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The History of Gravity

CHAPTER 1
The Wrong Answer: Aristotle and Two Thousand Years of Gravity

Why does anything fall?

It sounds like a simple question. You drop a ball, and it falls. A leaf drifts from a tree; it falls. You trip,
and you fall. Falling seems so obvious that you might wonder whether it even needs an explanation.

But here is the remarkable thing: for most of recorded human history, roughly two thousand years,
the best minds on Earth gave completely wrong answers to that question. And those wrong answers
were believed, taught in universities, written into textbooks, and defended by scholars generation
after generation.

It took a handful of extraordinarily stubborn, curious, and imaginative individuals to overturn those
two millennia of error. This chapter is their story. It is a detective story, a story of ideas clashing, of
experiments replacing armchair reasoning, and of the slow, hard-won discovery that the universe
follows rules you can write down, test, and use to predict the future.

By the end of this chapter, you will understand where gravity's story begins, not with Newton and his
apple, but long before, with a Greek philosopher who was magnificently, confidently, and
influentially wrong.

Aristotle and the Ancient World

The story begins in ancient Greece, around 350 BC, with the philosopher Aristotle. He was arguably
the most influential thinker in Western history. He wrote with authority about logic, ethics, biology,
politics, poetry, and physics. Kings were educated by him. Universities were built around his ideas.
And for nearly two thousand years, to disagree with Aristotle was to mark yourself as a fool or a
troublemaker.

Aristotle's explanation of why things fall went roughly like this: everything in the universe is made of
four elements: earth, water, fire, and air. Each element has a natural place it wants to reach. Earth
and water naturally sink downward, toward the center of the universe (which Aristotle believed was
the center of the Earth). Fire and air naturally rise upward. When you drop a stone, it falls because it
is made mostly of earth, and it is seeking its natural home.

Did You Know?

Aristotle's physics was taught at European universities from the 12th century all the way to
the 17th century, for over 400 years. Galileo's own professors taught Aristotelian physics.
Overturning it was not just a scientific challenge; it was a cultural and religious one.
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Heavier objects, beinﬂ made of more “earth,”
have a stronger desire to reach their natural
place and therefore fall faster. A stone falls
faster than a feather. Proof enough.

Aristotle’s physics was taught at European universities from the 12th century
all the way to the 17th century, over 400 years. Galileo's own professors taught

Aristotelian physics. Overturning it was not just a scientific challenge ; it was
a cultural and religious one.

From this idea, Aristotle drew a conclusion that seemed perfectly logical and that everyone could
apparently verify with their own eyes: heavier objects, being made of more 'earth,' have a stronger
desire to reach their natural place and therefore fall faster. A stone falls faster than a feather. Proof
enough.

?? Think About It

Before reading on, if you drop a hammer and a feather from the same height, the hammer
hits the ground first. Doesn't this prove Aristotle right? He said heavier objects fall faster.
Think carefully: what else is happening here that Aristotle might not have accounted for?

The answer, of course, is air resistance. The feather is not slow because it is light; it is slow because
air pushes back against its large surface area as it falls. In a vacuum, with no air at all, the hammer
and the feather would land at exactly the same moment. But Aristotle had no way to create a vacuum,
and so the confounding effect of air made his wrong conclusion appear right for two thousand years.

Common Misconception

People often say: "Aristotle said heavy objects fall faster, and we can see that's true, so he
must have been right."

The truth is: What we observe on Earth is falling objects plus air resistance. Aristotle never
separated these two effects. His conclusion was based on casual observation, not a controlled
experiment. The moment you remove the air, as Galileo and later astronauts on the Moon would
demonstrate, all objects fall at exactly the same rate, regardless of mass.
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Before we travel back to ancient Greece, watch this 40-second clip from the Apollo 15 Moon landing.
Keep it in mind as you read — everything in this chapter is building toward the moment that makes
this possible.

Watch & Explore
Apollo 15 David Scott drops a hammer and feather on the Moon

You just watched something that took humanity 2,000 years to understand. Here's the story of how
we got there.

The Geocentric Universe

Aristotle placed the Earth at the center of the universe, with the Sun, Moon, planets, and stars all
orbiting around it in perfect circles. This model, called the geocentric model, was later refined and
mathematized by Claudius Ptolemy around 150 AD into a sophisticated system that could actually
predict planetary positions with reasonable accuracy.

It is easy to mock the geocentric 7
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It is easy to mock the geocentric model today, but consider what you can observe with your naked
eyes: the Sun rises in the east and sets in the west. The Moon moves across the sky. The stars wheel
overhead every night. Everything appears to move around us. The geocentric model was not stupid; it
was a reasonable interpretation of the available evidence by people who had no telescopes, no
satellites, and no modern physics.

Watch & Explore
>> The Mechanical Universe Episode 2

Did You Know?

Many people would be surprised to learn that ancient astronomers actually used complex
math to prove the Geocentric model worked mathematically. Because planets appear to loop
backward in the sky. Also see: Geocentric model: The Earth-centered view of the universe,



https://www.youtube.com/watch?v=livG1fp-q8s&list=PL8_xPU5epJddRABXqJ5h5G0dk-XGtA5cZ&index=2
https://en.wikipedia.org/wiki/Geocentrism
https://www.space.com/geocentric-model
https://www.youtube.com/watch?v=KDp1tiUsZw8
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Copernicus and the Revolution That Changed Everything

For nearly fourteen centuries after Ptolemy, the geocentric
model stood essentially unchallenged. Then, in 1543, a
Polish mathematician and clergyman named Nicolaus
Copernicus published a book that quietly detonated a bomb
under the entire edifice of ancient cosmology.

His claim was simple and shocking: the Earth is not the
center of the universe. The Sun is. The Earth moves around
the Sun, not the other way around. This is called the
heliocentric model, and it was not a new idea; the ancient
Greek astronomer Aristarchus had suggested it nearly
eighteen centuries earlier, but Copernicus was the first to
work it out mathematically and publish it seriously.

Did You Know?

Copernicus reportedly received the first printed copy of his book, De Revolutionibus Orbium
Coelestium, on the very day he died, May 24, 1543. He had delayed publication for years,
fearing ridicule and condemnation. He was right to be cautious: within decades, the Catholic
Church placed the book on its list of forbidden texts.

Why does this matter for gravity? Because if the Earth moves, if it is just another planet orbiting the
Sun, then the Earth is not the special center toward which all things naturally fall. Aristotle's entire
framework for why objects fall begins to crumble. If the Earth is just one planet among others, then
the question 'why do objects fall toward Earth?' becomes much more interesting. There must be
something about the Earth itself, not its cosmic position, that pulls things toward it. And if that is
true of the Earth, perhaps it is true of all planets. Perhaps gravity is a universal property of matter,
not just a feature of being at the center of everything.

THE GEOCENTRIC MODEL THE HELIOCENTRIC MODEL
(PTOLEMY) (COPERNICUS)

Q‘ Jupiter
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Copernicus did not answer these questions. But by removing the Earth from the center of the
universe, he made it possible to ask.

?? Think About It

If the Earth orbits the Sun, why don't we feel the Earth moving? We feel perfectly still.
Copernicus was asked this question repeatedly. What is your intuition about why we don't
feel Earth's motion? (Hint: think about being in a smoothly moving car or airplane.)

Tycho Brahe: The Man Who Measured the Sky

Copernicus had a beautiful mathematical idea, but he had no proof. What was needed were data,
precise, careful, long-term observations of exactly where the planets were in the sky, night after night,
year after year. That data was provided by one of the most colorful characters in the history of
science: Tycho Brahe.

Tycho (15461601) was a Danish nobleman who built the finest naked-eye observatory ever
constructed, on the island of Hven, funded by the King of Denmark. For over twenty years, before the
telescope even existed, Tycho and his team measured the positions of stars and planets to a precision
ten times better than anyone before them. He was obsessive, systematic, and brilliant, and also
famously eccentric, keeping a tame moose as a pet and wearing a prosthetic nose made of brass after
losing his real one in a sword duel over a mathematical argument.

TyChO Brahe’s Observatory Tycho Bl‘a.he
on the island of Hven, Denmark (1546-1601)
(c. 1576) .
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Did You Know?

Tycho Brahe actually did not accept the Copernican heliocentric model. He proposed a
compromise: the planets orbit the Sun, but the Sun itself orbits the Earth. Despite being
wrong about the cosmology, his observational data were so precise that it made the next
great discovery possible.

Tycho never found the mathematical pattern hiding in his data. When he died in 1601, he passed his
twenty years of observations to his young assistant, a man named Johannes Kepler. And Kepler
found the pattern.

Kepler and the Laws of Planetary Motion

Johannes Kepler (15711630) was a German
mathematician with a mystical conviction that
the universe was built on beautiful
mathematical relationships. He spent years
trying to fit Tycho's planetary data into circular
orbits because everyone, including Copernicus,
had assumed that heavenly orbits must be
perfect circles. The data refused to cooperate.

Then Kepler tried ellipses. An ellipse is an oval
shape like a circle that has been gently
stretched. The moment he allowed orbits to be
ellipses rather than circles, Tycho's data fit
perfectly. After that breakthrough, two more
laws followed. Together, Kepler's three laws
describe exactly how every planet in the solar system moves, and they did so with no explanation for
why planets move that way. That explanation would have to wait for Newton.

Kepler's Three Laws

First Law: The Law of Ellipses

Every planet orbits the Sun in an ellipse, with the Sun at one of the two foci of the ellipse. The orbit is
not a circle, and the Sun is not at the center; it is offset to one side. This means planets are sometimes
closer to the Sun and sometimes farther away during their orbit.

Second Law: The Law of Equal Areas

A line drawn from the Sun to a planet sweeps out equal areas in equal amounts of time. This is a
mouthful, but the physical meaning is intuitive: planets move faster when they are closer to the Sun,
and slower when they are farther away. When Earth is closest to the Sun (in January), it moves
slightly faster. When it is farthest (in July), it moves slightly slower.

?? Think About It

Kepler's Second Law says planets speed up when they are closer to the Sun and slow down
when they are farther away. Can you think of a reason why this might be? What might the
Sun be doing to cause this? (You don't need to know the answer just think about what kind
of influence the Sun might have on a nearby planet.)
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Watch & Explore
>> The Mechanical Universe Episode 8

Third Law: The Law of Periods

The square of a planet's orbital period (the time it takes to complete one orbit) is proportional to the
cube of the average distance from the Sun. In mathematical shorthand:

KEY EQUATION Kepler's Third Law

T2 « a3

T = orbital period (time for one complete orbit) | a = average orbital radius (semi-major axis) |
Further planets orbit more slowly

@ FIRST LAW: THE LAW OF ELLIPSES @ SECOND LAW: THE LAW OF EQUAL AREAS @ THIRD LAW: THE LAW OF PERIODS
Every p[a.nef orbits the Sun in an ell[pse, A line drawn from the Sun to a planeé sweeps out The square of a p[anef's orbital period (T)
with the Sun at one of the two foci. equal areas in equal amounts of time. is proportional to the cube of the average

distance from the Sun (a).
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What this means in practice: if you know how long a planet takes to orbit the Sun, you can calculate
how far from the Sun it is. Or if you know its distance, you can predict its period. The table below
shows this law in action for the planets of our solar system.

Planet Period T (years) Avg. Distance a (AU) T2/ a3
Mercury 0.24 0.39 1.00
Venus 0.62 0.72 1.00
Earth 1.00 1.00 1.00
Mars 1.88 1.52 1.00
Jupiter 11.86 5.20 1.00
Saturn 20.46 9.58 1.00

Notice the last column: T/a is always 1.00, regardless of which planet you choose. This is Kepler's
Third Law, which made visible a single constant ratio that holds across the entire solar system. It is
one of the most beautiful patterns in all of science.



https://www.youtube.com/watch?v=f7MTOb8GUwk&list=PL8_xPU5epJddRABXqJ5h5G0dk-XGtA5cZ&index=8
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Did You Know?

Kepler discovered his Third Law in 1619, ten years after his first two. He was so delighted by
it that he wrote in his notebook: 'Nothing holds me; I will indulge my sacred fury.' He had
spent his entire career searching for the mathematical harmony of the universe, and here it
was.

Watch & Explore
>> The Mechanical Universe Episode 21; Kepler’'s Three laws

Galileo, the First Experimental Physicist

While Kepler was finding mathematical patterns in planetary motion, an Italian mathematician and
engineer named Galileo Galilei (15641642) was doing something equally radical: he was going outside
and doing experiments. Not thought experiments. Not philosophical arguments. Actual physical
experiments with ramps, balls, pendulums, and water clocks.

This sounds obvious to us today, but in Galileo's time, it was genuinely revolutionary. The dominant
approach to understanding nature was to read Aristotle, think carefully, and argue logically. Galileo's
insistence on testing ideas against physical reality was a cultural as well as a scientific challenge.

The Inclined Plane; Slowing Down Gravity

Galileo's central problem was this: objects in free fall
move too fast to be measured accurately. Without
high-speed cameras or electronic timers, you simply
cannot track a falling stone in enough detail to study
the mathematics of its motion. So Galileo did
something brilliant: he slowed gravity down.

Galileo Galilei
(1564-1642)

Italian mathematician

and engineer

By rolling balls down a gently inclined ramp rather
than dropping them, Galileo reduced the effective
gravitational acceleration to a fraction of g, slow
enough to measure with a water clock (where he
counted the weight of water that flowed out while
the ball was rolling) and even with his own pulse. He
marked positions at equal time intervals and
measured the distances between marks.

?? Think About It

Galileo measured time using a water clock, a container of water with a hole in it. He
weighed the water that dripped out during each interval to measure how much time had
passed. Can you think of a potential problem with this method? What could introduce
errors into his measurements?



https://www.youtube.com/watch?v=uJvOGp1wzTI
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What he found was astonishing. The distances covered in consecutive equal time intervals were not
equal; the ball was constantly speeding up. And the distances followed a very specific pattern: if the
ball traveled 1 unit in the first interval, it traveled 3 units in the second, 5 in the third, 7 in the fourth.
The multipliers were consecutive odd numbers.

Did You Know?

Galileo's Law of Odd Numbers means the total distance fallen after n intervals goes as n
because 1 + 3 + 5 + ... + (2n-1) = n. This is why the equation for falling distance is d = gt. The
t comes directly from the pattern Galileo found on his ramp.

Watch & Explore

>> The Mechanical Universe Episode 2: The Law of Falling Bodies
>> Galileo's Inclined Plane NOVA
>> The History of Gravity

Do All Objects Fall at the Same Rate?

Galileo's inclined plane experiments revealed something that struck directly at Aristotle's claim that
heavier objects fall faster. No matter what mass he used, heavy iron balls, light wooden balls, they all
rolled down the ramp with the same acceleration. Mass did not matter at all.

Legend has it that Galileo proved this dramatically by dropping two cannonballs of different masses
from the top of the Leaning Tower of Pisa, letting the crowd below watch them land at the same time.
Historians debate whether this actually happened. But the result is real, and it was definitively
verified in 1971 by astronaut David Scott on the Moon's surface, where there is no air to confuse the
issue.

Watch & Explore

>> Brian Cox Feather and Hammer Drop in the World's Largest Vacuum Chamber
https.://www.youtube.com/watch?v=E43-CfukEgs

>> Apollo 15 David Scott drops a hammer and a feather on the Moon

The reason all objects fall at the same rate regardless of mass is one of the deepest facts in all of
physics. It would puzzle physicists for three hundred years until Einstein finally explained it in 1915.
We will return to this mystery in a later chapter.

Galileo and the Telescope

In 1609, Galileo heard about a Dutch invention called the spyglass and immediately built his own,
more powerful version. He pointed it at the sky, and the universe was never the same again. He
discovered that the Moon had mountains and craters (it was not the perfectly smooth sphere
Aristotle had described). He found four moons orbiting Jupiter (things in the universe clearly orbit
objects other than Earth). He observed that Venus went through phases like the Moon (consistent
with it orbiting the Sun, not the Earth).

Every observation was another blow to the Aristotelian geocentric worldview. In 1633, the Inquisition
forced Galileo, then 69 years old and nearly blind, to recant his support for the Copernican model. He

9


https://www.youtube.com/watch?v=livG1fp-q8s&list=PL8_xPU5epJddRABXqJ5h5G0dk-XGtA5cZ&index=2
https://ny.pbslearningmedia.org/resource/phy03.sci.phys.mfw.galileoplane/galileos-inclined-plane/
https://www.youtube.com/watch?v=0PXOyb2qs_o&t=85s
https://www.youtube.com/watch?v=E43-CfukEgs
https://www.youtube.com/watch?v=KDp1tiUsZw8
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spent the rest of his life under house arrest. But the observations were out in the world, and they
could not be unthought.

Did You Know?

Galileo was officially rehabilitated by the Catholic Church in 1992, 359 years after his trial.
Pope John Paul IT acknowledged that the theologians who condemned him had erred.
Science, it turned out, was patient enough to wait.

1609: Galileo builds his WHAT GALILEO SAW

own_telescope.
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The Bridge to Newton

By the time Galileo died in 1642, humanity had accumulated the following pieces of the gravity
puzzle:
Aristotle's explanation was wrong: heavier objects do not fall faster.
Copernicus had shown that the Earth was not the center of the universe but just another
planet.
Galileo had shown that falling objects accelerate uniformly, following precise mathematical
rules.

Kepler had shown that planets follow elliptical orbits and obey a precise mathematical
relationship between their period and their distance from the Sun.

But a crucial question remained completely unanswered: why? What force was pulling objects
downward? What force was keeping the planets in their orbits? Were these the same force, or two
completely different phenomena?

10
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Nobody knew. Kepler suspected the Sun exerted some kind of magnetic influence on the planets.
Galileo described how things fell but never asked what was pulling them. Descartes proposed that
space was filled with invisible swirling vortices that carried the planets along like leaves in a current.
None of these ideas had the mathematical precision to make new predictions.

?? Think About It

Here is a question that bothered the best scientists of the 17th century: Galileo showed that
objects near Earth's surface fall with acceleration g = 9.8 m/s. Kepler showed that the
Moon follows an elliptical orbit around Earth. Could these two phenomena, a falling apple
and an orbiting Moon, be caused by the same force? What would you need to show to
connect them?

Galileo Galilei T SN e ey Isaac Newton

15641642 in the same year as Galileo: 1643-1727
1564. The great theorist of nature

The great observer of nature

*
The observer who described
fa[[[ng objecfs Pa.ssed the torch—

un/cnowingly*fo the mind

that would explain wh_«/
they fall.

Newton's law u.n.iﬁed earﬁtly and celestial gravify

W S The Moon orbits
- ot the Earth.

into a single equation.

One law. One constant. The same _9ra.vify \\*n Th‘e;“[;;;s_:r;é 7/_@"’ ‘\\\\
governs an apple fa“[nj and the Moon orbiiing, UZ Sin

Isaac Newton was born in the same year Galileo died, January 4, 1643, by our modern calendar.
Whether or not you believe in symbolic coincidences, the timing is poetically perfect. The observer
who had spent his life describing the behavior of falling objects passed the torch, unknowingly, to the
theorist who would finally explain why they fall at all.

That story of Newton's law, the gravitational constant, and the unification of earthly and celestial
gravity into a single equation is where Chapter 1 begins.

Test Yourself!

It is time to take a quiz on this chapter.
>> History of gravity Quiz

11
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Chapter Summary

Aristotle (350 BC) believed objects fall because they seek their 'natural place.' He claimed
heavier objects fall faster, an idea that was wrong but went unchallenged for nearly 2,000
years.

Ptolemy refined the geocentric model into a mathematical system that predicted planetary
positions accurately enough to survive for 1,400 years.

Copernicus (1543) proposed the heliocentric model: the Sun, not Earth, is at the center.
This displaced Earth from its special position and made gravity a property of matter, not
of cosmic location.

Tycho Brahe compiled the most precise naked-eye astronomical observations ever made,
twenty years of planetary position data that made Kepler's discovery possible.

Kepler (16091619) discovered three laws of planetary motion using Tycho's data: orbits
are ellipses (1st Law); planets sweep equal areas in equal times (2nd Law); T a (3rd Law).

Galileo (16041632) established experimental physics: using inclined planes, he showed
that all objects accelerate at the same rate under gravity, regardless of mass. He also
discovered the Law of Odd Numbers: distances in free fall follow the pattern 1:3:5:7...

The telescope Galileo improved in 1609 provided direct observational evidence against the
geocentric model: mountains on the Moon, moons of Jupiter, and phases of Venus.

By 1642, the key ingredients were assembled: uniform acceleration, elliptical orbits, and
precise mathematical relationships. The missing piece was a unified theory explaining
why, which would come from Newton.

12
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Check Your Understanding

Conceptual Questions

1) Aristotle said heavy objects fall faster than light ones. Describe a simple experiment you
could do today with no special equipment that would show his claim is at least incomplete.
What additional factor must you account for?

2) Copernicus proposed a heliocentric model, but his orbits were still perfect circles, and he
still needed small corrections called epicycles to match observations. What did Kepler change
that finally made the model fit the data precisely?

3) Kepler's Second Law says a planet moves faster when it is closer to the Sun. Without using
any equations, explain intuitively why this makes sense in terms of what the Sun might be
doing to the planet.

$) Why did Galileo use inclined planes rather than simply dropping objects to study gravity?
What problem was he solving, and what assumptions did he have to make?

5) Galileo discovered that all objects fall at the same rate regardless of mass. He could not fully
explain why. Describe in your own words what this result implies, what is the same for a heavy
object and a light object that makes them fall together?

Kepler's Third Law Data Questions

1) Mars takes 1.88 years to orbit the Sun. Use Kepler's Third Law (T a) to calculate Mars's
average distance from the Sun in AU. Check your answer against the table in this chapter.

2) A newly discovered asteroid has an average orbital radius of 4.0 AU. Using Kepler's Third
Law, calculate how many years it takes to complete one orbit around the Sun.

3) The table in this chapter shows T/a 1.00 for every planet. What would it mean if a planet
had T/a = 2.00? Would such a planet be obeying Kepler's Third Law?

Discussion & Reflection

1) Galileo was put under house arrest for supporting the Copernican model. In what ways was
this conflict between science and authority similar to or different from debates about scientific
ideas today?

2) By the end of this chapter, humanity knew that objects fall with uniform acceleration and
that planets follow precise mathematical laws. But nobody knew why. If you had been a
scientist in 1642 trying to connect these two observations into a single theory, where would you
have started?

"I do not feel obliged to believe that the same God who has endowed us with sense, reason, and intellect has
intended us to forgo their use." Galileo Galilei

13
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Check Your Understanding - Answer Key

Conceptual Questions

1. Aristotle said heavy objects fall faster than light ones. Describe a simple experiment you
could do today — with no special equipment — that would show his claim is at least
incomplete. What additional factor must you account for?

Drop a heavy book and a sheet of paper from the same height at the same time. The book lands first — which
seems to confirm Aristotle. But now crumple the paper into a tight ball and repeat. The crumpled paper and
the book land at almost exactly the same time. Nothing changed about their masses — only their shape. This
shows that air resistance, not mass, was responsible for the difference in the first trial. Aristotle's claim is at
minimum incomplete because he never separated the effect of gravity from the effect of air pushing back
against falling objects. The additional factor you must account for is air resistance — which depends on the
shape and surface area of the object, not its mass. In a vacuum, all objects fall at exactly the same rate
regardless of mass, as demonstrated by astronaut David Scott on the Moon in 1971.

2. Copernicus proposed a heliocentric model, but his orbits were still perfect circles and he
still needed small corrections called epicycles to match observations. What did Kepler change
that finally made the model fit the data precisely?

Kepler replaced circular orbits with elliptical ones. An ellipse is an oval — a stretched circle — with the Sun
located not at the center but at one of the two focal points. This single change — abandoning the ancient
assumption that heavenly orbits must be perfect circles — was enough to make Tycho Brahe's precise
observational data fit the model without any epicycles at all. The insistence on circular orbits had been a
philosophical and aesthetic assumption going back to Aristotle and Plato, who believed the heavens must be
geometrically perfect. Kepler followed the data rather than the tradition, and the data said ellipses.

3. Kepler's Second Law says a planet moves faster when it is closer to the Sun. Without using
any equations, explain intuitively why this makes sense in terms of what the Sun might be
doing to the planet.

When a planet is closer to the Sun, the Sun's gravitational pull on it is stronger — because gravity weakens
with distance. That stronger pull accelerates the planet, causing it to speed up. Think of it like a ball on a
string being swung in a circle — if you shorten the string while it is spinning, the ball speeds up. Similarly, as
a planet swings closer to the Sun in its elliptical orbit, the Sun pulls on it more strongly, adding to its speed.
As it swings farther away, the pull weakens and the planet slows down. The planet is constantly trading
speed for distance and distance for speed — like a cosmic pendulum.

4. Why did Galileo use inclined planes rather than simply dropping objects to study gravity?
What problem was he solving, and what assumptions did he have to make?

Galileo's problem was one of measurement technology. Objects in free fall accelerate so rapidly — reaching
nearly 10 meters per second after just one second — that there was no way to measure the distances traveled
at short time intervals accurately with the tools available in the early 1600s. His water clock and pendulum
simply could not resolve the tiny time differences involved. By tilting a ramp at a gentle angle, Galileo
effectively reduced the component of gravity acting along the ramp, slowing the motion to speeds he could
measure. The key assumption he had to make was that the physics on the ramp was the same as the physics of
vertical free fall — that the ramp was simply diluting gravity, not changing its fundamental nature. This was
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a bold and correct assumption, but it was an assumption nonetheless. He also had to assume that friction
between the ball and the ramp surface was small enough to be ignored — which is why he used polished
bronze balls on a smooth groove.

5. Galileo discovered that all objects fall at the same rate regardless of mass. He could not
Jully explain why. Describe in your own words what this result implies — what is the same for
a heavy object and a light object that makes them fall together?

The result implies that two competing effects cancel each other out perfectly for every object, regardless of
mass. A heavier object is pulled downward more strongly by gravity — that is real. But a heavier object also
has more inertia — more resistance to being accelerated. These two effects scale identically with mass: double
the mass, double the gravitational pull, but also double the resistance to acceleration. The two factors cancel
exactly, leaving the acceleration the same for every object. What is the same for a heavy object and a light
object is the ratio of gravitational force to inertia, and that ratio always equals g. Galileo found this
experimentally. Newton encoded it in his equations. But the deep reason why gravitational mass and inertial
mass are exactly equal — why these two completely different properties of matter are always identical — was
not explained until Einstein in 1915. It is one of the most profound facts in all of physics.

Kepler’s Third Law - Answer Key

1. Mars takes 1.88 years to orbit the Sun. Use Kepler's Third Law (T2 « a3) to calculate Mars's
average distance from the Sun in AU.

Kepler's Third Law states T2 = a3 when T is measured in years and a in AU.
So:a3=T2=(1.88)2=3.534
Therefore: a = v3.534 = 1.52 AU

This matches the value in the table exactly. Mars is about 1.52 times farther from the Sun than Earth is.

2. A newly discovered asteroid has an average orbital radius of 4.0 AU. Using Kepler's Third
Law, calculate how many years it takes to complete one orbit.

T2 =a3=(4.0)3=64
Therefore: T = V64 = 8.0 years
The asteroid takes 8 years to complete one orbit around the Sun. For reference, Jupiter — at about 5.2 AU —

takes about 11.9 years, so this asteroid orbits between Mars and Jupiter in the asteroid belt, which is exactly
where we would expect to find it.

3. The table shows T2/a3 = 1.00 for every planet. What would it mean if a planet had T2/a3 =
2.00? Would such a planet be obeying Kepler's Third Law?

No — a planet with T2/a3 = 2.00 would not be obeying Kepler's Third Law. Kepler's Third Law states that
T2/a3 is the same constant for all objects orbiting the same central body. In our solar system, with T in years
and a in AU, that constant is exactly 1.00. A value of 2.00 would mean the planet takes longer to complete its
orbit than Kepler's Law predicts for its distance — it would be moving too slowly. In practice this would mean
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either the distance or the period measurement was wrong, or the object is not in a stable gravitational orbit
around the Sun in the way Kepler's Law assumes — for example, if it were being gravitationally influenced by
a nearby massive planet or passing through the solar system on a non-orbital trajectory.

Discussion and Reflection - Answer Key

1. Galileo was put under house arrest for supporting the Copernican model. In what ways was
this conflict between science and authority similar to — or different from — debates about
scientific ideas today?

Note to instructor: This is an open discussion question with no single correct answer. The following points are
intended as a guide for productive discussion.

Similarities: Scientific ideas that challenge established beliefs — whether religious, political, or cultural —
still face resistance today. The pattern of established institutions defending existing frameworks against new
evidence is recognizable across history. Scientists today can face professional consequences, funding
difficulties, or public hostility for challenging consensus views, just as Galileo faced institutional hostility for
challenging the Church's cosmological position.

Differences: The most important difference is the mechanism of authority. In Galileo's time, the Catholic
Church had both the theological authority to define truth and the legal power to imprison or execute heretics.
Today in most countries, no single institution has that combination of doctrinal and legal power over
scientific questions. Modern science also has peer review — a system of internal self-correction that, while
imperfect, provides a mechanism for evaluating evidence that did not exist in Galileo's time. Perhaps most
importantly, Galileo had no way to share his ideas freely — the printing press existed but the Church could
suppress books. Today, ideas spread instantly and globally, making complete suppression nearly impossible.
The conflict between evidence and authority has not disappeared, but its character has changed profoundly.

2. By the end of this chapter, humanity knew that objects fall with uniform acceleration and
that planets follow precise mathematical laws. But nobody knew why. If you had been a
scientist in 1642 trying to connect these two observations into a single theory, where would
you have started?

Note to instructor: This is a creative reasoning question. Reward answers that show physical intuition and
clear thinking. The following represents the kind of reasoning a thoughtful student might produce.

A good starting point would be to ask: what do a falling apple and an orbiting Moon have in common? Both
involve Earth. Both involve motion that curves toward Earth's center. If the same cause produces both effects,
then the cause must be something Earth does to objects around it — something that reaches outward through
space and pulls things toward it.

The next question would be: how does this pull change with distance? Kepler's Third Law gives a clue — the
further a planet is from the Sun, the slower it moves. This suggests the Sun's influence weakens with distance.
If you assume the same is true of Earth's influence, you might ask: what mathematical relationship between
force and distance would produce exactly the orbital periods and speeds that Kepler measured? Working
through the geometry of circular motion — as Newton did — leads directly to the inverse-square law. The
force must weaken as 1/r2 to produce Kepler's observed relationship T2 « a3.

The deepest leap — the one that required Newton's specific genius — was recognizing that this same
inverse-square force, calculated at the distance of the Moon, predicts exactly the Moon's observed orbital
acceleration. The apple and the Moon are not two puzzles. They are one puzzle with one answer.
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