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Training Module 0.1
Solar Interior



Presenter Notes
Presentation Notes
This is Training Module 0.1 – Solar Interior


O
Prerequisites for Training Modules

High School Reading Comprehension and General Science
Basic Geometry

Electromagnetic Spectrum

Speed, Wavelength, Frequency, and Energy of Waves
Graphical Interpretation of Data

Training Module 0.0

I


Presenter Notes
Presentation Notes
This is a list of prerequisites needed to be able to understand the material in this module.


Learning Objectives

N

The structure of the Sun

Solar interior layers and processes
Nuclear reactions that power the Sun
Energy transport mechanisms


Presenter Notes
Presentation Notes
This is a brief summary of the learning objectives for this presentation. 
After a brief review of the Sun’s interior layers, we discuss the processes that happen in each region. This includes an overview of the basic nuclear reactions that power the Sun. 


Sun - Structure

Structure
1. Interior
a.Core

b. Radiative Zone
c. Convection Zone

2. “Surface”
a.Photosphere

3. Atmosphere
a.Chromosphere
b. Transition Zone
c. Corona
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Presenter Notes
Presentation Notes
This is a cutaway diagram showing the various layers and structure of the Sun. The interior consists of the core where the nuclear reactions happen and the radiative and convective energy transport regions. The “surface” of the Sun is called the photosphere where the gas becomes optically thick, that is, opaque to visible light. Sunspots occur in the photosphere. Above the photosphere are thin layers of the chromosphere and the transition zone. The vast, thin outer layer is called the corona which is related to the solar wind of charged particles leaving the Sun.


Sun Interior

Interior | |

a. Core — Nuclear Reactions

b. Radiative Zone — energy
transport

c. Convection Zone — energy
transport '

d. Force Balance
Outward Pressure vs. Inward
Gravity (keeps it stable)

Interior Density = 150 g/cm3
Photosphere Density = 0.0000002 g/cm?3
Average = 1.4 g/cm3

Surface Temperature = 5800 K
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Presenter Notes
Presentation Notes
This is another cutaway view of the Sun. The interior density of the Sun is 150 g/cm3, or 150 times larger than water. However, the density becomes very, very small at the photosphere, demonstrating the near emptiness of space. The Sun is a giant ball of hydrogen and helium gas and is held together by gravity. The weight of the Sun is held up by the outward pressure caused by the nuclear reactions. This force balance keeps the star stable over a long lifetime.


Nuclear Fusion
Basic Reaction 4H — He + Energy!

2 Neutrons 2 Protons Helium

+
Net ReaCtiOn el = positron
4H — He + 2¢™ + 2y + 2v Y = gamma ray
4H — He + 7Y + v V = neutrino

Requirements: High Temperature, High Pressure
Sun’s Core: 15 million K
100-200 billion atmospheres!


Presenter Notes
Presentation Notes
The basic nuclear reaction for solar-like stars is the proton-proton chain where four hydrogen atoms combine to form helium and give off energy. The net reaction shows the total energy given by the nuclear reactions is seven high-energy gamma rays and 2 neutrinos. Conditions for these reactions to happen require 15 million kelvins and 100 billion atmospheres and are common inside the cores of stars.
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Presenter Notes
Presentation Notes
This diagram shows the reaction chain for the generation of helium-4 from hydrogen. Notice the same reaction must happen twice to generate two helium-3 atoms that then make helium-4. Also notice the timescales for these reactions. Because of like-charge repulsion, the protons take a long time on average to react. Each red-orange energy “explosion” symbol represents the release of high energy gamma rays, seven in total plus two neutrinos. 


¥ Nuclear Energy

Energy from the Nuclear “furnace” Basic Reaction 4H — He + Energy!

2 Neutrons 2 Protons Helium

4H — He + neutrinos + Energy

+

Mass of 4 H atoms = 6.693 x 10-%7 kg
- Mass of He atom = 6.645 x 10-%7 kg
Mass Lost =0.048 x 10-27 kg

600 million metric tons of Hydrogen are
E = m02 converted into Helium EACH second

= (0.048 x 10?7 kg) x (3 x 108 m/s)? inside the Sun!!!
Energy = 4.3 x 10-'2 Joules

",

S ®
L %9}0%3

g1 ,
-l

pf-““"?r |

e

~
e

g1
10

{
Q


Presenter Notes
Presentation Notes
How is energy generated by nuclear reactions. Einstein’s equation gives us the answer, mass is being converted into energy. For each atom of helium-4 created, a small amount of mass is lost. Using E = mc2, the mass loss generates a tiny amount of energy. How does the Sun generate so much energy? For each second, 600 million metric tons of H are converted into He inside the core of the Sun!


Stellar Structure
A peek inside a star!

Thermonuclear
energy core

Radiative
zone

Convective
zone

Figure 16-4
Universe, Tenth Edition
© 2014 W. H. Freeman and Company
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Presenter Notes
Presentation Notes
These graphs give a profile of the structure of the Sun. Notice the energy generation rate and luminosity graphs. This tells us that all the energy comes from the nuclear reactions happening in the core, all happening inside 20% of the radius of the Sun.
The radiative zone carries energy outward by the process of electromagnetic waves (i.e., radiation). As the temperature decreases and the opacity of the gas increases near the surface of the star, convection energy transport becomes more efficient. Thus, the outer 20% of the Sun is convective allowing the energy to reach the photosphere surface of the Sun.


Radiation and Density (kg/m3)

Convection Zones

Energy from the core is transported
through the radiation zone by a
random walk of photons as they are
absorbed and emitted. The overall
“flow” of energy is outward.

Neutrinos

As the temperature decreases hd o e
outward convection becomes the - Radius

more efficient mode of energy
transport.
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Presenter Notes
Presentation Notes
The radiation zone is an energy transport region; no new energy is generated here. Energy from the nuclear reactions in the core is transported through the radiation zone by a random walk of photons as they are absorbed and emitted. The overall “flow” of energy is outward. Note that photons are randomly absorbed and reemitted, but the neutrinos generated by the nuclear reactions in the core travel outward at the speed of light without any interactions.

As the temperature decreases outwards and the opacity of the gas increases near the surface of the star, convection energy transport becomes more efficient. Like water boiling in a pot, convection transports the energy to the photosphere with an average temperature of 5800 K.



Photosphere

Hotter gas
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SOHO, NASA & ESA

27x27 Mm? field,
35 minutes

Credit: Patrick Hall, York University

Photosphere Granulation — bubbles of gas rising and
sinking near the surface caused by convection
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Presenter Notes
Presentation Notes
The “surface” of the Sun is called the photosphere. It looks smooth at low resolution, but on higher resolution, it shows a granulation pattern as seen in this black-and-white image. This is evidence of the convection of gas beneath the surface. Each blob of hotter, brighter, upwelling gas is surrounded by a cooler, darker gas that is descending, and the sizes of these blobs are about the size of the state of Texas. Notice the limb-darkening effect in the image of the disk. The center of the Sun looks brighter because you see deeper into the Sun at the center, while the edges of the Sun look darker because you are seeing cooler gas closer to the surface.


-

Resources

NASA Marshall Space Flight Center Solar Physics
https://solarscience.msfc.nasa.gov/

NASA Solar and Heliospheric Observatory (SOHO)
https://soho.nascom.nasa.gov/home.html

NOAA Space Weather Prediction Center
https://www.swpc.noaa.gov/

Australian Space Weather Forecasting Center
https://www.sws.bom.gov.au/Educational/2/1

Space weather:
https://spaceweather.com/

https://swe.ssa.esa.int/current-space-weather

https://www.swpc.noaa.gov/
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This is a short list of good resources on the Sun. 

https://solarscience.msfc.nasa.gov/
https://soho.nascom.nasa.gov/home.html
https://www.swpc.noaa.gov/
https://www.sws.bom.gov.au/Educational/2/1
https://spaceweather.com/
https://swe.ssa.esa.int/current-space-weather
https://www.swpc.noaa.gov/
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