unit 3 ap physics

The Principles of Circular Motion and Gravitation in Unit 3 AP Physics

unit 3 ap physics delves into the fascinating world of circular motion and gravitation, fundamental
concepts that underpin much of our understanding of the universe. This unit moves beyond the
simpler, one-dimensional motion of previous topics to explore scenarios where objects move in curves
and are influenced by gravitational forces. We'll unravel the mysteries behind why objects stay in orbit,
the forces that keep them moving in circles, and the universal law that governs how masses attract
each other. Understanding these principles is crucial for excelling in AP Physics, providing a robust
foundation for more advanced topics like rotational dynamics and cosmology. Get ready to explore
centripetal acceleration, gravitational potential energy, and the elegant mathematical descriptions that

bring these cosmic dances to life.
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Introduction to Circular Motion

Circular motion is a cornerstone of AP Physics, describing the movement of objects along a circular
path. Unlike the linear motion we often encounter, circular motion involves continuous changes in
direction, even if the object's speed remains constant. This constant change in velocity necessitates a
force, known as the centripetal force, that constantly pulls the object towards the center of the circle.
Without this force, the object would simply continue in a straight line, tangential to its circular path.
This unit will equip you with the tools to analyze these circular movements, from the simple spin of a

toy top to the complex orbits of planets.

Understanding circular motion is not just about memorizing formulas; it's about grasping the underlying
physics. We’ll explore how acceleration arises even when speed is constant, a concept that often trips
up students initially. This acceleration, called centripetal acceleration, is directed towards the center of
the circular path and is directly responsible for changing the object's velocity vector. By dissecting the

components of this motion, we can predict and explain a wide range of phenomena.

Centripetal Acceleration and Force

Understanding Centripetal Acceleration

Centripetal acceleration is the acceleration that causes an object to move in a circular path. The word
"centripetal" itself means "center-seeking." This acceleration is always directed towards the center of
the circle. Even if an object is moving at a constant speed in a circle, it is still accelerating because its
velocity is constantly changing direction. Imagine a car turning a corner; the driver feels a force
pushing them towards the outside of the turn, but the car itself is accelerating inwards to maintain the

turn. This inward acceleration is the centripetal acceleration.



The magnitude of centripetal acceleration is given by the formula: $a_c = \frac{v*2Kr}$, where $v$ is
the tangential speed of the object and $r$ is the radius of the circular path. A higher speed or a tighter
radius will result in a greater centripetal acceleration. This means that to keep an object moving in a
smaller circle at the same speed, a larger force is required, and to keep an object moving in a larger
circle at the same speed, less force is needed. It’s like swinging a ball on a string; the faster you

swing it or the shorter the string, the harder you have to pull to keep it from flying away.

The Role of Centripetal Force

Centripetal force is the force that causes centripetal acceleration. It is not a new type of force but
rather a description of the net force acting towards the center of a circular path. This force can be
provided by various sources, such as tension in a string, friction between tires and the road, or the
gravitational pull between celestial bodies. Without a centripetal force, an object cannot maintain
circular motion and will instead move in a straight line tangent to its path at the point where the

centripetal force disappears.

The magnitude of the centripetal force is directly related to the centripetal acceleration by Newton's
second law: $F _c = ma_c$. Substituting the formula for centripetal acceleration, we get $F ¢ =
\frac{mv”2}{r}$, where $m$ is the mass of the object. This equation is incredibly useful for solving
problems involving circular motion. It highlights that to achieve circular motion, a force proportional to
the object's mass and the square of its speed, and inversely proportional to the radius of the circle,

must be exerted.

Uniform Circular Motion



Constant Speed, Changing Velocity

Uniform circular motion occurs when an object moves in a circular path at a constant speed. While the
speed remains constant, the velocity, which is a vector quantity, is continuously changing because the
direction of motion is always changing. At any point on the circular path, the velocity vector is tangent
to the circle at that point. This constant change in direction, as mentioned, implies the presence of

centripetal acceleration, even though the magnitude of the speed is not changing.

Think about a merry-go-round spinning at a steady pace. Each person on the merry-go-round is
experiencing uniform circular motion. Their speed might be the same, but their direction of travel is
always shifting. This continuous directional shift is what makes uniform circular motion distinct and

requires that inward-pointing centripetal force to keep everyone safely on their circular path.

Analyzing Uniform Circular Motion

In uniform circular motion, the net force acting on the object must be equal to the centripetal force and
directed towards the center of the circle. If the speed is constant, the tangential component of
acceleration is zero. The only acceleration present is the centripetal acceleration directed radially
inward. This means that the object's kinetic energy is constant, but its momentum is continuously

changing due to the changing direction.

Problems involving uniform circular motion often require identifying the source of the centripetal force.
For instance, if a car is rounding a curve, the centripetal force is provided by the static friction between
the tires and the road. If a planet orbits a star, the centripetal force is the gravitational attraction
between them. By applying $F c = \frac{mv*2}{r}$, we can solve for unknown quantities like speed,

radius, or the required force.



Non-Uniform Circular Motion

Speed and Magnitude of Acceleration Changes

Non-uniform circular motion occurs when an object moves along a circular path with a changing
speed. In this type of motion, there are two components of acceleration: the centripetal acceleration,
which is still directed towards the center of the circle, and the tangential acceleration, which is tangent
to the circular path and responsible for changing the object's speed. The net acceleration is the vector

sum of these two components.

Consider a roller coaster going over a hill. As it crests the hill, its speed might increase (tangential
acceleration) while its path is still curved (requiring centripetal acceleration). This combination of
accelerations leads to a more complex analysis of the forces involved. The net force will not be solely

directed towards the center of curvature.

Tangential and Radial Components of Acceleration

In non-uniform circular motion, the total acceleration vector ($a$) is the vector sum of the centripetal
acceleration ($a_c$) and the tangential acceleration ($a_t$). The centripetal acceleration's magnitude
is still given by $a_c = \frac{v*2Kr}$, and it is always directed radially inward. The tangential
acceleration's magnitude is $a_t = \frac{dv}{dt}$ (the rate of change of speed), and it is directed

tangent to the path.

The net acceleration's magnitude can be found using the Pythagorean theorem: $a = \sqrt{a_c”2 +
a_t*"2}$. Similarly, the net force acting on the object is the vector sum of the centripetal force and the
tangential force. The tangential force is responsible for changing the object's speed, while the

centripetal force is responsible for changing its direction. This distinction is crucial for accurately



modeling situations where speed is not constant.

Applications of Circular Motion

Circular motion is not just a theoretical concept; it has numerous real-world applications. From the
everyday experience of driving a car around a bend to the vast celestial movements of planets and
stars, circular motion principles are at play. Understanding these applications can solidify your

comprehension of the unit's core ideas.

» Banking of Roads: Roads are often banked at curves to provide the necessary centripetal force,

especially at higher speeds, reducing the reliance on friction alone.

* Amusement Park Rides: Rides like the Ferris wheel and roller coasters utilize principles of

circular motion, often involving both uniform and non-uniform elements.

o Satellites and Spacecraft: The orbits of satellites around Earth and planets around the Sun are

prime examples of gravitational forces providing centripetal force for circular or elliptical motion.

e Centrifuges: These devices use rapid rotation to separate substances based on their density,

leveraging the large centripetal accelerations experienced by particles.

e Washing Machines: The spin cycle of a washing machine uses centripetal force to extract water

from clothes.



Introduction to Universal Gravitation

Moving from circular motion, Unit 3 AP Physics then introduces the concept of universal gravitation, a
force that shapes the cosmos. Gravitation is the force of attraction between any two objects with mass.
It's the invisible tether that holds galaxies together, keeps planets in orbit around stars, and makes
objects fall to the ground when dropped. Before Newton, the understanding of celestial motion was
largely empirical, with complex models describing planetary movements. Newton's law of universal

gravitation provided a unified, elegant explanation for these phenomena.

This section will lay the groundwork for understanding how masses interact across vast distances.
We’ll explore the universality of this force, meaning it applies to all objects with mass, from apples
falling from trees to the grandest celestial bodies. This fundamental force is key to comprehending the

structure and dynamics of the universe.

Newton's Law of Universal Gravitation

Newton's Law of Universal Gravitation states that every particle in the universe attracts every other
particle with a force that is directly proportional to the product of their masses and inversely
proportional to the square of the distance between their centers. Mathematically, this is expressed as:
$F = G \frac{m_1 m_2}r"2}$, where $F$ is the magnitude of the gravitational force between the two
objects, $G$ is the gravitational constant (approximately $6.674 \times 10°{-11} N \cdot m"2/kg"2$),

$m_1% and $m_2$ are the masses of the two objects, and $r$ is the distance between their centers.

This law is remarkably powerful because it applies universally. It explains why an apple falls to the
Earth and why the Moon orbits the Earth. The force is always attractive, pulling the objects towards
each other. The dependence on the inverse square of the distance means that as objects get farther
apart, the gravitational force between them decreases rapidly. If you double the distance, the force

becomes four times weaker.



Gravitational Force and Mass

The gravitational force is directly proportional to the masses of the interacting objects. This means that
if you increase the mass of either object, the gravitational force between them will increase
proportionally. For example, the gravitational pull between the Sun and the Earth is much larger than
the gravitational pull between the Earth and the Moon because the Sun is vastly more massive than
the Moon. Similarly, the gravitational force you exert on the Earth is far less than the force the Earth

exerts on you because your mass is minuscule compared to the Earth's.

The gravitational constant, $G$, is a fundamental constant of nature that quantifies the strength of the
gravitational interaction. Its small value indicates that gravity is a relatively weak force compared to
others, like electromagnetism, unless very large masses are involved, as is the case with planets and
stars. Despite its weakness at the atomic level, its long-range nature and universality make it the

dominant force on astronomical scales.

Gravitational Field

A gravitational field is a region of space around a massive object where another massive object would
experience a gravitational force. It's essentially a way to describe how mass warps spacetime, and
how this warping influences the motion of other masses. We can think of the gravitational field as a
vector field, where at each point in space, there is a vector representing the acceleration that a unit

mass would experience if placed at that point.

The gravitational field strength ($g$) at a point is defined as the gravitational force per unit mass
experienced by a test mass at that point: $g = \frac{F}{m}$. For a spherical object of mass $M$, the
gravitational field strength at a distance $r$ from its center is given by $g = G \frac{M}r"2}$. This is
precisely the acceleration due to gravity that we observe near the surface of the Earth ($g \approx 9.8
\, m/s"2$). This concept simplifies calculations, as we can determine the force on an object by simply

knowing the gravitational field it is in and its own mass.



Gravitational Potential Energy

Gravitational potential energy is the energy an object possesses due to its position in a gravitational
field. Unlike the potential energy near the Earth's surface, which is often approximated as $PE =
mgh$, the universal law of gravitation requires a more general definition that accounts for the inverse
square nature of the force. For objects far apart, the gravitational potential energy is defined as $U = -

G \frac{m_1 m_2}r}$.

The negative sign is significant; it indicates that the gravitational force is attractive. When objects are
infinitely far apart ($r \to \infty$), their potential energy is zero. As they move closer, their potential
energy becomes more negative. This means that work must be done against gravity to separate
massive objects. This concept is crucial for understanding orbital mechanics and the energy required

to escape a celestial body's gravitational pull.

Orbital Mechanics

Orbital mechanics is the study of the motion of celestial bodies under the influence of gravity. Planets
orbiting stars, moons orbiting planets, and artificial satellites orbiting Earth all fall under this domain.
These celestial dances are governed by the interplay of inertia (an object's tendency to continue

moving in a straight line) and gravity (the force pulling them inward).

For an object to maintain a stable orbit, its tangential velocity must be just right. If it's too slow, gravity
will pull it down. If it's too fast, it will escape the gravitational influence of the central body. The balance

between these two factors is what keeps celestial objects in their predictable paths.



Kepler's Laws of Planetary Motion

Johannes Kepler, building on the observations of Tycho Brahe, formulated three laws that describe the

motion of planets around the Sun:

1. The Law of Ellipses: Each planet moves in an elliptical orbit with the Sun at one focus.

2. The Law of Equal Areas: A line segment joining a planet and the Sun sweeps out equal areas
during equal intervals of time. This means planets move faster when they are closer to the Sun

and slower when they are farther away.

3. The Law of Harmonies: The square of the orbital period of a planet is directly proportional to the

cube of the semi-major axis of its orbit ($T*2 \propto a*3$).

Newton later showed that these laws are a direct consequence of his law of universal gravitation.
Kepler's laws provide a powerful descriptive framework for understanding planetary motion and laid the

foundation for further advancements in physics and astronomy.

Satellites and Orbits

Satellites, whether natural like moons or artificial like the International Space Station, orbit a central
body due to a balance between their forward velocity and the gravitational pull of that body. For a
satellite in a circular orbit, the gravitational force provides the necessary centripetal force. Setting the
gravitational force equal to the centripetal force, $G \frac{Mm}{r*2} = \frac{mv*2}{r}$, we can derive the

orbital speed $v = \sqrt{\frac{GM}{r}}$.



This equation reveals that the orbital speed depends only on the mass of the central body and the
radius of the orbit, not on the mass of the satellite. This is why a feather and a hammer dropped on
the Moon fall at the same rate—in a vacuum, their orbital speeds would also be the same if they were

at the same orbital radius.

Escape Velocity

Escape velocity is the minimum speed an object needs to break free from the gravitational influence of
a massive body without any further propulsion. To calculate escape velocity, we set the total
mechanical energy of the object to zero (meaning its kinetic energy is just enough to overcome its
gravitational potential energy at infinite distance). Equating the initial kinetic energy to the negative of
the initial potential energy (since potential energy is negative and we want it to reach zero):

$\frac{1H2}mv_{esc}'2 = G \frac{Mm}r}$.

Solving for $v_{esc}$, we get $v_{esc} = \sqrt{\frac{2GM}{r}}$. This means that escape velocity
depends on the mass of the planet and the distance from its center, but not on the mass of the
escaping object. For Earth, the escape velocity from the surface is about $11.2 \, km/s$. This is a
critical concept in space exploration, determining the energy required to launch rockets and probes

beyond Earth's gravitational pull.

FAQ

Q: What is the main difference between uniform and non-uniform

circular motion in AP Physics?

A: In uniform circular motion, an object moves at a constant speed along a circular path, meaning only

centripetal acceleration is present. In non-uniform circular motion, the object's speed changes, resulting



in both centripetal acceleration (changing direction) and tangential acceleration (changing speed).

Q: How does Newton's Law of Universal Gravitation differ from the

gravitational force near Earth's surface?

A: Newton's Law of Universal Gravitation, $F = G \frac{m_1 m_2}r"2}$, applies to all objects with
mass and describes the force across any distance. The formula $F_g = mg$ used near Earth's surface
is a simplification derived from this law, where $m$ is the object's mass and $g$ is the acceleration
due to gravity (a constant value near the surface), effectively bundling Earth's mass and the distance

from its center into a single term.

Q: Why is centripetal acceleration important if the speed is constant

in uniform circular motion?

A: Even though the speed is constant, the velocity is not. Velocity is a vector, meaning it has both
magnitude (speed) and direction. In circular motion, the direction of motion is constantly changing,
which means the velocity is changing. This change in velocity requires an acceleration, which we call

centripetal acceleration, directed towards the center of the circle.

Q: Can an object be in circular motion without experiencing any force?

A: No, an object cannot be in circular motion without experiencing a net force. This force, known as
the centripetal force, is what causes the centripetal acceleration necessary to change the object's
direction of motion and keep it moving in a circle. Without this force, the object would move in a

straight line tangent to its circular path.

Q: What is the significance of the negative sign in the formula for



gravitational potential energy?

A: The negative sign in the gravitational potential energy formula ($U = -G \frac{m_1 m_2}{r}$)
indicates that the gravitational force is attractive. It signifies that work must be done against gravity to
move two masses further apart. When the masses are infinitely far apart ($r \to \infty$), the potential
energy is considered to be zero, and as they get closer, the potential energy becomes increasingly

negative.

Q: How does the mass of a satellite affect its orbital speed?

A: The mass of a satellite does not affect its orbital speed for a given orbital radius. This can be seen
from the derived formula for orbital speed in a circular orbit: $v = \sqrt{\frac{GM}{r}}$. The equation
shows that the orbital speed depends only on the mass of the central body ($M$) and the orbital

radius ($r$), not on the mass of the satellite ($m$).

Q: What is the primary difference between the Law of Equal Areas and

the Law of Harmonies in Kepler's laws?

A: The Law of Equal Areas deals with the instantaneous speed of a planet as it orbits, stating that a
line joining the planet and the Sun sweeps out equal areas in equal times. This implies that planets
move faster when closer to the Sun and slower when farther away. The Law of Harmonies, on the
other hand, relates the orbital period of a planet to the size of its orbit, stating that the square of the
period is proportional to the cube of the semi-major axis ($T*2 \propto a*3$), describing the overall

relationship between a planet's orbital duration and its orbital dimensions.
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