




We will learn about…

• Some basic concepts in physics, such as mass, density, momentum, 
and rate of change.

• Newtonian mechanics and Newtonian gravity: the laws of physics 
that control the motion of most things in the universe, including 
stars and planets.

Nebula NGC 6357
Credits: NASA



Newton's first law of motion

• Isaac Newton, born in 1642, was an English mathematician, 
physicist, and astronomer.

• He is responsible for establishing the field of classical mechanics.

• In 1687, Newton published his book “Mathematical Principles of 
Natural Philosophy”.

• There he introduced his three laws of motion and his law of 
universal gravitation.



Newton's first law of motion

• Before Newton, the motion of the planets was a mystery.

• Galileo, Kepler, and others described some properties of this 
motion, but the motion itself was only understood after Newton 
published his laws.

• With Newton's laws, it finally became possible to do a complete 
mathematical analysis of the motions of the planets.

• This was used to derive and explain Kepler's laws from 
fundamental principles.



Newton's first law of motion

• Newton's laws apply not only to planets – they also apply to objects 
on Earth, and to Earth itself.

• And this is further evidence that the planets are made from the 
same matter as the Earth is.

• If I drop a ball on Earth, it follows the exact same laws as the Earth 
itself does when it orbits around the Sun.

• And if I drop a ball on Mars, or in the Andromeda galaxy, or 
anywhere else in the universe, it will still follow the same laws.



Newton's first law of motion

• To explain Newton's laws, we first need to clarify the difference 
between speed and velocity.

• In physics, speed means how fast you're moving, e.g. 100 km/h.

• Velocity has two components: a speed and a direction.

• So 100 km/h is a speed, while 100 km/h due north is a velocity.



Newton's first law of motion

• Mathematically, speed is just a 
number, while velocity is a 
vector.

• A vector is an arrow that has a 
length and a direction.

• The length, or magnitude, of the 
velocity vector is the speed.

100 km/h north-east

50 km/h south



Newton's first law of motion

• In the previous lecture, we learned that the inertia of an object is its 
natural tendency to keep moving at the same speed.

• Newton's first law of motion is basically a more precise version of 
Galileo's law of inertia.

• It states that an object moving at constant velocity will not change 
its speed unless acted on by a force.

• "Constant velocity" also includes being at rest – a constant velocity 
of zero.

• So Newton's first law also means that an object at rest will stay at 
rest unless acted on by a force.



Newton's first law of motion

• But what exactly is a force?

• Mathematically, force is a vector. Again, this means it has both a 
length and a direction.

• Physically, a force is an interaction or influence that pushes or pulls
an object.

• The length of the force vector tells us how strong the force is.

• The direction of the force vector tells us the direction of the push or 
pull.



Newton's first law of motion

Force is measured in units of newton (N).

This force pulls 
the ball with 50 N 
to the south.

This force pushes 
the ball with 100 N 
to the north-east.



Newton's first law of motion

• Usually, we don’t really see Newton's first law in action.

• That's because moving objects generally touch surfaces, leading to 
friction; or the air, leading to air resistance.

• Both are types of forces, and these forces eventually reduce the 
object's speed to zero.

• Also, if you throw something in the air, the force of gravity will pull 
it back to the ground.

• So on Earth, objects never actually continue to move at constant 
velocity forever.



Newton's first law of motion

• But in space, there's an almost perfect vacuum, so stars, planets, 
and other objects can move forever without slowing down.

• If you throw a ball in space, far from the gravitational influence of 
any planet or star, the ball might keep moving at a constant speed 
in a straight line forever!



Some basic concepts in physics: mass

• Before we can understand Newton's second law, we need to 
understand some basic physics concepts.

• Intuitively, the mass of an object is a measure of how much matter 
is in that object.

• Mass is measured in units of kilograms (kg). 



Some basic concepts in physics: weight

• The weight of the object is proportional to its mass, but the two 
quantities are not the same.

• The mass of an object is constant, it never changes.

• The weight of an object measures how much gravitational force 
attracts the object to the surface of a planet.

• So the object's weight will be larger on Earth than on the Moon, for 
example, since the Earth has more mass, so it exerts more gravity

• In space, far from any sources of gravity, objects have no weight.



Pop quiz

• The gravity on the surface of Mars is about 1/3 of the gravity on the 
surface of Earth.

• If my mass is 60 kg on Earth, how much will my mass be on Mars?

A: 20 kg

B: 180 kg

C: 60 kg



Pop quiz

• The correct answer is:

C: 60 kg
• Mass is constant. If my mass is 60 kg on Earth, then it’s also 60 kg 

anywhere else. Only weight depends on the strength of gravity.



Some basic concepts in physics: density

• Imagine that you have 1 kg of bricks and 1 kg of feathers. 

• Intuitively, the bricks “should” weigh more than the feathers, which 
means they should have more mass.

• But in reality, both the bricks and the feathers have the same mass 
of 1 kg!

1 Kilogram of Bricks vs. Feathers
Credits: OpenStax College Physics



Some basic concepts in physics: density

• So what's the difference? The bricks have a higher density.

• Density is defined as mass per unit volume.

• It is measured in units of kg per meter cubed (kg/m3).

• If a material has a density of 1 kg/m3:
• 1 m3 of this material will have a mass of 1 kg.

• 2 m3 of this material will have a mass of 2 kg.

• And so on.



Some basic concepts in physics: density

• The average density of a brick is 2,000 kg/m3.

• The average density of a feather is 2 kg/m3, which is 1,000 times 
smaller.

• This means that to get 1 kg of feathers, we need a volume that is 
1,000 times larger than the volume of 1 kg of bricks!



Pop quiz

• The density of the human body is approximately 1,000 kg/m3. 
What is the volume of a 100 kg human?

A: 
1

10
m3

B: 1 m3

C: 10 m3



Pop quiz

• The correct answer is:

A: 
1

10
m3

• If one 100 kg human has a volume of 
1

10
m3, then ten 100 kg 

humans will have:

• Total mass: 1,000 kg.

• Total volume: 1 m3.

• Density: 1,000 kg/m3.



Some basic concepts in physics: momentum

• Momentum is the product of mass and velocity.

• You can think about momentum in terms of atoms.

• If a 1 kg brick is moving with a velocity of 1 m/s, each individual 
atom inside the brick moves with the same velocity.

• The mass is analogous to the number of atoms. So the momentum, 
mass × velocity, is like adding up the velocities of all the atoms.

• The momentum of this brick will be 1 kg × 1 m/s = 1.
• The units of momentum are kg ⋅ m/s, but that’s not important right now.



Some basic concepts in physics: momentum

• Consider a brick with twice the mass, 2 kg, moving at the same 
speed, 1 m/s.

• Even though each individual atom is still moving at 1 m/s, there are 
now twice as many atoms, so the brick will have twice the 
momentum.

• The momentum will be 2 kg × 1 m/s = 2.



Some basic concepts in physics: momentum

• Now consider a 2 kg brick moving at twice the speed, 2 m/s.

• Even though we have the same number of atoms as the previous 
brick, each individual atom is now moving at twice the speed, so 
the brick will have twice the momentum.

• The momentum will be 2 kg × 2 m/s = 4.

• In conclusion, we see that the momentum measures the “total 
movement” of all the atoms in an object.



Pop quiz

• What is the total momentum of two 3 kg bricks moving at 2 m/s?

A: 6

B: 12

C: 24



Pop quiz

• The correct answer is:

B: 12
• Two 3 kg bricks have a total mass of 6 kg. So the momentum is:

6 kg × 2 m/s = 12



Some basic concepts in physics: rate of change

• Velocity is the rate of change of position. It tells us how fast the 
position changes.

• In other words, it tells us by how many meters the position changes 
every second.

• That’s why it’s measured in meters per second (m/s).



• If an object moves away at velocity 1 m/s:
• After 1 second it will be 1 meter away.

• After 2 seconds it will be 2 meters away.

• And so on.

• If an object moves away at velocity 5 m/s:
• After 1 second it will be 5 meters away.

• After 2 seconds it will be 10 meters away.

• And so on.

Some basic concepts in physics: rate of change



• Acceleration is the rate of change of velocity.

• It tells us how fast the velocity changes.

• In other words, it tells us by how many meters per second the 
velocity changes every second.

• That’s why it’s measured in meters per second per second or 
meters per second squared (m/s2).

Some basic concepts in physics: rate of change



• If an object moves with acceleration 1 m/s2:
• After 1 second it will be moving at 1 m/s.

• After 2 seconds it will be moving at 2 m/s.

• And so on.

• If an object moves with acceleration 5 m/s2:
• After 1 second it will be moving at 5 m/s.

• After 2 seconds it will be moving at 10 m/s.

• And so on.

Some basic concepts in physics: rate of change



Pop quiz

• A ball falling on Earth has acceleration of approximately 10 m/s2. 
What will be its velocity after 3 seconds?

A: 10 m/s

B: 20 m/s

C: 30 m/s



Pop quiz

• The correct answer is:

C: 30 m/s
• 10 m/s2 means:

• 10 m/s after 1 second.

• 20 m/s after 2 seconds.

• 30 m/s after 3 seconds.



Newton’s second law of motion

• Newton's second law of motion says that the force acting on a body 
is equal to the rate of change of the body’s momentum.

• If there's no force, there's also no change in momentum.

• But if we do apply a force, then it will cause the momentum to 
change over time. More force means more change in momentum.



Newton’s second law of motion

• Remember that momentum is mass times velocity.

• But in almost all cases, the mass stays constant.

• If there's a force, the momentum changes. But if the mass is 
constant, then changing the momentum only changes the velocity.

• In other words, if there's a force, then there's also acceleration: a 
change in velocity.



Newton’s second law of motion

• So if the mass is constant, we can say that force equals mass times 
acceleration.

• Mathematically, you may be familiar with the equation 𝐹 = 𝑚𝑎:
• 𝐹 is the force,

• 𝑚 is the mass (assumed to be constant),

• 𝑎 is the acceleration.

• We measure force in newtons (N).

• 1 N is the force that gives a mass of 1 kg an acceleration of 1 m/s2.

• For example: if I push a mass of 1 kg with a force of 8 N, it will get 
an acceleration of 8 m/s2.



Newton’s second law of motion

• On the other hand, if there's no force, there's no acceleration, and 
the velocity doesn't change.

• But that's Newton's first law: the velocity stays the same unless we 
apply a force.

• So why do we need the first law? It seems redundant.



Newton’s second law of motion

• Well, not exactly: Newton's first law is needed because it defines 
the concept of inertial frames of reference.

• A frame of reference is a frame where an observer is at rest.

• An inertial frame of reference is one in which Newton’s first law 
holds.

• When you’re in a parked car, your frame is inertial.

• When you’re in a car moving at constant speed, your frame is also 
inertial.



Newton’s second law of motion

• But when your car accelerates, the frame is not inertial any more.

• If you accelerate forward, the back of your chair pushes you 
forward.

• You are at rest in your own frame, even though a force is acting on 
you.

• So Newton’s first law is not valid, and your frame is not inertial.

• In general, an accelerating frame is always a non-inertial frame.



Newton’s second law of motion

• Remember that we can't feel the Earth moving because it's moving 
at a constant speed, and we can only feel acceleration, not constant 
speed.

• Newton's second law provides the reason: in an inertial frame, if 
you're moving at a constant speed, then there's no force acting on 
you, and therefore nothing to feel.

• But if you're accelerating, then there must be a force causing that 
acceleration. This force is what your body actually feels when you 
accelerate.



Newton’s third law of motion

• Newton's third law of motion says that if two objects exert forces 
on each other, these forces are equal in magnitude and opposite in 
direction.

• A simpler way of stating the third law is that "every action has an 
equal and opposite reaction".



• When you walk or run, you are 
using Newton’s third law.

• Your feet push against the 
ground (the action).

• The ground pushes back on your 
feet (the reaction).

A Runner Demonstrating Newton’s Third Law
Credits: OpenStax University Physics



• Rockets also operate using Newton’s 
third law.

• The rocket exhausts gas towards the 
back.

• Due to Newton’s third law, this action has 
an opposite reaction, pushing the rocket 
forward.

• Rockets don’t need to push on air! This 
actually works best in a vacuum.

A Rocket Launch Demonstrating Newton’s Third Law
Credits: SpaceX



Newton’s third law of motion

• The most important consequence of Newton's third law is 
conservation of momentum.

• This means that the total momentum of the two interacting objects 
never changes.

• The first object applies a force in one direction, causing a change in 
momentum in that direction.

• But the second object applies the same force in the opposite
direction, causing an opposite change in momentum.

• The two changes cancel each other, so the total momentum stays 
the same.



Newton’s third law of motion

• Mass is not conserved, and velocity is not conserved either.

• But momentum, the product of mass and velocity, is conserved.

• We can use the fact that momentum is conserved to simplify a lot of 
calculations.

• But more importantly, it gives us a better understanding of how our 
universe works at the most fundamental level.



Angular momentum

• Remember that momentum can be thought of as the “total 
movement” of all the atoms in an object.
• Mass is analogous to the number of atoms.

• Momentum = mass × velocity = adding up the velocities of all the atoms.

• Angular momentum can be thought of as the “total rotation” of an 
object around a point.

• It is defined as mass × velocity × distance from the point.

• Angular momentum is also conserved.



• A figure skater is spinning with 
her arms out.

• The angular momentum of the 
arms is mass × velocity ×
distance from the axis of 
rotation.

• When she brings her arms in, 
the distance becomes smaller.

• The angular momentum and 
mass stay constant.

• If the distance is smaller, the 
velocity must increase so that 
the product stays the same.

• So the skater rotates faster 
when bringing her arms in.

A Figure Skater Demonstrating Conservation of Angular Momentum
Credits: OpenStax Astronomy



Angular momentum

• Remember Kepler’s second law: a planet's speed in its orbit is 
inversely proportional to its distance from the Sun.

• Now we know that this is a consequence of conservation of angular 
momentum.

• This works just like the skater! When the planet is closer to the 
Sun, the distance decreases, so the speed must increase.
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