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About this Guide 
 
This guide, based on the Science News article “Strontium found in neutron star crash,” asks students to 
explore how elements are created. An activity from the Digital Library will help students understand the 
life cycle of stars and how stars produce various elements. 
 
This Guide includes:  
 
Article-based Comprehension Q&A — These questions, based on the Science News article “Strontium 
found in neutron star crash,” Readability: 16.9, ask students to summarize a discovery scientists made 
about the first observed neutron star merger. Related standards include NGSS-DCI: HS-ESS1; HS-ETS1. 
 

Student Comprehension Worksheet — These questions are formatted so it’s easy to print them 
out as a worksheet.  
 

Cross-curricular Discussion Q&A — Students will explore how elements are created — in nature and in 
the lab — while focusing on the concepts of atomic structure, stability and stellar evolution. Related 
standards include NGSS-DCI: HS-PS1; HS-ESS1; HS-ETS1. 
 

Student Discussion Worksheet — These questions are formatted so it’s easy to print them out as 
a worksheet.  

 
Activity: The Pressure to Be a Star 
 

Summary: Students can use basic algebra, physics and chemistry principles to estimate the 
conditions involved in stars and element formation. Related standards include NGSS-DCI: HS-
ESS1; HS-PS1; HS-PS2; HS-PS3; HS-PS4. 
 
Approximate class time: 30 to 50 minutes. 

https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger
https://www.sciencenews.org/snhs
https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger
https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger
https://www.sciencenews.org/snhs/guide/component/activity-guide-teachers-pressure-be-star
https://www.sciencenews.org/snhs/guide/component/activity-guide-teachers-pressure-be-star
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Article-based Comprehension, Q&A 
 
Directions for teachers: After your students read “Strontium found in neutron star crash,” ask them to 
answer the following questions.  
 
1. What recent discovery related to a neutron star merger does the article describe?  
 
Astronomers found that a merger of two neutron stars formed the heavy element strontium. 
 
2. Why is this discovery important? 
 
Strontium is the first heavy element clearly detected from a neutron star merger. The discovery provides 
the most direct evidence yet that these collisions can trigger the r-process, a chain of nuclear reactions 
thought to have formed about half of the universe’s elements heavier than iron. 
  
3. How did astronomers make this discovery? What data did astronomers use and what 
instrument collected the data? 
  
The Very Large Telescope in Chile collected data on wavelengths of light, or spectra, from the merger in 
the days after the event. Researchers looked at the spectra and spotted marks specific to strontium. 
 
4. The neutron star merger was first observed in 2017, so why hadn’t the discovery been made 
sooner? 
 
At the time, the spectra suggested that the neutron star merger created many heavy elements. Scientists 
had been focusing on the signals from elements heavier than strontium. It wasn’t until they expanded 
their analysis to consider other elements that they discovered strontium’s unique, spectral fingerprint. 
 
5. Name and briefly describe the series of reactions that produced strontium and other heavy 
elements in the neutron star merger.  
 
The series of reactions is called the r-process. In this process, atomic nuclei steal subatomic particles 
called neutrons from their surroundings and radioactively decay to become heavier elements. 
 
6. How is strontium similar to other elements created in the neutron star merger? How does its 
atomic structure differ from the other elements? How did this difference contribute to the 
discovery? 
 

https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger


 

   

 
 

Strontium and other heavy elements were made during the neutron star merger. But unlike heavier 
elements, strontium has a simple atomic structure. That structure means it generates a few spectral 
marks that have been measured in the lab, which made strontium easy to identify. Heavier elements with 
more complex atomic structures can generate millions of spectral marks. Many of those spectral marks 
haven’t been associated with specific elements.  
 
7. What does the discovery reveal about the material that was released during the neutron star 
merger? Explain. 
 
Strontium’s presence indicates that the material had relatively few neutrons. In the r-process, atomic 
nuclei snap up neutrons from their surroundings to become heavier elements. If the material had a lot of 
neutrons, the r-process would not have yielded strontium, which has relatively few neutrons in its 
nucleus. Atomic nuclei would have snapped up more neutrons to become elements heavier than 
strontium.    
 
8. What does astrophysicist Brian Metzger think contributed to the material’s unusual 
composition?  
 
Brian Metzger suggests that the material has a low neutron density because some of the neutrons were 
destroyed, perhaps when they were hit with subatomic particles called neutrinos that were released 
during the merger. 
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Student Comprehension Worksheet 
 
Directions: After reading “Strontium found in neutron star crash,” answer the following questions.  
 
1. What recent discovery related to a neutron star merger does the article describe?  
 
 
 
2. Why is this discovery important? 
 
 
 
3. How did astronomers make this discovery? What data did astronomers use and what 
instrument collected the data? 
  
 
 
4. The neutron star merger was first observed in 2017, so why hadn’t the discovery been made 
sooner? 
 
 
 
5. Name and briefly describe the series of reactions that produced strontium and other heavy 
elements in the neutron star merger.  
 
 
 
6. How is strontium similar to other elements created in the neutron star merger? How does its 
atomic structure differ from the other elements? How did this difference contribute to the 
discovery? 
 
 
 
7. What does the discovery reveal about the material that was released during the neutron star 
merger? Explain. 
 
 
 
8. What does astrophysicist Brian Metzger think contributed to the material’s unusual 
composition?  

https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger
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Cross-curricular Discussion, Q&A 
 
Directions for teachers: 
 
The article “Strontium found in neutron star crash” describes scientists’ discovery that the element 
strontium was created during a neutron star collision. Have your students read this recent news story to 
encourage them to think about how elements are made. Remind students that elements are not only the 
building blocks of all life-forms on Earth, but are also the building blocks of planets and stars. Then work 
through the prompts using the instructions below. 
 
1. Use the first four prompts to review and discuss concepts related to how elements are made, such as 
atomic structure, stability, nuclear fusion and stellar evolution, with your students.  
 
Background information covering principles of atomic stability, fusion reactions and the life cycle of stars 
can be found in Star light, star bright in our Digital Library. Atoms, ions and isotopes, oh why? covers 
concepts related to atomic structure and stability. 
 
2. Allow students to choose to read one of two additional articles — “We are stardust” (Readability: 7.1), 
about nucleosynthesis, or “Extreme elements push the boundaries of the periodic table” (Readability: 
10.7), about creating superheavy elements in the lab. After reading, students should form into small 
groups based on their article choice and use the related prompts to discuss the ways that elements are 
created.  
 
3. After students discuss the articles in small groups, bring the class back together to discuss the closing 
prompts, which allow groups to share what they learned, think about what types of scientists are 
interested in element formation and about how energy plays a role in element formation. 
 
The directions for students follow: 
 
Getting warmed up 
 
Review the following questions as a class. 
 
1. What subatomic particles exist in an atom? Where are these particles generally located, and what 
forces hold them together? 
 
2. Why are some atoms unstable? What are two ways that the numbers of particles in an atom could 
make it unstable? What happens when an atom is not stable? How are ions produced, and what is nuclear 
decay?  
 

https://www.sciencenews.org/article/strontium-heavy-element-neutron-star-merger
https://www.sciencenews.org/snhs/guide/component/cross-curricular-discussion-qa-29
http://www.sciencenews.org/snhs
https://www.sciencenews.org/snhs/guide/component/atoms-ions-and-isotopes-oh-why
https://www.sciencenewsforstudents.org/article/we-are-stardust
https://www.sciencenews.org/article/physics-periodic-table-future-superheavy-elements


 

   

 
 

3. How do we define an atom of a particular element? How do we distinguish between one element and 
another, and why is doing so useful? What techniques allow us to identify the presence of different 
elements?  
 
4. What is nuclear fusion? How does a star form, live and die? How does nuclear fusion relate to a star’s 
life cycle? How does a star’s mass affect its life cycle, and how does our sun’s size compare with that of 
other stars? 
 
The star producer  
 
If you have selected “We are stardust,” read the article through the section “Death of a star” and discuss 
the following prompts in your group.   
 
1. What types of stellar events can produce new elements? 
 
Elements can form in a star throughout its life. They can also form when two stars collide and when a star 
explodes as it dies. 
 
2. What elements were created in the Big Bang? Describe the relative amounts of the elements in the very 
early universe’s giant gas clouds. 
 
Hydrogen and helium were created in the Big Bang. About 90 percent of the universe’s giant gas clouds were 
hydrogen atoms and the rest were helium. 
 
3. What elements are created in a living star, and how are they created? What types of elements cannot be 
born from living stars? 
 
Living stars can create elements as heavy or lighter than iron. The intense heat of the sun can cause atoms to 
collide and fuse, creating heavier elements from lighter ones. Elements heavier than iron cannot be 
produced in living stars because the stars are not big or hot enough. 
 
4. How does a star’s size and temperature affect the elements it can create while living? What types of 
elements are created by our sun? 
 
The bigger and hotter the star, the heavier the elements it can create. The sun is considered an average-size 
star, which means it creates lighter elements, mainly helium but also some other elements including 
nitrogen. 
 
5. How do relatively small stars die? How do relatively big stars die? Which process can produce more 
massive elements? Explain. 
 

https://www.sciencenewsforstudents.org/article/we-are-stardust


 

   

 
 

When a small star dies, its core collapses and the rest of it expands into a huge ball, cooling as it grows. This 
dying star becomes a red giant, and many of its atoms will be lost in space. When a bigger star dies, its core 
also collapses, becoming hot and dense and forging elements. It then expands and collapses again, which in 
turn creates even heavier elements. This process continues until it self-destructs in a giant explosion called a 
supernova that creates elements heavier than iron. A bigger star’s death creates heavier elements because 
the star has more energy. 
 
Artificial assembly time  
 
If you have selected “Extreme elements push the boundaries of the periodic table,” read the article 
through the section “Relativity rules” and discuss the following prompts in your group.   
 
1. What types of elements must be created by scientists artificially? 
 
Elements heavier than uranium (element 92) do not exist in significant quantities in nature and must be 
created through artificial means. 
 
2. What techniques are used by scientists to create these elements? 
 
To create superheavy elements, scientists bombard an existing element with neutrons or small atomic nuclei 
using a particle accelerator or slam beams of heavy atoms onto a target containing another element. In 
either case, the bits being smashed must fuse together to create a new atom with a bigger nucleus. 
 
3. Where do scientists create superheavy elements? What equipment is needed?  
   
There aren’t many locations in the world where scientists can create these new elements because of the 
highly specialized equipment, notably high-energy accelerators, needed. There are a few labs where the 
work is done, including in Russia and Japan.  
 
4. How long do the heaviest labmade elements exist? What does their lifetime tell you about their 
stability? What happens to them when they no longer exist? What elements are left over and how are 
they relate to the original element? 
 
Superheavy elements start to decay instants after they’re formed. Their nuclei are so big that they are 
generally unstable and start to decay into smaller elements. The elements that remain after an atom decays 
are lighter than the original atom and are generally a different type of element.   
 
5. In modern experiments, how much of a new element is generally created? How does the amount of the 
element and the time it exists affect the ability to study its properties? 
 
These experiments might produce just milligrams of the material. Because of the small amounts generated 
and the short timeline, scientists have to study individual atoms of a new element instead of being able to 

https://www.sciencenews.org/article/physics-periodic-table-future-superheavy-elements


 

   

 
 

study the properties of a larger sample. Scientists try to determine if the atoms in a new element behave as 
expected based on its place on the periodic table by putting the atoms in contact with other elements and 
observing what occurs. 
 
 
Putting it all together 
 
Answer the following questions as a class. 
 
1. What are three ways that new elements are created? (Hint: Don’t forget to think about what happens to 
the labmade elements shortly after they are created.) 
 
2. How does the energy required to create an atom relate to the atom’s size? What other factors might 
affect the type of element formed in a reaction? 
 
3. Scientists in what fields are interested in how elements are created? 
 
4. Why might we want to understand how elements are created? 
 
5. What other questions do you have about the creation of elements?  
 
Bonus: How does the size of an atom and particles within an atom compare with the size of the 
observable universe? Calculate the order of magnitude difference between their approximate diameters. 
Which do you think scientists know more about — atoms or the universe? Why? What are the limitations 
to studying each?  
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Student Discussion Worksheet 
 
Getting warmed up 
 
Review the following questions as a class.  
 
1. What subatomic particles exist in an atom? Where are these particles generally located, and what 
forces hold them together? 
 
 
 
2. Why are some atoms unstable? What are two ways that the numbers of particles in an atom could 
make it unstable? What happens when an atom is not stable? How are ions produced, and what is nuclear 
decay?  
 
 
 
3. How do we define an atom of a particular element? How do we distinguish between one element and 
another, and why is doing so useful? What techniques allow us to identify the presence of different 
elements?  
 
 
 
4. What is nuclear fusion? How does a star form, live and die? How does nuclear fusion relate to a star’s 
life cycle? How does a star’s mass affect its life cycle, and how does our sun’s size compare with that of 
other stars? 
 
 
 
The star producer  
 
If you have selected “We are stardust,” read the article through the section “Death of a star” and discuss 
the following prompts in your group.   
 
1. What types of stellar events can produce new elements? 
 
 
 
2. What elements were created in the Big Bang? Describe the relative amounts of the elements in the very 
early universe’s giant gas clouds. 
 

https://www.sciencenewsforstudents.org/article/we-are-stardust


 

   

 
 

 
3. What elements are created in a living star, and how are they created? What types of elements cannot be 
born from living stars? 
 
 
 
4. How does a star’s size and temperature affect the elements it can create while living? What types of 
elements are created by our sun? 
 
 
 
5. How do relatively small stars die? How do relatively big stars die? Which process can produce more 
massive elements? Explain. 
 
 
 
Artificial assembly time  
 
If you have selected “Extreme elements push the boundaries of the periodic table,” read the article 
through the section “Relativity rules” and discuss the following prompts in your group.   
 
1. What types of elements must be created by scientists artificially? 
 
 
 
2. What techniques are used by scientists to create these elements? 
 
 
 
3. Where do scientists create superheavy elements? What equipment is needed?  
   
 
 
4. How long do the heaviest labmade elements exist? What does their lifetime tell you about their 
stability? What happens to them when they no longer exist? What elements are left over and how are 
they relate to the original element. 
 
5. In modern experiments, how much of a new element is generally created? How does the amount of the 
element and the time it exists affect the ability to study its properties? 
 
 

https://www.sciencenews.org/article/physics-periodic-table-future-superheavy-elements


 

   

 
 

 
Putting it all together 
 
Answer the following questions as a class. 
 
1. What are three ways that new elements are created? (Hint: Don’t forget to think about what happens to 
the labmade elements shortly after they are created.) 
 
 
 
2. How does the energy required to create an atom relate to the atom’s size? What other factors might 
affect the type of element formed in a reaction? 
 
 
 
3. Scientists in what fields are interested in how elements are created? 
 
 
 
4. Why might we want to understand how elements are created? 
 
 
 
5. What other questions do you have about the creation of elements?  
 
 
 
Bonus: How does the size of an atom and particles within an atom compare with the size of the 
observable universe? Calculate the order of magnitude difference between their approximate diameters. 
Which do you think scientists know more about — atoms or the universe? Why? What are the limitations 
to studying each?  
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Activity Guide for Teachers: The Pressure to Be a Star 

Purpose: To understand the life cycle of stars and how stars produce various elements. 

Procedural overview: Students can use basic algebra, physics and chemistry principles to estimate the 
conditions involved in stars and element formation.  

Approximate class time: 30-50 minutes. 

Materials: 
• Activity guide for students: The Pressure to Be a Star 
• Calculators with scientific notation 

 
Notes to the teacher:  
 
This activity makes extensive use of these basic concepts, so if necessary, please review them in advance 
with your students: 

• Scientific notation 
• Newton’s law of gravity 
• Ideal gas law 

 
In order to keep the math and physics simple, this activity involves some crude approximations and 
plenty of hand waving. For more detailed calculations that arrive at similar final results, please see for 
example: 
 
 M. Schwarzschild. Structure and Evolution of the Stars. Dover, 1958.  
 
 R. Kippenhahn and A. Weigert. Stellar Structure and Evolution. Springer-Verlag, 1990. 
 
 S. L. Shapiro and S. A. Teukolsky. Black Holes, White Dwarfs, and Neutron Stars. Wiley, 1983.   
 
 
Questions for students, with suggested answers: 
 
Defined constants needed in the calculations: 

• Speed of light = c = 3.00 x 108 m/sec 
• Gravitational constant = G = 6.67 x 10-11 m3/(kg•s2) 

 
1. Our sun is a fairly typical star, so we will do most of our calculations using it. The sun’s average radius 
is r = 6.96 x108 m. Assuming that the sun is perfectly spherical (it is actually slightly oblate or squished), 
what is its volume? 
 
 Vsun = (4/3) π r3 = 1.41 x 1027 m3 
 

https://www.sciencenews.org/snhs/guide/component/activity-guide-teachers-pressure-be-star


 

 

2. For comparison, Earth’s average radius is approximately 6.37 x 106 m. What is Earth’s volume, and 
how many Earths would fit inside the sun? 
 
 VEarth = 1.08 x 1021 m3, so 1.3 million Earths would fit inside the sun 
 
3. The sun’s mass is M = 1.99 x 1030 kg. What is the sun’s average mass density, and how does that 
compare to the density of water (1000 kg/m3)? 
 
 ρavg = M/V = 1410 kg/m3, so 1.41 times the density of water 
 
4. Since the sun is neither contracting nor expanding, the gravitational force pulling matter inward 
toward the center of the sun must be equal to the outward force of gas pressure generated by the heat of 
fusion reactions, a condition known as hydrostatic balance. Detailed equations for hydrostatic balance 
may be found using calculus, but a simple estimate can be made with algebra. From Newton’s law of 
gravity, the gravitational force pulling inward on matter of density ρavg near the outer edge of the sun 
would be GρavgM/r2. If the pressure at the center of the sun is Pc, the average pressure gradient between 
the center of the sun and its edge is Pc/r. Setting those two forces equal would give Pc/r = GρavgM/r2, or Pc 
= GρavgM/r. In reality, the pressure is much more concentrated in the center of the sun than that linear 
estimate suggests — roughly 100 times as concentrated — so a decent approximation is Pc = 100 Gρavg 

M/r.  
 
Using this approximation, what is the pressure at the center of the sun, and how does it compare with the 
pressure of Earth’s atmosphere at sea level (1.01 x 105 Pa)? Solve the equation for a numerical answer, 
and also solve the equation using the appropriate units (1 Pa = kg/(m•s2)). 
 
 Pc = 100 GρavgM/r = 2.69 x 1016 Pa, so 2.66 x 1011 times Earth’s atmospheric pressure 
 
5. Our assumption was that the pressure is concentrated 100-fold in the center compared with a simple 
linear estimate. That will compress the density to 100 times the average density. Calculate the density in 
the center of the sun: 
 
 ρc = 100 ρavg = 1.41 x 105 kg/m3 
 
6. Using the ideal gas law with a gas constant for monatomic hydrogen gas, R = 8315 J/(kg•K), the central 
pressure would be related to the central density and central temperature as Pc = R ρc Tc. But hydrogen in 
the sun is ionized, so its protons and its electrons each contribute that much pressure, and the total 
pressure is doubled, Pc = 2 R ρc Tc. 
 
What is the temperature at the center of the sun? 
 
 Tc = Pc/(2 R ρc) = 1.15 x 107 K  
 

(Note: The actual value is 1.5 x 107 K, so we did well considering how crude our approximations 
were.) 

 
7. Normal room temperature is around 295 Kelvin (K). How many times hotter than room temperature is 
the center of the sun? 
 



 

 

 Roughly 40,000–50,000 times hotter. 
 
8. Based on the temperature thresholds at which these fusion reactions become significant, which of 
these reactions are most dominant in the sun? 
 
 Tc > 8 x 106 K  : proton-proton fusion to produce 4He from protons 

 Tc > 1.8 x 107 K : carbon-catalyzed (CNO) fusion to produce 4He from protons 

 Tc > 1 x 108 K : helium burning  4He + 4He  8Be and 8Be + 4He  12C + γ 

 Tc > 1 x 108 to 1 x 109 K: 12C + 4He  16O + γ and 12C + 12C  23Na + 1H  

 Proton-proton fusion is dominant. There is a little carbon-catalyzed fusion. 
 
9. Fusing protons together forms helium-4 nuclei, also called α particles. The mass of one proton is mp = 
1.6726 x 10-27 kg. The mass of one α-particle is mα = 6.6442 x 10-27 kg. The total mass of four protons is 
larger than the mass of the helium-4 nucleus that the protons produced through fusion, so the excess 
mass is converted into energy. How much energy is produced by forming one α-particle? 
 
 E = (4mp - mα)c2 = 4.16x10-12 J 
 
10. The sun produces approximately 3.84 x 1026 W (J/sec) of energy. How many α-particles does it 
produce per second? 
 
 9.24 x 1037 α-particles per second 
 
11. How much solar mass gets converted from hydrogen to helium per second? 
 
 6.18 x 1011 kg/sec (4 mp x number of α-particles produced per second) 
 
12. If a neutron has a mass mn = 1.6749 x 10-27 kg and an average effective radius of 9.41 x 10-16 m, what 
is its density? 
 
 ρneutron = 4.80 x 1017 kg/m3 (Solve for Vneutron, then ρneutron = mn/Vneutron) 
 
13. If all the matter in the sun were compressed to form a neutron star with the same density as for the 
neutron you just calculated, how much more dense would that be than the sun’s current average density? 
 
 3.40 x 1014 times more dense (ρavg /ρneutron) 
 
14. If all the matter in the sun were compressed to form such a neutron star, what would its radius be? 
 
 9970 m = about 10 km (Vneutron star = (4/3) π rneutron star3 = Msun/ρneutron, solve for rneutron star) 
 
Typical neutron stars are only somewhat more massive than the sun, so that is actually a good estimate of 
the radius of real neutron stars. 
 



 

 

15. A mass M must be compressed to a Schwarzschild radius of RS to become a black hole. RS is also the 
point at which light cannot escape. The escape velocity for an object from a given radius is that such that 
the object’s positive kinetic energy is sufficient enough to cancel out the object’s negative gravitational 
potential energy, mv2/2 - GMm/R = 0, or R = 2GM/v2. If light cannot escape, v=c, one finds the 
Schwarzschild radius RS = 2GM/c2. If the sun were compressed to form a black hole, what would its 
Schwarzschild radius be? 
 
 RS = 2GM/c2 = 2950 m = about 3 km 
 
16. Out of all of these facts and numbers, what surprises you the most? 
 
 Student answers will vary. 
 
17. What other relevant characteristics or effects can you calculate using your knowledge of math and 
science? 
 
 Student answers will vary. 
 
 
 



November 23, 2019 
Strontium Found in Neutron Star Crash 
 

 

Activity Guide for Students: The Pressure to Be a Star 

Purpose: To understand the life cycle of stars and how stars produce various elements. 
 
Procedural overview: Use basic algebra, physics and chemistry principles to estimate the conditions 
involved in stars and element formation.  
 
Defined constants needed in the calculations: 

• Speed of light = c = 3.00 x 108 m/sec 
• Gravitational constant = G = 6.67 x 10-11 m3/(kg•s2) 

 
1. Our sun is a fairly typical star, so we will do most of our calculations using it. The sun’s average radius 
is r = 6.96 x108 m. Assuming that the sun is perfectly spherical (it is actually slightly oblate or squished), 
what is its volume? 
 
 
 
 
 
 
2. For comparison, Earth’s average radius is approximately 6.37 x 106 m. What is Earth’s volume, and 
how many Earths would fit inside the sun? 
 
 
 
 
 
 
3. The sun’s mass is M = 1.99 x 1030 kg. What is the sun’s average mass density, and how does that 
compare to the density of water (1000 kg/m3)? 
 
  
 
 
 
 
4. Since the sun is neither contracting nor expanding, the gravitational force pulling matter inward 
toward the center of the sun must be equal to the outward force of gas pressure generated by the heat of 
fusion reactions, a condition known as hydrostatic balance. Detailed equations for hydrostatic balance 
may be found using calculus, but a simple estimate can be made with algebra. From Newton’s law of 
gravity, the gravitational force pulling inward on matter of density ρavg near the outer edge of the sun 
would be GρavgM/r2. If the pressure at the center of the sun is Pc, the average pressure gradient between 
the center of the sun and its edge is Pc/r. Setting those two forces equal would give Pc/r = GρavgM/r2, or Pc 
= GρavgM/r. In reality, the pressure is much more concentrated in the center of the sun than that linear 



 

 

estimate suggests — roughly 100 times as concentrated — so a decent approximation is Pc = 100 Gρavg 

M/r.  
 
Using this approximation, what is the pressure at the center of the sun, and how does it compare with the 
pressure of Earth’s atmosphere at sea level (1.01 x 105 Pa)? Solve the equation for a numerical answer, 
and also solve the equation using the appropriate units (1 Pa = kg/(m•s2)). 
 
 
 
 
 
 
5. Our assumption was that the pressure is concentrated 100-fold in the center compared with a simple 
linear estimate. That will compress the density to 100 times the average density. Calculate the density in 
the center of the sun: 
 
  
 
 
 
 
6. Using the ideal gas law with a gas constant for monatomic hydrogen gas, R = 8315 J/(kg•K), the central 
pressure would be related to the central density and central temperature as Pc = R ρc Tc. But hydrogen in 
the sun is ionized, so its protons and its electrons each contribute that much pressure, and the total 
pressure is doubled, Pc = 2 R ρc Tc. 
 
What is the temperature at the center of the sun? 
 
 
 
 
 
 
7. Normal room temperature is around 295 Kelvin (K). How many times hotter than room temperature is 
the center of the sun? 
 
  
 
 
 
 
8. Based on the temperature thresholds at which these fusion reactions become significant, which of 
these reactions are most dominant in the sun? 
 
 Tc > 8 x 106 K  : proton-proton fusion to produce 4He from protons 

 Tc > 1.8 x 107 K : carbon-catalyzed (CNO) fusion to produce 4He from protons 

 Tc > 1 x 108 K : helium burning  4He + 4He  8Be and 8Be + 4He  12C + γ 



 

 

 Tc > 1 x 108 to 1 x 109 K: 12C + 4He  16O + γ and 12C + 12C  23Na + 1H  

 
 
 
  
 
9. Fusing protons together forms helium-4 nuclei, also called α particles. The mass of one proton is mp = 
1.6726 x 10-27 kg. The mass of one α-particle is mα = 6.6442 x 10-27 kg. The total mass of four protons is 
larger than the mass of the helium-4 nucleus that the protons produced through fusion, so the excess 
mass is converted into energy. How much energy is produced by forming one α-particle? 
 
 
 
 
 
 
10. The sun produces approximately 3.84 x 1026 W (J/sec) of energy. How many α-particles does it 
produce per second? 
 
 
 
 
 
 
11. How much solar mass gets converted from hydrogen to helium per second? 
 
 
 
 
 
 
12. If a neutron has a mass mn = 1.6749 x 10-27 kg and an average effective radius of 9.41 x 10-16 m, what 
is its density? 
 
 
 
 
 
 
13. If all the matter in the sun were compressed to form a neutron star with the same density as for the 
neutron you just calculated, how much more dense would that be than the sun’s current average density? 
 
 
 
 
 
 
 



 

 

14. If all the matter in the sun were compressed to form such a neutron star, what would its radius be? 
 
 
 
 
 
 
15. A mass M must be compressed to a Schwarzschild radius of RS to become a black hole. RS is also the 
point at which light cannot escape. The escape velocity for an object from a given radius is that such that 
the object’s positive kinetic energy is sufficient enough to cancel out the object’s negative gravitational 
potential energy, mv2/2 - GMm/R = 0, or R = 2GM/v2. If light cannot escape, v=c, one finds the 
Schwarzschild radius RS = 2GM/c2. If the sun were compressed to form a black hole, what would its 
Schwarzschild radius be? 
 
 
 
 
 
 
16. Out of all of these facts and numbers, what surprises you the most? 
 
 
 
 
  
 
17. What other relevant characteristics or effects can you calculate using your knowledge of math and 
science? 
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