SCIENTIFIC REVOLUTIONS AND SCIENTIFIC PARADIGMS
You have already read a chapter by Thomas Kuhn from his ground-breaking book The Structure of Scientific Revolutions.  In this book Kuhn showed from the history of science that the course of development of knowledge within a scientific discipline does not progress smoothly as one might expect from a simple understanding of the scientific method.  Kuhn proposed that scientists do not investigate nature by following a simple “scientific method.”  Instead, he proposed that the course of scientific discovery is governed by a working scientific paradigm, not by application of the scientific method to nature.  What he discovered is that in the course of development within a scientific discipline such as chemistry, geology or biology, one can find evidence for what he called scientific revolutions.  Such revolutions bring about a very rapid growth of effective knowledge in a discipline, followed by many decades or even by hundreds of years of slow and gradual development.  When a scientific revolution occurs, there is a complete overthrow of the former scientific paradigm, with a subsequent massive burst of new discovery.  New vocabulary is developed, new kinds of questions are asked and completely new answers are given.  Such scientific revolutions are followed by long periods of relatively slow increase of knowledge which he called “normal” science.  In this chapter we will explore this idea using real examples of scientific paradigms and scientific revolutions.  First, let us consider some definitions.
[note: I want to insert a figure here which looks a bit like the titration of a diprotic acid with a strong base.   The y-axis will be labeled accumulated knowledge within a scientific discipline.   The x-axis will be labeled time]

Definition:  A scientific paradigm is an underlying model or assumption which determines how new discoveries are interpreted and what kind of questions are asked within a scientific discipline.
Definition.  A scientific revolution is a radical change within a scientific discipline which occurs when there is a change in the accepted paradigm. The revolution results in a quantum leap in knowledge within the discipline, as well as leading to the advent of new methodologies and vocabulary.

Definition.  Normal science is scientific research done within the parameters defined by a working model—a scientific paradigm. 
According to Thomas Kuhn, most scientific research is not revolutionary and amounts to what he called “problem solving.”  In other words, most research involves applying the accepted model to an ever-wider array of problems.

Definition.  An immature science is a scientific discipline which has no working model.  It has no accepted paradigm.
Kuhn’s study of the history of science led him to conclude that without a paradigm, a scientific discipline such as geology or chemistry or cosmology can make very little progress.   An immature science is marked by competing explanations, none of which is yet sufficiently successful to be accepted by those working in a particular discipline of science.

These concepts are best understood by considering real examples.   We will look at all the major scientific disciplines and look at the history of knowledge within these disciplines in order to see how Kuhn’s description can be used to explain that history.   First, let us consider a list of the current working paradigms in the different scientific disciplines.
Biology:



Evolution



The Central Dogma:   DNA  ↔  Proteins

Chemistry:



The Nuclear Atom



Quantum Mechanics

Physics:



Quantum Mechanics



Relativity



The Unified Model

Cosmology:



Heliocentrism



The Big Bang

Geology:



Uniformitarianism



Plate Tectonics

Medicine:



Germ Theory



Genetics

If Kuhn is right, then these paradigms did not arise out of thin air.  Each was produced by a scientific revolution.  In some cases, the current paradigm is the original one, while in others an earlier one was the original.  An immature science was transformed into a mature one, which, by definition, is governed by a working model/paradigm.  In other cases, the paradigm replaced a formerly-accepted one.  If that is the case, then we have what we will call a paradigm shift.  A major portion of this chapter will be describing in some detail the story of such paradigm shifts.  

As a rule, Kuhn believed that a paradigm shift is a more volatile process than the original scientific revolution in a discipline.  The reason is that all the scientists working in a particular discipline have more or less accepted the current model.   Their thinking about their experiments, the questions they ask, the types of answers they propose and the vocabulary they use is all governed by their paradigm.  To ask scientists to change their paradigm is truly a great challenge.  One of the players in the paradigm shift from classical mechanics to quantum mechanics was Max Planck.  He sarcastically said the following about those who clung tenaciously to classical mechanics, despite the overwhelming evidence that quantum mechanics was a superior explanation of physics on the microscopic scale:
“A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die, and a new generation grows up that is familiar with it.”
What is it that finally causes the scientific community to embrace the new model, despite their comfort with the former model?  Kuhn argued that it was the emergence of anomalies—phenomena which the current accepted paradigm could not explain.  At first, those working in a particular discipline either ignore such anomalous discoveries, or they make excuses and patch up their models in ways which will seem to us to be ad hoc (i.e. created, not because the evidence leads that way, but in order to defend a particular view).  Over time, such anomalies mount so that, finally, a revolutionary scientist proposes a new model—a new paradigm which ultimately, after many years, wins out over the old paradigm.  

Consider the following outline of “requirements for a paradigm shift.”

1.  Anomalies arise.  Evidence which the current paradigm cannot explain.

2. A young scientist on the fringe comes on the scene.  
3. The revolutionary scientist must be a theoretician.

4. The revolutionary makes a shot in the dark.

5.  The revolutionary must have character traits such as courage, patience and communication skills.

6.  Dramatic predicted consequences from the new model prove true.

The essential cause of a scientific revolution is that the working model simply cannot explain well-known experimental results.  We will see many examples of this.  Such anomalous discoveries alone generally are not sufficient to cause a revolution.  A scientist on the fringe who is not part of the “establishment” is capable of taking an unbiased look at the problem and propose radical new solutions.  We will see one exception, but in almost every case the one to cause a scientific revolution is quite young—generally in their twenties or at most their thirties.
One would think that an experimentalist would be the one to create a scientific paradigm, but this is not the case.  The evidence requiring a new explanation has already been around for a number of years.  New data is not needed.  What is required is a theoretician—a person who can create a new explanation.  We will see one exception to this rule, but most revolutionaries in science are theoreticians.  Does this mean that the theoretician is the most vital member of the scientific community?  Perhaps.
The key contribution of the scientific revolutionary is to propose a brand new explanation.  We will see that in every case, the new explanation is truly revolutionary.  According to the accepted paradigm it is not “logical.”  It is a shot in the dark.  If we accept the new model, then nearly everything we thought was true is now no longer true.  We will have to stop using much of our accepted vocabulary and start using new words to describe phenomena.
Being a revolutionary does not just require that one have great ideas.  It requires that the scientist be willing to take on unstinting criticism.  He or she must have very thick skin and be willing to push an idea despite persecution.  Copernicus risked being fired.  Pasteur was challenged to a duel.  Darwin was vilified by many.  To use an analogy, not just any baseball player could have broken the color barrier.  It took a special person like Jackie Robinson to successfully bring about a “paradigm shift” in baseball.  We will see a couple of scientific revolutions where the one who proposed the idea did not have the requisite qualities, which delayed the scientific revolution for more than one generation.

Another pattern which can be seen in every scientific revolution is that the one who proposes the new model is able to make a prediction using the new paradigm which would have seemed ridiculous or absurd using the old paradigm.  When such “dramatic predicted consequences” are observed in the laboratory (usually not by the revolutionary, who is a theoretician!), then finally the scientific community can be won over to the new explanation.

Consider the list of scientific revolution/paradigm shifts below. We will use the rest of the chapter to explain some of these revolutions using the six-part outline above.
1.  Geocentrism → Heliocentrism 
2.  Two sets of laws of nature (earth and heavens)  →    One set of universal laws of nature 
3.  Young earth/catastrophism   →  Old earth/uniformitarianism 
4.  Alchemy  →  Atomic theory

5.  Fixity of species   →   Evolution of species  

6.  Immature science (no paradigm)  →   Germ Theory 
7.  Atomic theory   →   Subatomic particles 
8.  Classical mechanics  →   Quantum mechanics  
9.  Classical Mechanics   →   Relativity    
10.  Static Earth  →   Continental Drift Theory

11.  Uniformitarianism   →  Catastrophism  (a mixed paradigm)
Geocentrism to Heliocentrism
Since ancient times, astronomers and cosmologists had been in virtually universal agreement regarding the “heavens.”   All were in agreement that the earth is the center of the universe, with the sun, moon, planets and stars all circling around the earth.  The Greek natural philosophers Aristotle and, most famously, Ptolemy, represented this idea.
There was a tiny minority in the Greek philosophers who actually rejected geocentrism, led by Anaxagorus and Aristarchus.  They proposed heliocentrism.  This was truly a different world view from geocentrism, as it placed the sun at the center, not of the universe, but of the “solar” system, with the earth and other planets circling around the sun.  This cosmology is known as heliocentrism, because helios is Greek for sun.  In Anaxagorus’ cosmology, the earth spins and the stars are fixed in position, which explains the rising and setting of all heavenly objects, including the stars.
Unfortunately, despite the strength of their arguments, the idea of Anaxagorus and Aristarchus was rejected by the Greeks and it completely disappeared from consideration for fifteen centuries.   For the sake of simplicity, we will describe the paradigm shift from geo- to heliocentrism ignoring the work of Anaxagorus and Aristarchus.

The first of our six-part outline is evidence the old paradigm cannot explain.  Geocentrism can explain the rising and setting of objects in the “heavens.”   It can also explain solar eclipses fairly easily if we assume that the moon is closer to the earth than the sun.  However there were a few observation known to the ancients which could not be explained by the geocentric model.  First, there is the fact that the planets vary greatly in their brightness.  If the planets are unchanging, self-luminous orbs, which was part of the geocentric model, then how can one explain the fact that Venus and Mars vary greatly in brightness.  Then there was the question of lunar eclipses.  Geocentrism can handle solar eclipses easily, but if heavenly objects are self-luminous orbs, then how can geocentrism explain lunar eclipses?  Add to this a discovery of Ptolemy, which is known as retrograde motion.  If we plot the motion of Mars as it moves against the fixed stars, it moves from east to west steadily for two or three years, but for a brief couple of months it appears to back-track to the east before continuing its east-to-west motion.  Such data seems to fly in the face of the simple geocentric model.  Lastly, there is the question of the seasons.  
If our outline of requirements for a paradigm shift is to work then we need a young scientist of the fringe of the discipline of astronomy.  This need is supplied by Copernicus (1473-1543).  The Polish Nikolai Copernicus was a student of canon law and medicine who also dabbled in astronomy.  He was an outsider in that he was, arguably, the first modern scientist.  Trained as a mathematician, he was more of a theoretician than an experimentalist, although he did do some of his own astronomical observations.  His “shot in the dark” was to assume, contrary to simple observation that, rather than the heavenly objects revolving around the earth, the earth spins on an axis of rotation.  This was truly a shot in the dark as it does not feel to us that the earth spins.  His heliocentrism could easily explain the changing brightness of the planets, lunar eclipses, and even retrograde motion.  Copernicus also provided a superior explanation of the seasons by proposing that the earth spins on a tilted axis.
Copernicus wrote a little pamphlet describing his view in 1517 but only showed it to a small circle of friends.  He appears to have been hesitant to face the likely persecution and even loss of his job as a canon of the Catholic Church.  He did not publish his ideas openly until 1542—the year he died.  There is some debate over whether he lived to see the first copy of his book.  Point number five in our outline is that the one to bring about a scientific revolution must have the character traits required to face the opposition and carry the day.  It seems that Copernicus did not have the requisite characteristics.  Although his book “On the Revolution of Celestial Orbs” was published and, almost miraculously, not banned by the Roman Curia, his model languished for nearly one hundred years.
The last point in our outline of requirements for a paradigm change is that the new paradigm generates a predicted consequence which, for the former paradigm, would be nonsense.  If Copernicus was right, then he could predict that other planets, not just the earth would rotate on their axis.  In addition, heliocentrism, with the planets lit by a central sun, also predicted that planets, like the moon, would have phases.

The revolutionary shift from geo to heliocentrism was completed by Galileo Galilei (with help from Johannes Kepler).  Galileo had the courage and stubbornness which it appears that Copernicus lacked.  In fact, Galileo was convicted and sentenced to house arrest for the final ten years of his life for publishing his “Dialogue of the Two Chief World Systems” in 1632.  His earlier “Starry Messenger” included observations which confirmed in dramatic fashion the predictions made by Copernicus one hundred years before.  Using the recently-invented telescope, Galileo observed phases of Venus, the rotation of the sun and moons of Jupiter (something even Copernicus would not have been so bold as to predict).
Separate Laws for the “Heavens” and the Earth to Universal Laws of Nature

It is arguable that physics itself was an immature science before the career of Isaac Newton.  The ancients, especially the Greeks, saw the heavens as subject to different laws than those governing processes on the earth.  To Plato and Aristotle, the heavenly objects were perfect and unchanging, whereas things on the earth changed and decayed.  As late as the early seventeenth century, Johannes Kepler proposed that angels moved the planets through the heavens in elliptical orbits.  The evidence the former paradigm could not explain in this case is the motion of heavenly objects.  Planetary motions could be described, but not explained.
Isaac Newton (1642-1727) fits the ideal description of a scientific revolutionary. He was trained as a mathematician, not a scientist, making him an outsider to the scientific community.  He was first and foremost a theoretician, as required by our outline.  He published one important experimental discovery about the action of prisms to separate light, but the rest of his scientific publications were mathematical and theoretical.  Speaking of young, most of his major discoveries were at least initiated by 1666, when he was twenty-four years old.
Newton’s shot-in-the-dark was a radical proposal.  It involved his famous explanation of the falling of an apple. The common understanding is that Newton “discovered” gravity.  This is not exactly correct.  Newton’s discovery was that the force which draws the apple to the earth is the same which causes the moon to circle around the earth.  Newton proposed the UNIVERSAL law of gravity and, by implication, he proposed that all the laws of nature are universal.  There are not two separate sets of  laws for the heavens and the earth and experiments done on the earth can be used to model events in the farthest heavens.  Newton, in effect, discovered the idea of the Mechanical Universe.  The entire universe runs according to natural laws which do not require the scientist to invoke supernatural explanations.  Newton demystified the universe. Some have described Newton’s discovery of universal laws of nature and the Mechanical Universe as the beginning of the modern era.

Newton had more than sufficient stubbornness and communication skills to bring to fruition this scientific revolution in his own lifetime.  Although he was not very good at social skills, his book “Principia,” published in 1687, was so brilliantly composed that it ultimately converted even his critics to his belief in universal laws.
No scientific revolution is complete without a dramatic predicted consequence which proves true.  In the case of Newton’s universal law of gravity it was his friend (of which Newton had few!) Edmund Halley who took on this role.  Using Newton’s equations of motion, he was able to predict an elliptical orbit for what is now known as Halley’s comet.  His calculations in 1705 predicted a period of orbit of seventy-five years.  He was also able to show that, sure enough, a comet had been observed every seventy-five years in the past—a dramatic prediction which explained one of the greatest mysteries of the ancients.  Comets were no longer random and unexplained heavenly events, but objects whose motion could be explained by universal laws of motion.

Young Earth/Catastrophism to Old Earth/Uniformitarianism

Our third scientific revolution to be described regards the accepted model of the age and history of the earth.  It involves the creation of one of the two principle paradigms of  modern geology—uniformitarianism.  The other main paradigm of geology is plate tectonics. The creation of this paradigm is described in the section of the text on pseudoscience.
As with the creation of the universal law paradigm, it is debatable whether the former young earth paradigm was a scientific one and that, therefore, uniformitarianism was preceded by an immature science.  We are calling the geological model which preceded the work of James Hutton young earth/catastrophism.  It is doubtful that anyone in the eighteenth century would have used this label.  However, if we were to have asked the majority of Western Europeans in the eighteenth century, including scientists, how old the earth is most would have responded that it was only several thousands of years old.  The reason this is a questionable scientific paradigm is that this belief was based primarily on a religious presupposition rather than any scientific evidence for such a young age of the earth.

The age of the earth is one thing and its history is another.  In the eighteenth century, proto-geologists generally accepted what we now call catastrophism.  In other words, they believed that the features of the earth were created more or less as they are today, but that it was also affected by massive global, world-changing catastrophic events, to which there is no analogy happening within human memory.  The most famous of these catastrophes, of course, was the universal flood described in the biblical book of Genesis.  However, most who published in the field of what we would call geology today also believed in other world-changing events in the somewhat distant past.
There were two pieces of evidence which emerged in the eighteenth century which ultimately resulted in the overthrow of the former world view.  These were sedimentary rocks and fossils.  Of course, both had been observed long before the eighteenth century, but by the 1700s, amateur geologists were beginning to collect and categorize both different kinds of rocks and a variety of fossils.  That these both imply great length to the history of the earth was bound to emerge eventually.

The scientist on the fringe who created what we are calling Old Earth/Uniformitarianism is James Hutton (1726-1797).  For good reason he is called the “father of geology.” He invented the names for three principle categories of rocks—sedimentary, igneous and metamorphic.  Despite the fact that he deserves this designation, Hutton was a true outsider (point #2 in our outline).  He had relatively little training as a scientist, although he did earn a medical degree.  In fact, his principle occupation was as a farmer.  He was in a circle of intellectuals in Edinburgh which caused what is sometimes called the Scottish Enlightenment.  Among his colleagues in Edinburgh were David Hume and Adam Smith.  Was he a theoretician (#3 in our outline)?  Hutton did much observation of the rock formations around the Scottish countryside, but did no experiments.  His chief skill was observation and theorizing.
Hutton’s shot-in-the-dark was to propose that the earth is very old.  How old?  To quote the father of geology, “no vestige of a beginning, no concept of an end.”  Hutton had the audacity, despite the accepted religious presupposition, to propose that the earth is so old that there is not even a vestige of the original geologic formations.  Hutton saw the millions of sedimentary layers, many of which have been deformed at bizarre angles from their original horizontal deposition, as evidence of what is called “deep time.”  He proposed that the cause of geologic change is heat escaping from within an initially-hot earth.  Hutton principally argued from sedimentary rocks, but he also considered fossils (“figured stones” to Hutton) to be strong evidence of change over vast periods of time.
The most important concept invented by Hutton is uniformitarianism. 
Uniformitarianism is defined as the belief that the physical features of the earth were created by slow, gradual processes which are observable today, acting over vast ages of time.  

Unfortunately for the development of geology, Hutton lacked some of the traits needed to bring about a scientific revolution.  His friend John Playfair claimed that Hutton had these ideas in mind as early as 1760, in his thirties, but Hutton was slow to publish.  He did little to publicly defend his controversial uniformitarianism.  Hutton published his ideas in the book “Theory of Earth” in 1788.  The problem with this seminal work is that Hutton’s writing style is impenetrable. A Hutton sentence can last for an entire page and a paragraph for two or three.  When he died, only a small circle in Scotland and a few like-minded in Germany had been influenced by uniformitarian ideas.
Hutton’s dramatic predicted consequence from his theory was that entire regions of the earth’s surface rise and sink at an infinitesimal rate which, extrapolated over millions of years, could raise ocean-laid sediment to the top of the highest mountains in Scotland.  The rise of land out of the sea was first demonstrated in the nineteenth century when it was proved that Scandinavia is rising out of the Baltic and North Seas.

Although Hutton did not have the qualities required to convince most of geologists of old earth/uniformitarianism, his ideas were eventually accepted by all scientists.  Actors in this drama include Hutton’s close associate John Playfair (1748-1819) and English civil engineer William Smith (1769-1839).  Smith invented the idea of index fossils.  Fossils found deeper in the fossil record are relatively older.  As Smith said, each layer had “fossils peculiar to itself.”  Most important to the acceptance of uniformitarianism was the work of Scottish geologist Charles Lyell (1797-1875).  Lyell was the most influential geologist in the nineteenth century.  His “Principles of Geology” (1829) became the standard text of geologists throughout Europe and North America, despite the fact that man of his readers believed in the young earth perspective.  Lyell famously said, “The present is the key to the past.”  By 1850 the battle over the age of the earth was all but complete and the scientific revolution begun by Hutton was complete.  We will see that Lyell’s unformitarianism influenced Charles Darwin in constructing his theory of evolution.
Fixed Species to Evolution of Species by Natural Selection
The fourth scientific revolution we will use to demonstrate Kuhn’s description of the history of science involves the origin of species.  The working assumption of scientists in the eighteenth and the first half of the nineteenth century is known as the fixed species model.  According to this view, living species change only very little over time.  This model could allow for a species to become extinct, but if correct, there should be no new species created over time and the fossil record should reflect this proposition.  The most well-known botanist and chief supporter of the fixed species paradigm in the eighteenth century was the Swedish botanist Carl Linnaeus (1707-1778).  Linnaeus believed in miraculous individual creation of each species by God.  This was the accepted presupposition of botanists well into the nineteenth century.
The “evidence the old paradigm could not explain” in this case is fossils.  Up to the time of William Smith, it was principally amateurs who collected fossils, called “figured stones” by James Hutton.  Only gradually did it become clear that the fixed species concept would not explain the fossil evidence, at least in part because paleontology was not a well-established scientific discipline at that time.  When an odd fossil was discovered, naturalists would propose that it was a larger or smaller version of a present species or that it came from a not-yet-discovered species. As late as the mid-nineteenth century, large portions of the earth had not yet been explored by Europeans, making this a more reasonable explanation than it would be today.

The young scientist on the fringe of biology who created the evolutionary paradigm, of course, was Charles Darwin (1809-1882).  His was not the first theory of evolution.  That distinction was held by Jean LaMarck (1744-1829).  The French naturalist published what he called Vitalism Theory, or the Theory of Acquired Characteristics in1801.  According to LaMark, species have an innate ability to strengthen whatever traits were used consistently over time.  For example, according to LaMark, giraffes gained their long necks by continually stretching their necks, generation after generation.  Unfortunately for this theory, it was never supported by experiment, so it eventually was rejected.
Darwin qualifies as a scientist on the fringe of botany, given that his degree from Cambridge University was in preparation for the Anglican priesthood.  His interest was in natural theology.  He studied under the preeminent naturalists of the day; John Henslow and Adam Sedgwick.  They encouraged him to take his natural direction, which was natural history.  Henslow talked Darwin’s father into letting him join a voyage of discovery on the HMS Beagle in 1831 when Charles was just 22 years old.  It was on his famous five year journey on the Beagle that Darwin blossomed into the preeminent naturalist of his age.  Over five years exploring South America and the South Pacific, Darwin sent back thousands of plants, animals, geological and even archaeological samples.  He took with him a copy of Lyell’s “Principles of Geology” which influenced him as he considered his discoveries concerning living species.  Darwin discerned slow change of species in parallel to Lyell’s slow change in geology.  One of his discoveries was relevant to the work of Hutton, as he noted that the continent of South America was very slowly rising out of the Atlantic and Pacific Oceans.
It was on the Galapagos Islands that Darwin made his most famous observations.  In order to simplify a vast array of discoveries which led to Darwin’s greatest proposal we will use his observations of the Galapagos finches (his work with mockingbirds, tortoises and iguanas was also key).  Being the brilliant and systematic naturalist that Darwin had evolved into, he noted fourteen different species of finches on the islands.  The different species were uniquely adapted to the available food in the wide variety of microecosystems on Galapagos Islands.  There was a toucan-like finch which ate fruit and another species with sharply-pointed beaks for eating nuts, as well as ones suited for eating the small seeds in the savannahs.  Darwin returned to England after a five year voyage.  He claims to have only been convinced of natural selection and the survival of the fittest after he returned to Cambridge.


To simplify a diverse range of evidence Darwin eventually brought to the question of the origin of species, let us describe Charles’ shot-in-the-dark in the following way.  Darwin concluded that a single species of common South American finch with a wide variety of available traits arrived at the Galapagos.  Finding an environment with an abundance of food, the finches experienced a population explosion. When available food became scarce, natural selection favored different traits in different ecological niches.  Over thousands of generations, natural selection among the wide variety of available traits produced the fourteen separate species of finches observable on the Galapagos today.  Darwin enlarged this example and proposed this to be the explanation of how all species on the earth were produced by a gradual process over many millions or even billions of years.
Like Hutton, Darwin was a hesitant theoretician.  He sat on his principle discovery for more than twenty years.  In the meantime he included studies of unnatural selection in the selective breeding by farmers in his thinking about change of species over time.  It was only when a young upstart naturalist named Alfred Russel Wallace prepared to publish a theory similar to Darwin’s speculations that he was finally convinced to publish his theory.  Before publishing his great work, the gentleman Darwin published a short paper with Wallace on natural selection.  Just months later, Darwin published his famous book “On the Origin of Species” in November, 1859.  It was an immediate sensation.  In the introduction, Darwin summarized his theory as follows: “As many more individuals of each species are born than can possibly survive; and as, consequently, there is a frequently recurring struggle for existence, it follows that any being, if it vary however slightly in any manner profitable to itself, under the complex and sometimes varying conditions of life, will have a better chance of surviving, and thus be naturally selected. From the strong principle of inheritance, any selected variety will tend to propagate its new and modified form.”   The rest, as they say, is history.
Did Darwin have the courage, stubbornness and communication skills needed to carry out a scientific revolution in his own lifetime?  The simple answer is yes.  Although hesitant to take on his harsh critics, and despite being unwilling to speculate on human evolution because of the potentially explosive nature of the topic, Darwin published a carefully reasoned, brilliantly argued book with sufficient experimental support that by its own power, it carried the day.  Darwin’s “bulldog” Thomas Huxley took on the public debate that the sickly Darwin could not withstand.
A successful scientific revolution needs to have a dramatic predicted consequence if our working outline is correct.  Darwin proposed in his book that, over time, the fossil record would be found to contain innumerable transitional fossils—that the “missing links” would no longer be missing.  The process of filling in the fossil record has been slow and painstaking, but on the whole, Darwin’s many predicted consequences have proved true.  Very helpful, of course, was Gregor Mendel’s discovery of genetics as a means of passing information from parent to offspring.
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A note from Darwin’s notebook in 1837 in which he speculated over common descent of species.

Immature science/no paradigm to Germ Theory
The mid-nineteenth century was a fruitful time in the history of science. It saw the origin of the two chief paradigms of biology: evolution and genetics.  It also produced the first paradigm of medicine.  The next scientific revolution we will study moved medicine from an immature science to the creation of its first successful paradigm.
The “evidence which could not be explained” in this case is infectious disease.  Throughout human history, the chief cause of death had been the outbreak of infectious diseases.  The search for the cause of disease had been a major pursuit of humans from ancient times.  Without the scientific method, the cause of disease was bound to escape humans indefinitely.  Naturally, the cure for such diseases also eluded humanity.  Kuhn described the period when a discipline was an “immature science” as a time of competing models.  You have already read the wonderful article about John Snow’s discovery of the cause and cure of cholera.  In this article you saw this chaotic interaction between competing explanations in play.  This supports Kuhn’s ideas.  Some proposed that sin was the cause of disease.  Others theorized “effluvia” or bad air to be the cause of epidemic death.  Still others invoked the presence of certain minerals in the diet or the alignment of the planets.

The “young scientist on the fringe of medical science” in this case was Louis Pasteur (1822-1895).  Others such as Joseph Lister, John Snow and Ignaz Semmelweis played a role as well, but Pasteur was the chief antagonist in the battle over the cause of disease.  The French scientist was trained, not as a biologist or medical scientist but as a chemist.  One can argue that if he had been trained in traditional medical science he might never have proposed germ theory.  Pasteur is an exception to our rule that the one to bring about a scientific revolution will be a theoretician.  Pasteur is one of the greatest experimentalists in the entire history of science.  His work virtually created the science of microbiology.  His discoveries in chemistry are massive as well.
Pasteur’s work led him only indirectly to his greatest discovery—to his shot-in-the-dark—that disease is caused by microbes which invade the bodies of animals and can produce illness and even death.  His germ theory was preceded by his demonstration that yeast microbes are the cause of fermentation.  He also proved that it was bacteria which had for millennia been the cause of the spoiling of a portion of fermented grape juice.  His discovery of what we now call pasteurization  to kill bacteria was first applied to saving the French wine industry (making Pasteur a hero of France!).
By the 1860s Pasteur realized that bacteria and other microbes were the cause of animal disease.  He isolated the bacteria which causes animal anthrax and created a successful immunization for anthrax.  Scientific revolutionaries always experience vigorous resistance from the mainstream scientists within the discipline.  This pattern is well illustrated by the reaction to Pasteur’s germ theory.  Pasteur was not unwilling to confront his opponents.  He was very self-assured and combative to his opponents.  One offended surgeon even challenged him to a duel.  Pasteur had all the character traits required to bring about a scientific revolution, including a dogged determination and a famous stubbornness in defending his discoveries.
Pasteur gave us a wonderful example of a “predicted consequence which proved true.”  Despite years of research, he failed to discover the microbe which causes the devastating disease rabies. We now know the reason he was unable to discover a living microbe as the cause of rabies.  It is because rabies is a viral disease.  Viruses were too small to be observed by any microscope before the 1940s when electron microscopes were developed.  Pasteur proposed the existence of a microbe that could not be seen—thus indirectly discovering what we now call viruses. He applied his germ paradigm to this unexplained infectious disease.  Working with colleague Emile Roux, Pasteur dehydrated the spines of rabid rabbits, producing a vaccination which prevented those bitten by rabid animals from dying of rabies.  His first successful patient was nine-year-old Joseph Meinster.  Not only did the boy survive, he worked for the Pasteur Institute until his death in 1940—committing suicide rather than let the Nazis desecrate the grave of his savior, Pasteur.
Classical Mechanics to Relativity
By the mid nineteenth century, scientists such as Lord Kelvin (William Thompson) began to declare that most of the essential problems in physics had already been solved.  We had reached a relatively boring time of merely applying the great truths to ever-more-complex versions of the same kinds of problems.  The career of the most famous scientist in history proved this prediction to be a massive error.  We are talking about the man who had a bad hair day every day—Albert Einstein.
First let us describe classical mechanics as it relates to the paradigm that replaced it—relativity.  Classical mechanics was, essentially, the physics of the nineteenth century.  It included a number of laws and theories about motion, particles and waves.  Relevant for this study is what classical mechanics predicted about measurements which should be absolute versus measurements which should be relative.  A measurement is “absolute” if it is independent of motion.  A measurement which is “relative” is one whose value will change when motion is occurring.  For example, classically we expect that the mass and size of an object should not be affected by whether the object is moving.  We would say, then, that mass and length or distance are absolute under classical mechanics. Similarly, we expect, classically, that the rate at which time passes should not change if we are moving.  Time, then, is absolute, at least according to classical mechanics.  In fact, one could argue that it is “obvious” that mass, time and length are absolute.

Not all measurements, however, should be absolute according to classical mechanics.  For example, imagine you are in a train traveling at thirty miles per hour.  Imagine also that a car is passing the train going at fifty miles per hour.  What speed would you, on the train, measure the car to be traveling at?  The answer, of course, is that you would measure only twenty miles per hour.  Why?  Because the measurement of velocity is relative.  In fact, if the care were approaching the train rather than passing the train, you would measure eighty miles per hour.  As another example, consider a motionless object on the earth.  Its speed is zero.  Correct?  No, actually it is traveling as much as 1000 miles per hour, depending on how close to the equator it is located.  Clearly the speed of an object is “relative.”

What about our measurement of the speed of light?  Classically, it too must be relative.  If light is traveling toward you at the speed of light, but you are also moving toward the source, “obviously” you should measure a speed slightly higher, by analogy to the car/train example above.  Similarly, if you are moving in the same direction as the light, you should measure a slightly lower speed of light.  

Here is what we expect from classical mechanics:

	Things which are absolute
	Things which are relative to motion

	mass, time, length/distance
	speed of an object, speed of light


An important aspect of classical mechanics in the nineteenth century was known as ether (or aether) theory.  It was believed at the time that all waves must pass through some sort of medium.  Light is a wave, therefore, it must pass through something.  The thing through which light travels is, by definition ether.  If the ether theory were true, then, although velocity measurement would still be relative to motion, there would be a means to define the absolute velocity of an object, which would be the velocity of that object in the non-moving ether.  If the ether theory were correct, then the speed of light would not depend on the motion of the source of light, but it would depend on the motion through the ether of the one observing the light.

This brings us to the anomalous “evidence the old paradigm could not explain.”  In 1887 a pair of physicists, Albert Michelson and Edward Morley, measured the speed of light of two beams moving perpendicular to one another.  If the ether theory were correct, because the earth is moving through the ether, they should have measured very slightly different speeds of light for the two beams.  In fact, the result was a negative experiment, much to the shock of Michelson and Morely, and of all scientists at the time.  The speed of light was the same, no matter the direction.  The ether theory was thus falsified.  Let us put the result of the Michelson/Morely experiment simply.  The speed of light is independent of motion of source or observer.  In other words, the speed of light is absolute.  The result was to move the speed of light from the relative to the absolute column in the table above.

What was the scientific community to do with such a clearly anomalous result? The answer is that they struggled with this experimental finding for almost twenty years until a young scientist on the fringe named Albert Einstein (1879-1955) proposed a solution.  Einstein was “on the fringe” in that he only had a bachelor’s degree with training as a mathematics teacher.  Upon graduating, he was unable to find a teaching position, at least in part because he had not achieved top grades at Zurich Polytechnic University.  He ended up working in a patent office where, in 1905, at the tender age of 26, the young scientist published four monumental papers in a single year.  One of them launched the scientific revolution which produced the paradigm known as quantum mechanics.  But that is another story.  Fitting our “requirements for a paradigm shift”, Einstein was the ultimate theoretician in that he did no experiments at all.

In his famous paper on special relativity in 1905 Einstein made one of the most dramatic shots in the dark in the history of science.  He proposed that physicists should suspend nearly everything they knew from classical mechanics.  He took as his only postulate the Michelson/Morely conclusion that the speed of light is absolute.  With this assumption and using F = ma (Newton’s second law of motion) Einstein made three striking predictions.  First, he proposed that the amount of time which one experiences depends on how fast one is moving.  The faster an object moves, the less time it experiences.  This stretching of time is called time dilation.  Einstein derived a second prediction from his postulate that the speed of light is absolute.  His second predicted consequence was that our measurement of distance depends on how fast we are moving.  The faster an object moves, the smaller it appears to be.  This is strikingly counter-intuitive.  Most shocking of all, Einstein derived from his postulate that mass itself is relative.  His conclusion was that the faster an object moves, the more mass it acquires.

Our table of what is absolute and what is relative is now quite different.

	
	Measurements which are absolute
	Measurements which are relative to motion

	According to Classical Mechanics
	mass, time, length/distance
	speed of object, speed of light

	According the Einstein’s special relativity
	speed of light
	speed of object, mass, time, length/distance


In November of 1905, Einstein published a second paper of theoretical results from his postulate of special relativity.  When studying the implications for conservation of mass and energy, he concluded that, essentially, mass is a form of stored energy.  This resulted in the most famous equation in all of science:  E = mc2.  Ultimately, this prediction led to the production of massive energy from atomic fusion and fission.

Did Einstein have sufficient patience, courage of his convictions and communication skills to bring to completion this scientific revolution?  The simple answer is yes.  This happened over the next ten years of so, despite the fact that time dilation, length contraction and mass increase had not yet been directly demonstrated in the laboratory.  Time dilation eluded measurement in the early twentieth century because until one comes quite close to the speed of light, the size of the dilation is way too small to measure.  Albert pushed on.  In 1916 he published his broader General Theory of Relativity.  This paper was more general in that it allowed for acceleration of an object (a possibility not considered in his 1905 paper).  The mathematics of the general theory of relativity is rather difficult, which explains the intervening eleven years.  Essentially, Einstein’s General Theory of Relativity was a theory of gravity.  Einstein concluded that objects with mass cause a “warping,” a curving of space.  The immediate practical implication of this speculation is that light itself could be bent by sufficiently massive objects, even though light has no mass.  

It turns out that this implication of general, (not special) relativity became the dramatic predicted consequence which convinced the entire scientific community of Einstein’s new paradigm.  In 1919, Arthur Eddington traveled to Principe, an island in the South Pacific where there was predicted to be a total eclipse of the sun that year.  His intention was to test the prediction of Einstein’s general theory.  If Albert was correct, then a star just behind the sun should be able to be seen immediately next to the sun because of the slight bending of the light from that star as it passed near the sun.  Of course, such an observation could only be made during a total eclipse.  Einstein’s prediction proved true, and even the amount of bending of light was equal to Einstein’s prediction.  By 1920 Einstein was triumphant.  He had become the most famous scientist in the world.  The scientific revolution was complete.
Summary

A quick glance at the list of scientific revolutions earlier in this chapter will show that we have not yet covered all the great scientific revolutions.  Space will not allow us to discuss what is one of the most essential changes in scientific paradigm from classical to quantum mechanics.  The change from static earth theory to continental drift/plate tectonics will be used as a case study on the distinction between mainstream science and pseudoscience.  The recent revival of catastrophism due to discovery of the Chixlub asteroid in the Yucatan Peninsula and to surprising discoveries surrounding the Cambrian explosion is a fascinating topic as well.  Two of the three important revolutions in the history of chemistry have not been covered here.  Perhaps these will be discussed in the course you are taking.

However, the examples already used do make the point fairly well.  The scientific community works most comfortably within an accepted model/paradign.  Most of science is “normal” science—it is problem-solving.  As a rule, scientists strenuously defend their paradigm, even in view of what seems with hindsight to be rather obvious anomalies.  Revolutionary ideas are initially rejected in every case. .The greatest discoveries of science are caused by revolutionaries—the few genius outsiders with the courage and communications skills to drag the scientific community forward kicking and screaming.  The sordid relationship between the establishment and science’s revolutionaries, if nothing else, makes for fascinating reading.
