Chapter 1

The Scientific Method

Why study science?
Your textbook reminds us that we belong to 2 worlds: a social world of people and the natural world of matter.  

As members of the social world we find ourselves facing many problems and needing to make many decisions.  We use various methods to solve our social problems: politics, psychology, even philosophy and religion.  

As members of the natural world, however, we seem to be mere spectators.  We are not really involved with making decisions about the Universe of matter, and the Universe of matter has no influence on us and our lives.  Right?
The really important problems are social problems (?).

So, why study matter and the relations among different types of matter?

Many students will ask the same question, and we need to be ready with answers.

Are we really separated from the world of matter?
First of all, our bodies are made of matter.  When they don’t function properly, we know today that it is a breakdown in (?) matter.  

Ancient philosophers contemplated the problems of the human condition.  Some concluded that problems with our bodies were caused by supernatural agents.  Today, however, we call these problems disease, and we know that disease is a breakdown of matter caused by units of matter called pathogens.

Science deals with disease because it deals with matter.

Emotions and mental states are certainly part of our social world, but has the social world ever solved any problems relating to mental states?  
For centuries we have known that some people go through mood swings, but it was not until the 20th century that we have known that emotions are part of the machinery of the brain, and that these states are influenced by units of matter called molecules.  An excess or a deficiency in certain molecules is correlated with certain mental states.  It is now possible to change the molecular balance of human brains by adding specific molecules.  What do we call these molecules of matter?  Drugs

What impacts our social lives more than the price of oil?  Oil is a mixture of molecules of matter.  Finding and processing oil is major scientific enterprise.
 If we need reasons to study science, we can certainly see that science is intimately related to our daily lives and the problems related to our lives.  What’s more important is the fact that science provides solutions to so many of our problems.  (Philosophy?  Religion?)
Beyond practicality, science is a source of beauty and wonder.  This aspect of science is not emphasized enough, but in reality, most people who understand science think it is interesting for its own sake.  

There is something about the way our brains are wired that makes us respond to matter in a way we call beauty.  

We usually reserve the term beauty in relation to matter we call art.  But even art is beautiful because the matter involved is arranged according to certain principles or because matter is behaving in certain ways.

Examples: visual art and musical sound.  Fiction?  We “see” matter that is not there!
How scientists study nature

Scientists are separated from other scholars by their method of inquiry: the scientific method.
Many professionals try to find the “truth” in situations.  What does a scientist do differently from a newspaper reporter or a lawyer?
One key difference is that the scientist proposes a tentative answer to a problem that is then tested for confirmation.  This answer is called a hypothesis and the test is called experimentation.

If experimentation confirms the hypothesis, the hypothesis may be called a law.  A law is a general idea that the data generated by experiment seem to conform to.  

A law is a mathematical regularity in the world of matter that is discovered in the data generated by experimentation and observation. 

A law tells us what takes place.  Laws of nature are worth knowing for at least 2 reasons:
1. We can use a regularity of nature to predict an occurrence.  Newton’s Law of Gravity describes the regular behavior of matter under the influence of gravity.  When irregularities in the orbit of Uranus were discovered, astronomers were able to predict that another, more distant, planet was influencing Uranus by gravity, and thus Neptune was discovered.  

2. We can use laws to know what goes on in places we cannot examine directly.  For example, we know enough about the laws of physics to describe what goes on in the core of the Sun, even though we have never been there and probably never will go there.

Laws may be explained by an even more general idea called a theory.  

A theory is a “fully developed logical structure that ties together a variety of observations and experimental findings and permits as-yet-unknown phenomena and connections to be predicted. 

You may have heard the expression, “It’s just a theory.”  When someone uses this expression he is probably thinking of a hypothesis.  But a hypothesis occurs near the beginning of the scientific method while a theory is the end result of the method.  
Sometimes it is not easy to get a firm intellectual grasp on some aspect of nature.  Scientists often create a simplified version of reality called a model.  For example, in studying the orbits of planets under the influence of gravity, Isaac Newton used an intellectual model of the solar system in which the Sun and Earth were spheres and the orbit of the Earth was an ellipse.  In the more complicated version of reality the Sun and Earth are somewhat flattened and the orbit of Earth has irregularities that a mathematical ellipse does not have.  But Newton isolated the most important features of the solar system and was able to make scientific progress, using a simplified version of the system, where he probably would never have made as much progress if he had started with all the complications of reality.  
By studying the simple model of the solar system, Newton was able to propose a Law of Gravity that would then explain why the Sun and Earth were somewhat flattened and how gravitational attractions from other planets caused the Earth’s orbit to differ from a perfect ellipse.

With new knowledge come new, more realistic models, which lead to new and more powerful theories.  

Science is constantly open to improvement in its understanding of the world of matter.  

Conclusions in science are tentative because new information can change models, laws and theories.  

This tentativeness may seem like a weakness, but in fact it is one of science’s greatest strengths, because it allows for a continuous process of shaping our understanding of the world.

The scientific approach to the world is very different from the religious approach.  

The essence of science is that its results are always open to change in the light of new finding; whereas religion is a fixed doctrine with its basis in faith instead of observation.  

Unchanging ideas are perhaps comforting to some people, but they are certainly dangerous, as we see in the religious strife that occurs all over the world, and within our own country.  
As science educators part of our job is to convey the understanding that science is an ongoing process, not a collection of “facts” (whatever those are).
Science is an enormously successful process that has lead to our ability to control the material world to a large extent.  
Science must be cultivated if we are to maintain our way of life.
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Science and the solar system

It is very instructive to examine the role of the scientific process in the development of our understanding of our place in the physical Universe.

Ancient religion as well as ancient philosophy placed Mankind at the center of all things.  

Psychologically – not surprising

Observationally – not surprising either

Look at the behavior of the Sun, the Moon, and the stars.

Polaris

Constellations

Uniform movement of stars
Drift of the Sun and Moon to the east

Definition of 1 year

Greek word: planet

Retrograde motion

The Ptolemaic system
 An ancient Greek astronomer named Hipparchus collected a great deal of data about the movement of astronomical objects.  Another Greek astronomer named Ptolemy used the information to build, in 160 AD, an intellectual model, the geocentric model of the universe:

Earth is the center of all motion

Stars are embedded in a crystal sphere that turns around Earth (a little more than 1 rotation per day

Sun travels around the Earth in exactly 1 day (thus, the slight drift of the Sun against the stars)

Planets travel in “perfect” circles around the Earth

5 of the planets (not Sun or Moon) also travel in epicycles as they orbit.

The ancient Greeks collected data and formed a hypothesis about the structure of the Universe that was consistent with their data.  The hypothesis was then confirmed by prediction of location of AO’s.
 The Ptolemaic system would be considered a scientific model, because it was based on observation, it accounted for the movement of the AO’s, and it made predictions that could be tested in the future.
A model is only as good as the data that it is based on, and the data are only as good as the technology used to collect it.

What was the technology used to collect the data?  The naked eye

The Copernican system
Over time, small discrepancies added up to make the Ptolemaic model less realistic.

Besides, it was too complicated to use.

Science has found that, as a general rule, the simplest explanation for a phenomenon is most likely to be correct.

This principle is called Occam’s razor.

Nicolaus Copernicus established a new model in 1543.  The Copernican system was a heliocentric model.

Copernicus was able to explain everything that Ptolemy had explained by proposing that the Sun was the center of motion, and that the planets revolved around the Sun at different speeds, related to their distance from the Sun.  (The exact relation was not discovered for another 100 years.
Published on his deathbed.

Banned by the Catholic Church until 1835. p12

Copernican theory requires the Earth to rotate.  Critics pointed out that it doesn’t feel like we are moving.   If we really did rotate, wouldn’t things be thrown off into space?

What if the Universe were rotating around us?  Talk about a problem!

How planets actually move

Copernicus died before he could actually test his system extensively.  

His system made certain predictions about the positions of planets.  It also made predictions such as the fact that Venus would show phases like the Moon.  

This prediction was confirmed by Galileo with the telescope.  Galileo also used the telescope to make the first direct observation of orbits around something other than the Earth.  Galileo found moons orbiting Jupiter.

Galileo helped establish the heliocentric model, but the Copernican model proved to have inaccuracies.

The model was further refined by Johannes Kepler (1571-1630).

Kepler was an assistant to Tycho Brahe.  Using Brahe’s data, Kepler found 3 regularities that the data conformed to.

These regularities are known as Kepler’s 3 Laws of Planetary Motion.

(Transparencies)

Galileo provided direct evidence for the heliocentric model and against the geocentric model.

Kepler refined the Copernican model with the benefit of better observations and better mathematical analysis.

Later astronomers provided evidence that the Earth moves by using the concept of parallax.

Universal gravitation
Sir Isaac Newton (1642-1727) wondered why the planets travel around the Sun, and why the Moon travels around the Earth.  
Newton had discovered a great law of physics that says that objects tend to travel in straight lines, not curved paths.  He also discovered a law that says a force is needed to move a body out of a straight-line path.

Newton concluded that gravity was the force that accounted for the paths of the Moon and the planets.

Gravity is a fundamental force: it is basic and cannot be explained in terms of other forces. 

Physics knows of 4 fundamental forces:  gravity, electromagnetic force, strong nuclear force, and weak nuclear force.  

Physicists suspect that all these forces are related, and that at a deeper level, there is only one unified force.

Universal gravitation

As far as we can tell, gravitational force has no limit and appears to follow the same law everywhere.
1. Observed star systems and galaxies behave as if influenced by gravity

2. Matter generates gravity, and matter appears to be the same everywhere

3. There is no evidence that gravity is not universal.

Why the Earth is round

One of the signs of success for any law or theory is its ability to explain previously mysterious finding.

The ancient Greeks knew that the Earth, like the Sun and the Moon, was a sphere.  It was thought that the sphere was a “perfect” form, and that the Earth, being the center of the Universe should be the most perfect form.

In fact, gravity accounts for the fact that the Earth is a sphere.

We know that the Earth is not a perfect sphere at all.  

As the Earth spins the equatorial matter travels faster than the matter near the poles, so the equatorial matter has more inertia and is not pulled into the same size circle as matter near the poles.

The difference amounts to an equatorial diameter that is 43km larger than the polar diameter.

Venus shows almost no distortion.  However, it takes 243 ED to rotate.

Saturn, on the other hand, takes only 10.7 hrs to rotate, and shows a 10% difference in polar and equatorial diameters.

The tides

Gravity accounts for the tides, the regular increase and decrease in water depth of the oceans.

The Moon’s gravity creates 2 bulges in the ocean and 2 lower levels of water, where water has moved into the bulges.
As the Earth rotates under the bulges, we observe 2 high tides and 2 low tides each day.

The high and low tides do not occur at the same time because the Moon revolves around the Earth.

The Sun is involved in a minor way with the tides.  The alignment of the Sun with the Earth and Moon creates spring tides and neap tides.

The discovery of Neptune

Until 1781, there were only 6 known planets, because these were the only ones visible to the naked eye.  In 1781 William Herschel discovered a 7th planet, using a telescope.  The planet was given the name Uranus.
Using Newton’s law of gravity, the orbit was worked out.

Over the next 40 years, however, the path of Uranus was seen to depart from the predicted orbit.

Either the law of gravity was not correct, or some other large body such as a planet was pulling on Uranus with its gravity and changing its course.

If the latter was the case, Newton’s law of gravity could be used to predict where the planet would be.  

In England, John Adams began the search, as did Urbain Leverrier in France.

Eventually Johann Galle of Germany discovered the 8th planet using the calculations of Leverrier.

Not only was Newton’s theory of gravity confirmed as universal, but the theory allowed the discovery of an unknown planet.

The SI system

The scientific method is critically based on measurement, the comparison of a quantity against a known standard.
Traditional standards:  the English system
1790’s French invented a metric system, based on universal standards and multiples and fractions of 10.

Today this system is called the international system, SI.
Each major quantity in science is measured in unit of the standard.

Length: meter

Mass: kilogram

Time: second

Energy: joule

The system is refined with prefixes, p. 24.

The system is related to the English system by conversion factors.  

Significant figures
In reporting measurements we use only significant figures:  those that we are certain of plus the first estimated digit.

Significant figures reflect the precision of our measurement.

In the measurement, 7.52 m, we are certain of the number of meters and the tenths of a meter, but we are estimating the number of hundredths of a meter.

What did our measuring device look like?  What were the smallest divisions on the device?

In doing calculations, it is a good idea not to exaggerate the precision of an answer by using too many digits.

(0.878 km)(0.621 mi/km) = 0.545238 mi?

We are limited to knowledge of the thousandth of a km, so we cannot know anything about miles beyond the thousandth place.

A better answer would be to round off to 0.545 mi.

Keep no more significant figures in the answer than are in the least precise number in the problem.

