 Pearson Education, Inc. All Rights Reserved



What Causes Solar Activity? (102

X-ray
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Solar Activity Is Like “Weather”

« Sunspots
« Solar flares
« Solar prominences

 All these phenomena are related to magnetic fields.
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Solar Activity (1a of 10)

Sunspots

* Are cooler than other
parts of the Sun's surface
(4000 Kelvin)

Syie

L

-0-.:
<

* Are regions with strong
magnetic fields

Jolg

T
ALY
N ._g",'

~
9

L)

b,
)

A

" h‘l\,

« Convection inhibited by
twisted magnetic field
lines makes these spots
cooler.
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Solar Activity (1b of 10)

Umbra

e | S
(a) An isolated sunspot, (b) a group of sunspots

Sunspots are temporary cool regions in the solar photosphere. Because of
their relatively low temperature they appear dark. They have typical sizes of
~ 10,000 km across and have a lifetime of hours to years. Ty pa ~ 4,300 K

and Tp.pumbra ~ 5,000 K.
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Solar Activity (1c of 10)

The sun's rotation can be tracked by
observing the rotation of sunspots.

Observations show that a sunspot near the
equator takes ~ 25 days to go around once
whereas sunspots at larger latitudes take
longer.

The sun does not rotate as a rigid body.
Different parts of the sun rotate at
different velocities. This is referred to as
differential rotation.

November 9

November 12

November 14

'5'“.‘

November 15

v e

November 17

November 19
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Solar Activity ¢ of10)

Zeeman Effect

* We can measure magnetic fields in sunspots by
observing the splitting of spectral lines.

Outside a ...............
sunspot we see [
a single
spectral line . . .

strong magnetic
field inside a
sunspot splits
that line into
three lines.
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Solar Activity of10)

Magnetic field lines represent
the directions in which compass
needles would point.

Lines closer together indicate
a stronger magnetic field.

Charged particles follow
spiraling paths along magnetic
field lines.

« Charged particles spiral along magnetic field lines.
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Solar Activity of10)

sunspots

T~ 5800 K T~ 4000 K T~ 5800 K
convection /
cells

Nojon

a Pairs of sunspots are connected by tightly wound magnetic b This x-ray photo (from NASA’s TRACE mission) shows hot
field lines. gas trapped within looped magnetic field lines.

* Loops of bright gas often connect sunspot pairs of
opposite polarity.
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Solar Activity of10)

» Magnetic activity causes solar flares that send bursts of
x-rays and charged particles into space.
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Solar Activity aorf 10)

» Magnetic activity also causes solar prominences that
erupt high above the Sun's surface.
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Solar Activity b of 10)

Coronal loops

3. The nyg' helix or ~coil” of
magnetic ficld can break bose,
carrymg madenial with it it space.

Image of the Earth

(supcrimposed for scale) :
Before magnetic reconnection After magnetic reconnection

Plasma can easily flow along magnetic field lines but takes more time to
diffuse across field lines. Occasionally the magnetic field lines protrude
through the suns surface (near the edges of supergranules) forming giant

coronal loops. Plasma flows along these loops.

Whenever magnetic field lines reconnect a large amount of energy is
released that heats up the surrounding plasma to high temperatures.
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Solar Activity (7 of10)

* The corona appears bright in x-ray photos in places
where magnetic fields trap hot gas.
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Solar Activity s of10)

- Coronal mass ejections send bursts of energetic
charged particles out through the solar system.

@Pearson Copyright © 2024 Pearson Education, Inc. All Rights Reserved



Effects of Solar Activity on Earth

Most solar wind particles are --.....
deflected around planets with
strong magnetic fields.

stream of solar wind particles ’ l/ aurora
v/ I \Charged particle

belts

Some solar wind particles infiltrate
the magnetosphere near the poles.  Not to scale!

Charged particles spiral into
atmosphere, making it glow.

« Charged particles streaming from the Sun can disrupt
electrical power grids and can disable communications
satellites.
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How Does Solar Activity Vary with Time?

a This graph shows how the § 0.5

number of sunspots on the Tt e o ;

Sun changes with time. The 2 S 0.4 Sunspot act/y/ty peaks Sunspo'ts'are rare during

vertical axis shows the per- L2 at solar maximum. solar minimum.

centage of the Sun’s surface A @ 03 ¥ k

covered by sunspots. The = 5 Al

cycle has a period of approx- oo 02 ' ‘ ‘ Il

imately 11 years. g5 e J I LUl
AR WL, Wl Wil 0
22 5.0 M p " U LS AT LW ;
o 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

year

Each dot shows date and latitude Sunspot groups show up closer to solar

equator later in each sunspot cycle.

b This graph shows how the 90°N
latitudes at which sunspot
groups appear tend to shift 30°N
during a single sunspot cycle. o .
ke
2 Equator
©

(on Sun) of a sunspot group.

30°S

(3

| | | | | | | | | | |

|
1900

|
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
year
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Solar Activity (of10)

a This graph shows how the
number of sunspots on the
Sun changes with time. The
vertical axis shows the per-
centage of the Sun’s surface
covered by sunspots. The
cycle has a period of approx-
imately 11 years.

o
Now x o

© © © o ©
-t

0

percentage of Sun’s surface
covered by sunspots

Sunspot activity peaks Sunspots are rare during
at solar maximum. solar minimum.
v 3
hmmml ! [ Y i’ AT L
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

year

* There are additional variances over longer periods.
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Solar Activity (o0of10)

Charged particles tend to push the field Because the Sun rotates faster near its equator than  The field lines become more and more twisted
lines around with the Sun’s rotation. at its poles, the field lines bend ahead at the equator.  with time, and sunspots form when the twisted

lines loop above the Sun’s surface.

N

* The sunspot cycle has something to do with winding and
twisting of the Sun's magnetic field.
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The Sunspot Cycle and Earth’s Climate

— temperature 11-year average 10
& 1363~ — temperature yearly
S 075 ©
= 05§
@) C
g 190 025 £
2 ()
£ 00 ¢
[ ©
© _ =
e 1361 025 ¢
S -05 §
2 — solar irradiance 11-year average | _ 75
1360 | —~ solar ilrradianlce yealrly
—1.0
1880 1900 1920 1940 1960 1980 2000 2020
year

« Despite an 11-year cycle, the amount of sunlight has
remained approximately constant while Earth has warmed.
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What Have We Learned? ;o5

* What causes solar activity?

— Stretching and twisting of magnetic field lines near the
Sun's surface cause solar activity.

- How does solar activity vary with time?
— Activity rises and falls with an 11-year period.
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A Closer Look at the Sun (1.7

* Is it on Fire?
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A Closer Look at the Sun o7

. Is it on Fire? Chemical energy content
Luminosity

~10,000 years
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A Closer Look at the Sun o7

e Is it on Fire? ... No! Chemical energy content

— ~10,000 years
Luminosity
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A Closer Look at the Sun ¢ o7

* Is it Contracting?
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A Closer Look at the Sun 5.7

Gravitational potential

- Is it Contracting? ~ 25 million years

Luminosity
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A Closer Look at the Sun so7)

Gravitational potential

* Is it Contracting? ... No! ~ 25 million years

Luminosity
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