




We will learn about…

• Mass, energy, and how they are related.

• Subatomic particles and fundamental interactions.

• How stars produce light using nuclear reactions.

Stars in the Milky Way galaxy
Credits: NASA/JPL-Caltech/S. Stolovy (Spitzer Science Center/Caltech)



Mass and energy

• First, let us learn about mass, energy, and the relation between 
them according to relativity.

• WARNING: There are a lot of misconceptions about what we are 
going to learn in this section! Even the textbook doesn’t get it right. 
So pay attention...



Mass and energy

• We first learned about mass in lecture 6 of ASTR 1P01.

• Mass, denoted by 𝑚, intuitively measures “how much matter” is in 
an object. But that’s not a precise definition.

• Mass is related to force 𝐹 and acceleration 𝑎 by Newton’s 2nd law:
𝐹 = 𝑚𝑎

• In words: force is the product of mass and acceleration.



Mass and energy

• We can divide by 𝑚:

𝐹 = 𝑚𝑎 ⟹ 𝑎 =
𝐹

𝑚
• Note that 𝐹 is in the numerator while 𝑚 is in the denominator.

• This means that for the same force 𝐹, if 𝑚 gets larger, then 𝑎 gets 
smaller.

• So the more mass the object has, the less acceleration it will get 
from the same amount of force.

• Therefore, we can define mass as resistance to acceleration.



Mass and energy

• Mass is also related to gravity by Newton's law of universal 
gravitation:

𝐹 = 𝐺
𝑚1𝑚2

𝑟2

• 𝑚1 is the mass of the first object.
• 𝑚2 is the mass of the second object.
• 𝐹 is the force of gravity between the objects.
• 𝑟 is the distance between the objects.
• 𝐺 is a constant of proportionality called the gravitational constant. Its value 

doesn’t matter, it’s just used to convert units.

• In words: “the force of gravity is proportional to the product of the 
masses of the two objects divided by the distance squared”.



Mass and energy

• So mass has two different meanings:
1. Resistance to acceleration by any force (inertial mass).
2. Strength of the gravitational force (gravitational mass).

• It turns out that the inertial mass and gravitational mass of an 
object are always the same, so we just call it “mass”.

• This didn’t have to be the case! We can imagine a universe where 
the inertial and gravitational masses of an object are not the same.

• The principle guaranteeing the equivalence of the two types of 
mass is called the equivalence principle.

• It is a crucial ingredient of general relativity, which we will learn 
about later.



Mass and energy

• Energy is usually denoted by 𝐸.

• You can think of energy as a “currency”, like money.

• Different things have different values in this currency, and you can 
exchange two things if they have the same value.

• If I have 1 table worth $100, I can trade it for 5 chairs worth $20.

• So I exchanged something worth $100 with something else also 
worth $100.

• No money was created or lost in the process. We can say the total 
amount of money was conserved.



Mass and energy

• Energy works in a similar way.

• An object’s motion (speed) contributes to its kinetic energy.

• An object’s height in a gravitational field contributes to its 
gravitational potential energy.

• When the object falls, its height decreases. So its gravitational 
potential energy decreases too.

• This energy is conserved, so it must go somewhere. In this case, it 
gets converted into kinetic energy, so the object’s speed increases.

• That explains why an object accelerates as it falls.



Simulation

• I will show a simulation of a skater going up and down a track, 
changing speed due to exchanging potential and kinetic energy.

• The simulation can be found at this URL:

https://phet.colorado.edu/sims/html/energy-skate-
park/latest/energy-skate-park_en.html

https://phet.colorado.edu/sims/html/energy-skate-park/latest/energy-skate-park_en.html
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