
Mass and energy

• There’s no such thing as “pure energy”.

• Energy is just a “currency” used to convert something (e.g. height) 
to something else (e.g. speed).

• Imagine a world where you cannot have money. You can know how 
much money something is worth, but you can’t sell it and get “pure 
money” back, you can only trade two things worth the same 
amount of money. That’s how energy works.

• When an object is falling, the concept of energy gives us a precise 
formula for how much height is “worth” (potential energy) 
compared to how much speed is “worth” (kinetic energy).



Mass and energy

• Food energy is another example. The number of calories in the food 
indicates how much energy it is “worth”.

• Our bodies convert food energy to other types of energy:
• Thermal energy, to maintain body temperature.

• Kinetic energy, to move the muscles.

• And so on.

• Energy is the “currency” that tells us how much of one thing (food) 
can be converted to another thing (e.g. heat or motion).



Mass and energy

• According to Einstein’s theory of relativity, mass is also “worth” 
energy. This is described by his most famous equation:

𝐸 = 𝑚𝑐2

• 𝑚 is the mass of the object.

• 𝐸 is the energy that this mass is “worth”, also called rest energy.

• 𝑐 ≈ 3 × 108 m/s is the speed of light.
• This doesn’t mean this equation has anything to do with light!

• The speed of light is really just a conversion factor, like an exchange rate.

• 1 USD = 1.3 CAD, and similarly, 1 unit of mass = 𝑐2 units of energy.



Mass and energy

• Remember: energy isn’t a “thing” by itself. There is no such thing as 
“pure energy”.

• The equation 𝐸 = 𝑚𝑐2 simply means that mass can be converted to 
other things.

• The concept of rest energy tells us how much mass we need in 
order to get a certain amount of the other things.



Mass and energy

• A common misconception goes as follows:
• Mass is a measure of the quantity of matter.

• Therefore 𝐸 = 𝑚𝑐2 means that “matter can be converted into energy”.

• This is not entirely accurate.

• This misconception is very common, even among physicists and 
other scientists.
• It also appears in section 16.2 of the course textbook.



Mass and energy

• Energy cannot exist on its own – there is no “pure energy”.

• Therefore, the statement “matter can be converted into energy” is 
wrong.

• Just like we can’t “convert speed into energy”, we also can’t “convert 
matter into energy”.

• 𝐸 = 𝑚𝑐2 means we can convert mass into something else, like 
speed.

• Kinetic energy is how much the speed is “worth” in this conversion. 
Rest energy (𝑚𝑐2) is how much the mass is “worth”.



Mass and energy

• Another thing wrong with this misconception is that it confuses 
mass with matter.

• Mass intuitively measures “how much matter” is in an object, but 
that’s not a precise definition, just intuition.

• Mass is a property of matter, not the matter itself.

• As we will see, in the process that happens inside stars, the matter 
doesn’t exactly disappear. It just becomes a different kind of matter, 
with less mass but more speed.



Atoms and particles

• So it’s more precise to say that stars convert mass into speed, not 
matter into energy.

• But even that isn’t entirely accurate, since other things are also 
created in this process, not just speed (or kinetic energy).

• To better understand how this works, we need to review atoms and 
subatomic particles.

• We learned a bit about this topic back in lecture 1 of ASTR 1P01. 
Now we will learn about it in more depth.



A Helium Atom
Credits: Modification of work by Yzmo (Wikipedia)

• Most things we can see or 
detect, like stars, planets, and 
humans, are made of atoms.

• Every atom is composed of a 
nucleus, surrounded by a 
cloud of electrons.

• The nucleus itself is made of 
protons and neutrons, each of 
which is around 100,000 
times smaller than an atom.



Atoms and particles

• Size of an atom: 10−10 m = 0.000 000 000 1 m
• If you don’t remember powers of 10, please review lecture 1!

• Size of a nucleus: 10−15 m = 0.000 000 000 000 001 m

• Size of a proton or neutron: just a bit smaller than the nucleus.



• This illustration of an atom 
you may have seen before is 
wrong!

• The electrons don’t orbit the 
nucleus, they’re “probability 
clouds”.

• I’ll explain what this means 
later, when we learn about 
quantum mechanics.

Diagram of an Idealized Lithium Atom
Credits: Modification of work by AG Caesar (Wikipedia)



Atoms and particles

• There are 118 different types of atoms that we know of, which are 
also called chemical elements.

• All atomic matter in the universe is made of different combinations 
of these 118 elements.

• The number of protons, known as the atomic number, determines 
the type of the chemical element.

• Hydrogen has 1 proton, helium has 2 protons, and so on.



The Periodic Table of Elements
Credits: Modification of work by Robert Campion



Atoms and particles

• Hydrogen (1 proton) is the most common element. It makes up 
74% of atomic matter.

• Helium (2 protons) makes up 24% of atomic matter.

• The other 116 elements make up the remaining 2%!



• Some matter is made of 
molecules, which are groups 
of two or more atoms bonded 
together.

• For example, water is made of 
water molecules, which 
consist of 2 hydrogen atoms 
and 1 oxygen atom.

A Water Molecule
Credits: Modification of work by Dbc334 and Jynto (Wikipedia)
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• The protons and neutrons in the nucleus are made of particles called up 
and down quarks.

• These are examples of subatomic particles: particles that compose 
atoms. Electrons are also subatomic particles.

Proton:
2 up quarks

1 down quark

Neutron:
1 up quark

2 down quarks



Atoms and particles

• So all atomic matter in the universe is actually made of just 3 kinds 
of particles: electrons, up quarks, and down quarks.

• As far as we know, electrons and quarks are not made of any 
smaller particles, which is why we call them elementary particles.

• Another common elementary particle you may have heard about is 
the photon: the particle of light and electromagnetic radiation.



Atoms and particles

• The Standard Model of Particle Physics is the model that describes 
all known elementary particles and their fundamental interactions.

• These interactions are also known as “forces”. They are mediated 
by elementary particles called force carriers.

• Basically, the particles interact by “sending” a force carrier from 
one particle to another.



Atoms and particles

• The Standard Model describes 3 fundamental interactions.

• The electromagnetic interaction, responsible for the familiar 
electric and magnetic forces (and other things), is mediated by 
photons.

• The strong interaction, responsible for gluing together the quarks 
inside protons and neutrons and the protons and neutrons inside 
nuclei, is mediated by gluons.

• The weak interaction, responsible for nuclear reactions (which we 
will learn about soon), is mediated by W and Z bosons.



Atoms and particles

• Gravity is also a fundamental interaction, but it is not described by 
the Standard Model.

• Instead, gravity is described by general relativity, a different theory 
that follows different rules from the Standard Model.

• It would be nice to combine these two theories into one theory that 
describes all of the particles and interactions, including gravity.

• Unfortunately, we don’t know yet how to do that. Thousands of 
physicists are currently working on different aspects of this 
problem, but it might take decades or centuries before it is solved.
• I also worked on some aspects of this problem, in my MSc and PhD theses.



The 4 fundamental interactions
Credits: Mark Garlick/Science Photo Library/Getty Images Plus; adapted by L. Steenblik Hwang
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Atoms and particles

• In particle physics, we measure energy in electron volts (eV).

1 eV ≈ 1.6 × 10−19 J (joule, a unit of energy).

• From 𝐸 = 𝑚𝑐2, the mass corresponding to energy 𝐸 is 𝑚 = 𝐸/𝑐2.

• So we can measure mass in units of eV/𝑐2:

1 eV/𝑐2 ≈ 1.8 × 10−36 kg

where 𝑐 ≈ 3.0 × 108 m/s.

• It is also convenient to use metric prefixes:
• MeV = mega (1 million) eV

• GeV = giga (1 billion) eV



Atoms and particles

• We measure the electric charge of particles in units of elementary 
charge, often expressed as pure numbers.

• The charge of a single proton in these units is +1.

• The charge of a single electron is −1.

• Quarks actually have fractional charge:
• Up quarks have charge +2/3.

• Down quarks have charge −1/3.

• Photons, gluons, and Z bosons have no charge; they are neutral.



• In a proton, the charges of the 3 quarks add up to exactly 1.

• In a neutron, the charges of the 3 quarks exactly cancel.

Proton:
2 up quarks (charge +2/3)

1 down quark (charge −1/3)

2 ×
2

3
− 1 ×

1

3
= 1

Neutron:
1 up quark (charge +2/3)

2 down quarks (charge −1/3)

1 ×
2

3
− 2 ×

1

3
= 0



Video

• Neutrinos are electrically neutral particles with a very small mass, 
created in nuclear reactions.
• Warning: do not confuse neutrinos with neutrons!

• This video, the first episode of the series “Even Bananas” by 
Fermilab, explains the history of neutrinos.

• It also mentions some other concepts, like radioactive decay, which 
we will talk about in a bit.

• The video can be found at this URL:

https://youtu.be/bGGrdeZuFWo

https://youtu.be/bGGrdeZuFWo
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