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Introduction


Why Science Is the Slow Lane to Recognition and Fame


 


Everyone knows that great new things spring from the energy and innovations of youth. There are many examples of this in multiple domains. A young actor gives a terrific performance in a movie and instantly becomes a star, as John Wayne did in Stagecoach at the age of thirty-two. At the age of eleven, Anna Paquin won the 1994 Best Supporting Actress Oscar for her performance in The Piano, and Adrien Brody won the 2003 Best Actor Oscar at twenty-nine for his performance in The Pianist. In a different category, Damien Chazelle (my daughter’s precocious classmate in elementary school) won the 2017 Best Director Oscar at the age of thirty-two for the movie La La Land.


Authors can become phenomenally successful at a young age too. Mary Shelley published her internationally acclaimed novel Frankenstein when she was twenty-one years old. When Helen Keller published her autobiography, The Story of My Life, she was twenty-two. Norman Mailer published his best-known novel, The Naked and the Dead, when he was just twenty-five. It was on the New York Times bestseller list for sixty-two weeks and is widely considered to be one of the best novels of the twentieth century.


Young musicians come up with a new musical style, their songs top the charts, and they instantly become pop stars. In 2008 Lady Gaga rose to stardom with the release of her album The Fame. She was twenty-two years old. At the age of twenty-eight, Artie Shaw recorded “Begin the Beguine,” which launched his career as one of the top band leaders of the Big Band era. Frank Sinatra released his first big hit record, Polka Dots and Moonbeams, with the Tommy Dorsey Orchestra at the age of twenty-four and for the rest of his life basked in the adoration of a huge number of loyal and supportive fans. The Beatles became international rock stars in 1964. Ringo Starr and John Lennon were twenty-four years old, Paul McCartney was twenty-two, and George Harrison was twenty-one.


Business entrepreneurs, too, can hit it big at a young age. Bill Gates cofounded Microsoft in 1975 at the age of twenty with childhood friend Paul Allen. Allen was twenty-two. Microsoft would become the world’s largest personal computer software company. At the age of twenty-one, Steve Jobs cofounded Apple in 1976 with twenty-six-year-old friend Steve Wozniak. Apple is currently the world’s largest technology company by revenue. Google was founded in 1998 by Larry Page and Sergey Brin, two PhD students at Stanford University in California. Page and Brin were both twenty-five years old. Google has become one of the industry leaders in search engine technology, cloud computing, quantum computing, and artificial intelligence.


Facebook was founded in 2004 by Mark Zuckerberg with fellow Harvard College students and roommates Eduardo Saverin, Andrew McCollum, Dustin Moskovitz, and Chris Hughes. All of them were around twenty years old at the time. As of 2020, Facebook claimed 2.8 billion monthly active users and ranked seventh in global internet usage. Jeff Bezos founded Amazon from his garage in Bellevue, Washington in 1994, when he was thirty years old.


Certainly, success and recognition in these fields did not come instantaneously or without work. As a general rule, in addition to skill, talent, preparation, and a truly innovative approach to their endeavors, all of these people required two things to be successful. First, they were in the right place at the right time. Actors need the opportunity for a role that will showcase their talent to become available as well as an audience receptive to it. Writers and musicians need an environment able to accept their new prose or musical and performance styles and vision. Entrepreneurs need a marketplace ready to embrace their new product or the conditions for such a marketplace to arise. Second, all of these people must get their creation in front of that appreciative audience or in that marketplace: that is, they need the right break. When these things happen, the stars align for them.


Science is different. Recognition and fame can be agonizingly slow in science. In no small part, this is because scientists often must convince people that something is correct that defies common sense. The Earth is flying around the sun at 67,000 miles an hour, yet we do not feel we are moving. Heritable traits like eye and hair color seem to appear and disappear at random, despite the fact that these traits are controlled by clearly defined genetic laws. Germs are invisible to the naked eye, but they can easily and quickly kill a strong, healthy human.


In addition, scientists are by culture and training resistant to accepting anything new without overwhelming evidence. Scientists are professional skeptics, compelled to examine the evidence and question claims about it. One of the most damning scientific criticisms is to have your contention dismissed as only “a hand-waving argument”; that is, emphasized by some sort of a supportive gesture with your hands and saying “You know,” but lacking substantiating data. The nineteenth-century chemist and microbiologist Louis Pasteur advised his students who were writing up their discoveries to “make it seem inevitable.” Key opinion leaders in the discipline need to be convinced, and these leaders generally are attached to the prevailing older idea.


There of course are examples of scientists rising to the top of their profession quickly and at a young age, but such stories are notable for their rarity. I had a biology professor who wrote a scientific paper when he was a graduate student that became one of the most highly cited publications in the year it was published. This propelled him when he was in his late twenties to become an Ivy League professor who was soon granted tenure for life. After that, it mattered very little what he did in his later career. From the age of thirty onward, he remained a big deal as a scientist and professor at an Ivy League institution.


James Watson, who together with Francis Crick and Maurice Wilkins—and using data provided by Rosalind Franklin—determined the structure of DNA, is a well-known example of a young scientist whose accomplishments were quickly recognized. Watson was awarded the Nobel Prize for this discovery at the age of thirty-four, only nine years after the paper he published with Crick and Wilkins on DNA structure appeared in the journal Nature. Watson was significantly younger than the other two scientists with whom he shared the prize. Crick and Wilkins were both forty-six years old when they won it, still extremely young to be Nobel laureates.


One of my classmates in graduate school wrote his doctoral thesis on a major scientific breakthrough in quantum physics called asymptotic freedom, the theory that says that when subatomic particles called quarks come really close to one another they are no longer held together by the strong interaction. Thirty years later he won the Nobel Prize in Physics for this work, experimental studies that he had carried out when he was in his early twenties. This may sound like a long wait, but at the age of fifty-three he was one of the youngest scientists ever to achieve the most highly sought-after recognition in physics.


Such stories of success at a relatively young age are extremely unusual for a scientist. In science it commonly takes many, many years to win recognition. Most scientists achieve recognition and validation only very late in their careers and often only after surmounting numerous obstacles and enduring many disappointments. Ninety-two-year-old vocalist Tony Bennett stuck out like a sore thumb among the youthful musicians at the Grammy Awards presentation ceremony in 2018, but he would have fit right in on the stage of the Royal Swedish Academy of Sciences, receiving a Nobel medal in a scientific discipline. In the past decade, the average age of men and women awarded the Nobel Prize was seventy-one for chemistry, sixty-eight for physics, and sixty-eight for physiology or medicine.


Max Planck was an early twentieth-century physicist best known for showing how light carries energy. Planck determined that light was at the same time both a wave and a particle. This is impossible to visualize. To common sense, something cannot be both a particle and a wave but must be either one or the other. Planck’s idea confounded common sense and, despite the fact that he was correct, he had an extremely hard time convincing other scientists that he was right. In his scientific autobiography Planck wrote:




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. . . . An important scientific innovation rarely makes its way by gradually winning over and converting its opponents: it rarely happens that Saul becomes Paul. What does happen is that its opponents gradually die out, and that the growing generation is familiarized with the ideas from the beginning: another instance of the fact that the future lies with the youth.





Planck’s idea about how scientific breakthroughs become accepted, known as Planck’s principle, is often summarized as “Science progresses one funeral at a time.” Scientists achieve recognition and fame for their new ideas only after the supporters of the older idea die out.


Discovering something new and of real importance in science takes years and years of experimental effort. Experimentation is slow; experiments often fail for technical reasons and have to be repeated to get all the conditions just right; and important new findings aren’t based on a single result but rather on a large body of data that supports the new idea and eliminates a long list of possible alternate explanations. Once all that has happened, the real work begins of trying to convince the scientific establishment of the validity of what you have done.


Put simply, the scientific community doesn’t want every crazy new idea to be quickly accepted as scientific truth. Innovative ideas must be vetted slowly and carefully before they can become accepted. The more wild and crazy an idea appears, even if it is correct, the more long-term scrutiny it undergoes. Commonly, new ways of thinking that dramatically move science forward are the ones that take the longest time to become accepted.


Medical researcher Jeremiah Stamler expressed Planck’s idea in another way. It took a lifetime of effort for Stamler to convince the medical community that eating a healthy diet, low in sodium and cholesterol, and exercising and not smoking, would reduce the likelihood of heart disease and strokes. Prior to Stamler’s work, almost all physicians believed that none of these things mattered for heart health.


One of Stamler’s mentors, a top cardiology researcher named Louis Katz, almost convinced Stamler not to go into medical research. Toward the end of his life, Stamler was interviewed for a newspaper article and told the reporter that Katz had advised him, “Why the hell do you want to go into research? You never win. When you first discover something, people will say, ‘I don’t believe it.’ Then you do more research and verify it and they’ll say, ‘Yes, but . . .’ Then you do more research, verify it further, and they’ll say, ‘I knew it all the time.’” After many decades of medical research, Stamler came to realize that Katz was right.


I had a very minor brush with this in my own career. In the early 1980s I took my first job working in drug discovery for a large American pharmaceutical company. My assignment was to find new drugs to treat bacterial and fungal infections, but my boss also encouraged me to think of new ideas to treat diseases of all different types. For my principal assignment, I spent most of my time reading the scientific literature. But I also spent some time reading general research papers on the newest advancements outside the infectious disease field.


In the early 1980s, the oncogene theory was being developed by laboratories around the world to explain the cause of cancer. The theory says that the growth of cancer cells is caused by mutant genes called oncogenes. Research papers on the oncogene theory were appearing in many of the top scientific journals. At the time, drug treatment for cancer depended upon the cytotoxic chemotherapeutic agents. These drugs killed rapidly growing cells and were very toxic to cancer cells, which grow rapidly, but there are many rapidly growing healthy cells in the body too, and these rapidly growing healthy cells are also killed by the cytotoxic chemotherapeutic agents.


Killing the normal rapidly growing cells causes the terrible side effects produced by the cytotoxic chemotherapeutic agents: nausea and vomiting, hair loss, immune suppression, et cetera. It would be ideal to be able to kill cancer cells without damaging the healthy cells. It occurred to me that the trick might be to find drugs that target oncogene proteins. According to the oncogene theory, tumors depend specifically upon oncogene proteins for their cancerous properties. The growth of normal cells, which do not carry mutant oncogenes, should not be much affected by drugs targeting oncogene products.


I described my idea to my boss. He liked it and asked me to write it up as a formal research proposal. The company I was working for had no anticancer group, so they needed outside expertise to vet my idea. The corporate head of research was friends with Professor Sir Henry Harris at Oxford University and selected him to evaluate my proposal.


Sir Henry was the Regius Professor of Medicine at Oxford University and a cancer expert. The Regius Professorship of Medicine at Oxford is a highly prestigious appointment. In medieval times, in addition to being a professor at Oxford, the appointee was the king’s personal physician. Sir Henry read my proposal and returned his assessment a few weeks after receiving it. The review was scathingly harsh. Sir Henry said that my idea was totally unworkable. He claimed that several of the scientific papers I cited in support of my idea had major flaws and were about to be retracted, and he described me as a young man attempting to work in areas far beyond the limits of my ability.


Despite the negative review, I wasn’t terribly disappointed. Only about 1 percent of drug discovery projects make it all the way from conception to regulatory approval. The rest are derailed by technical, scientific, commercial, or financial issues and often some combination of these. I did not like Sir Henry’s crack about me “trying to work in areas that were far beyond the limit of [my] ability,” but I wasn’t by any means a cancer expert and presumed Sir Henry knew things I was unaware of. I moved on.


Sir Henry died in 2014 at the age of eighty-nine. His biographers describe him as holding views on the oncogene hypothesis that were far outside the scientific mainstream. In one of his last publications, and counter to the then-prevailing scientific consensus on the matter, Sir Henry argued that “cancer is not caused by the direct action of oncogenes.” The authors of two of the scientific papers I had cited in support of my idea went on to win the Nobel Prize in Physiology or Medicine. Today there are more than a hundred FDA-approved anticancer medicines that work via an action on an oncogene protein or process, and many more such drugs are currently under development. The oncogene hypothesis became accepted as Sir Henry and other like-minded scientists died off, a clear embodiment of Planck’s principle.


Recognition most commonly occurs late in a scientist’s career and only after a long struggle to convince one’s peers that one’s ideas are correct. This book describes the work of sixteen scientific innovators, women and men, many known to the general public and some perhaps not, who suffered the effects of Planck’s principle. Science courses teach the facts, but generally little time is spent on how the facts were discovered and even less on the bizarre twists and turns that can lead from scientific inquiry to scientific knowledge, not to mention the great personal costs the process entails for individual scientists. All of the scientists included in this book went through years of struggle to get their ideas recognized and have their work become accepted, and then only extremely late in their lives. In some cases, acceptance came only after their deaths.
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We are taught in school that science progresses iteratively, with each new idea slowly building on the prior ones. In 1675 the physicist Isaac Newton, in describing his scientific achievements, wrote: “If I have seen further, it is by standing on the shoulders of Giants.” But in the mid-twentieth century, historians of science came up with a new idea: that science instead progresses as a series of revolutions. A leader in this new thinking was Thomas Kuhn, a professor of the history and philosophy of science at Harvard, Berkeley, and Princeton. In 1962 Kuhn published The Structure of Scientific Revolutions, in which he argued that science progresses via abrupt shifts in how it views the world. He called these abrupt shifts scientific revolutions, changes that are “a noncumulative developmental episode in which an older paradigm is replaced in whole or in part by an incompatible new one.” His theory is now generally accepted by the academic community. Kuhn explained that scientific disciplines are all guided by an overarching theory or model of how things work. He called this model the discipline’s paradigm. Most of the time, scientific fields follow a process he called normal science. Normal science utilizes the current paradigm to design and execute experiments in order to solve puzzles in the field, puzzles that could not have been solved without the guidance of the paradigm. The results of these experiments confirm, support, and extend the paradigm. But this does not go on forever.


At some point, new results are obtained that conflict with the guiding paradigm. With time, many conflicting results accumulate, and these create a crisis in the field. Kuhn called this awkward period one of “revolutionary science.” He explained that “scientific revolutions are inaugurated by a growing sense . . . that an existing paradigm has ceased to function adequately in the exploration of an aspect of nature to which that paradigm itself had previously led the way.” For progress to occur, science employs the inadequacy of the old paradigm to provide the basis for the creation of the new one. In Kuhn’s words, “Truth emerges more readily from error than from confusion.” Eventually, a new paradigm is developed that can explain all findings. There follows a period of tense rivalry between the old and new paradigms, but over time the new paradigm finally takes hold and the discipline returns to normal science, solving fresh puzzles with the new paradigm.


A change in paradigm is an extremely rare event. First of all, it takes many years before conflicting scientific results accumulate to the point where the old paradigm is no longer tenable. And it then takes years until some genius comes up with the revolutionary new idea that explains everything. On top of that, a huge effort is then required to get scientists who have worked their entire lives conducting normal science under the old paradigm to accept the change.


Kuhn was a professor at Princeton during the time I was a biology graduate student there. Although students in the natural sciences, such as biology, commonly do not pay much attention to what is going on in the history and philosophy of science, Kuhn’s book was popular among my classmates. The ideas in the book seemed compelling. After all, we were young trainees who had not invested much time working under the existing paradigms of our fields, so a change in paradigm was not of much concern to us. Some of my classmates likely fantasized that maybe someday they would be the one to lead a revolutionary change in their field.


But at the time, I think none of us appreciated the colossal effort required to carry out a scientific revolution, the years and years of frustrating, unrecognized work needed to convince the scientific community to make the change. Take a look at Nobel Prize awardees for physics, chemistry, or physiology or medicine. They are all old men and women. Nobel laureates in science are on average forty-five years old when they perform their Nobel Prize–winning work and wait an average of twenty-two years to actually get their prize.


In 1900 the physicist Max Planck came up with a controversial new idea that laid the foundation for the modern field of quantum mechanics. His idea was so new and unusual that it took almost two decades for other physicists to accept it as being true, and Planck waited eighteen years before the Nobel Prize Committee recognized the validity and importance of what he had done. In later life, he expressed his bitterness about the frustrating process that delays acceptance of new ideas in science, writing: “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.” This idea, often expressed succinctly as “Science advances one funeral at a time,” has become known as Planck’s principle.


Early Life and Studies


Max Planck was born in 1858 in Kiel, Germany, into a scholarly family. Planck’s baptized name was Karl Ernst Ludwig Marx Planck, but he soon took Max, a variant of his middle name Marx, as his first name and used it for the rest of his life. His paternal great-grandfather and grandfather were both theology professors at the University of Göttingen. His father was a law professor at the University of Kiel and later a professor at the University of Munich. One of his uncles was a judge.


But no one in this family of academics was a scientist. Planck was encouraged to pursue a career as a scientist by Hermann Müller, his teacher of astronomy, mechanics, and mathematics at the Maximilians gymnasium, his high school in Munich. Planck studied physics at the University of Munich and later at Friedrich Wilhelms University in Berlin. In October 1878 he passed his qualifying examinations and then defended his doctoral dissertation, “On the Second Law of Thermodynamics” (Über den zweiten Hauptsatz der mechanischen Wärmetheorie), in February 1879. He went on to complete a habilitation (a German degree that is a type of second doctorate) based on the thesis titled “Equilibrium States of Isotropic Bodies at Different Temperatures” (Gleichgewichtszustände isotroper Körper in verschiedenen Temperaturen).


Planck started his academic career as a Privatdozent (German academic rank comparable to lecturer) in Munich and in April 1885 became an associate professor of theoretical physics at the University of Kiel.


Modern Physics


Planck worked as a physicist at a time when physics was beginning the transition from what we now call classical physics to modern physics. Classical physics describes and explains the composition and behavior of the world around us. It encompasses three ideas: 1) Newton’s laws of motion and universal gravitation, which explain gravity, and his laws of conservation of energy and momentum, explaining the motion of objects and the forces acting on them; 2) the laws of thermodynamics, which explain how heat, work, and temperature are connected and how they relate to other forms of energy; and 3) Maxwell’s equations, which explain electromagnetism, classical optics, and electric circuits.


Because classical physics describes and explains the composition and behavior of the world around us as we perceive it, it can be understood and visualized based upon everyday experience. Newton’s laws of gravity and motion: you drop something off a roof, and it heads for the ground, accelerating as it goes. Easy to visualize and understand. Thermodynamics, the relationship between heat and other forms of energy: you boil water in a pot and soon the lid starts clattering. There is an obvious relationship between heat energy and mechanical energy: the heat energy turns into mechanical energy and lifts up the pot lid. Makes complete sense. Maxwell’s equations on electricity and magnetism: you wrap a nail with wire, send a current through the wire, and the nail becomes magnetic. You probably did this in fifth grade. Electricity and magnetism are related. Easy to see, easy to understand.


But starting at about the turn of the twentieth century, physics transitioned into modern physics. Physicists began to ask questions about the composition and behavior of things we cannot see or experience, things that go unimaginably fast and are inconceivably massive, and things that are impossibly tiny, immeasurably smaller than anything we can imagine. It would have been nice if tiny objects and enormous entities, things that are moving at breakneck speed, all obeyed the same laws as the things with which we are familiar. But unfortunately, it turned out that the universe does not work that way. And that created problems for the physicists working on modern physics.


The Extremely Massive and Unimaginably Fast


The explanation for how things that are going unimaginably fast or are inconceivably massive behave was discovered by Albert Einstein and is called relativity. The science describing the physical laws governing how things that are impossibly tiny behave was originated by Max Planck and is called quantum mechanics.


Einstein’s theory of relativity describes things that are true but that at the same time one’s common life experiences say cannot possibly be true. Time goes slower as you go faster. How can that be? Time is time. It goes at a constant rate. Things become more massive as you go faster. How can mass change? Mass is mass. Mass bends the space-time continuum and prevents light waves from traveling in a straight line. Einstein had to invent the notion of the space-time continuum in order to explain how things work at extreme speeds and how things work for extraordinarily massive objects. His explanation meant that light does not always travel in a straight line, even though one’s experience says that the path light takes is probably the best imaginable example of a straight line.


Prior to Einstein, there were conflicting physical observations in physics that no one could reconcile. For example, nothing can go faster than the speed of light and yet gravity is instantaneous. Both were known to be true based on well-accepted physical observations. But it seemed that they cannot both be true. The field was unnerved and floundering. The goal of physics was to explain the physical world, and physicists were stymied.


Einstein resolved the issue with his theory of relativity. As hard to imagine as it was, the theory settled the conflict. As no one could come up with any other idea to explain all observations, physicists soon came to embrace relativity, although sometimes kicking and screaming. Einstein published his theory in 1905 and received the Nobel Prize in 1921, reasonably quick acceptance for such a totally revolutionary idea.


But it still seems crazy. The average person may say, “Why should I care? Why am I even wasting my time reading this?” Crazy as it may seem, this is the way the world works. Take GPS, for an example. The global positioning system could not work if the engineers who built it did not take the theory of relativity into account.


For GPS to work accurately, the clocks on the GPS satellites and the clocks in GPS tracking equipment on Earth must agree with an accuracy of twenty to thirty nanoseconds. But the clocks on the satellites are moving at about 14,500 kilometers an hour (9,000 miles an hour). Because of the high speed of the satellite relative to the Earth, Einstein’s theory of time dilation says that the clock on the satellite should tick more slowly, by about seven microseconds per day. Also, the satellite is in orbit high above the Earth’s surface, where gravity is weaker. According to Einstein, in the weaker gravity the clock speeds up by about forty-five microseconds per day. Taken together, the satellite clock runs thirty-eight microseconds per day faster than the Earth clock in your cell phone GPS application.


Without correction, the entire GPS system would be off by ten kilometers after a day, seventy kilometers after a week, and 3,640 kilometers after a year. After a year without correction, the GPS system would tell you that your car, sitting comfortably in New York City, was actually in Salt Lake City, Utah. Not very useful. To account for this, the engineers who made the GPS satellites installed clocks that run slowly by just the right amount to counter Einstein’s predicted relativity effects. And as a result, the GPS says your car is exactly where it is.


The Inconceivably Tiny


For the most part, Planck and Einstein worked at the opposite ends of physics. Einstein explained how things that are going unimaginably fast or are inconceivably massive behave. Planck showed how things that are impossibly tiny work. (Best known for the theory of relativity, Einstein also showed that the photo-electric effect is produced because light is at once a wave and consists of tiny packets of energy now known as photons. The brilliant Einstein thus studied the physics of both the unimaginably fast/inconceivably massive and the impossibly tiny.) But Planck did not intentionally set out to pursue the scientific findings for which he is now famous.


When Planck started his research career, his principal interest was in thermodynamics. While the laws of thermodynamics known in Planck’s time gave a good general description of how heat, work, and temperature were related, there were still a few phenomena that could not be completely explained by or understood by thermodynamics. One of these was black body radiation.


Thermal radiation is spontaneously emitted by ordinary objects. When this emission is measured under a set of idealized and controlled conditions, it is called black body radiation. At room temperature, thermal energy radiates in the infrared spectrum. Since we cannot see infrared light, it appears to us like nothing is happening. But when an object becomes hotter, it first appears dull red because it is emitting radiation within the visual spectrum. We call this red hot. And as temperature increases further, it appears bright red, orange, yellow, white, and finally blue-white. We call this high-temperature radiation white hot.


There was a clear relationship between radiation frequency (color) and temperature, but how exactly did this relate to the amount of energy involved, and what was the explanation for the effect? The first scientist to tackle this problem was Wilhelm Wien in 1896, and his explanation is called Wien’s law. But Wien’s law correctly predicted the behavior of only high-frequency emissions. It failed at low frequencies. In 1905 the British scientists Lord Rayleigh and Sir James Jeans formulated the Rayleigh–Jeans law. But although the Rayleigh–Jeans law correctly predicted experimental results at low-frequency emissions, it created what became known as the “ultraviolet catastrophe” at high frequencies. It predicted that at high frequencies matter could instantaneously radiate all of its energy until it is near absolute zero. This does not happen, so the Rayleigh–Jeans law is wrong too.


Then Planck proposed what turns out to be the correct explanation. It is called Planck’s radiation law:


E = hν


where E stands for energy, h is Planck’s constant (6.62607015 × 10−34), and ν is the frequency of the emitted light. Superficially, this seems pretty simple and straightforward. The energy produced in black body radiation is a precise fraction of the light frequency. So far so good. But there is an uncomfortable and disconcerting implication in Planck’s radiation law.


Scientists had long wondered what light was composed of. In 1801 Thomas Young carried out what is called the double-slit experiment. Young used a light source to illuminate a plate into which two parallel slits had been cut, and then observed the light on a screen behind the plate. The light passing through the two slits produced interference: the two light beams, seen as a series of bright and dark bands on the screen, alternately reinforced or canceled each other. In the experiment, the slits split a single light beam into two beams of light and introduce a time, or phase, difference between them. Depending upon their phases, two waves can either reinforce one another (most strongly when their phases are identical) or cancel each other (most strongly when their respective phases are 180 degrees out of phase). Particles have no phases and do not produce this effect. This result showed that light must be a wave, not a stream of particles, and for the next one hundred years physicists believed that light, X-rays, and radio signals were all waves.


But Planck’s radiation law implies that light energy is emitted in tiny discrete energy packets of a specific size. Although Planck’s equation, E = hν, says nothing directly about energy packets, in order for this equation to be true, light must be a stream of energy packets. Light could not exist as a simple, continuous flow of energy. These energy packets are now called photons. So, was light composed of waves or was it composed of energy packets? Planck’s radiation law argued that it was both, but this is impossible to visualize. Planck’s idea confounded common sense, yet it was true. The world of the impossibly tiny does not operate by the same laws that work in the world we inhabit. With his radiation law, Planck had founded quantum theory and entered the physics of the impossibly tiny through the back door.


The Greek philosophers were the first to speculate that matter is composed of tiny discrete units. Their writings were rediscovered by philosophers in fourteenth-century Europe, who continued to discuss and debate this concept. Later on, this idea was championed by chemist Robert Boyle and physicist Isaac Newton, but without experimental support. The idea that matter was composed of tiny discrete units received its first experimental backing at the end of the eighteenth century.


John Dalton was an English scientist who discovered the law of multiple proportions. He studied chemical oxides, compounds made from oxygen and another element, in his case tin, iron, and nitrogen. He found that there were multiple ways in which each of these elements could combine with oxygen: tin and iron each combined with oxygen in two ways and with nitrogen in three ways. But in every case, the combinations appeared in whole number multiples. For tin, oxygen combines in either one amount or twice that amount. Oxygen combines with iron in two possible whole number ratios, the larger of which we call rust. And with nitrogen, oxygen combines in either an amount, twice that amount, or four times that amount.


Dalton wrote that these whole number ratios were best explained if discrete, individual particles of oxygen were combining with particles of the other elements: one or two for tin, two or three for iron, and one, two, or four for nitrogen. Dalton called these particles atoms. He further proposed that each chemical element is composed of atoms of a single, unique type, that atoms cannot be altered or destroyed by chemical means, and that atoms can combine to form more complex structures. It was the first time atomic theory was proposed based upon experimental observations.


Atoms were initially thought to be fundamental units lacking substructure, and so the smallest possible division of matter. But in 1897 British physicist J. J. Thompson discovered a new particle, the electron. Electrons carried a negative charge and were 1,800 times smaller than the hydrogen atom, the smallest atom. Thompson proposed that atoms were composed of smaller structures and that the electron was one of these. Since electrons carry a negative charge but atoms are neutrally charged, there also had to be a component of the atom with a positive charge to neutralize the electron’s negative charge. This is the positively charged nucleus.


Experiments over the next decade yielded the Bohr atom: a general model of atomic structure that is still generally accepted and taught in elementary and high schools. The Bohr atom was proposed in 1913 by the Danish physicist Niels Bohr and the British physicist Ernest Rutherford. Their model said that the atom has a small, dense, positively charged nucleus with tiny electrons flying around it. Our solar system provides a structure analogous to the Bohr atom, with the sun at the center and the planets revolving around it. This arrangement of the solar system provided a clear and solid analogy when the Bohr atom was proposed in the early twentieth century.


While the solar system is an excellent model for the physical structure of the atom, it is a terrible model for the atom’s behavior. From the recent work of Planck, it had become clear that the laws governing the behavior of our own world were not necessarily going to apply to the atom. So when Bohr and Rutherford developed their model, they made sure that it was consistent with the quantized energy described by Planck’s radiation law and incorporated the idea that electrons could not just randomly fly around the nucleus. Instead, they were fixed in specific orbital levels and at fixed energies. Electrons could on occasion change from one permitted orbit to another, and when they did so it would be an instantaneous “quantum leap” from one position to another, releasing or absorbing one of Planck’s photon packets of energy.


This is, of course, not at all the way the solar system works. While planets are in orbits at fixed distances from the sun, there is no law saying that a planet in general has to revolve at only certain distances. In other solar systems, the planets are at different distances from their sun than the planets in our own solar system. And the laws of celestial mechanics do not permit planets to abruptly change their orbits after absorbing or releasing energy the way electrons do. Further work revealed even more extreme discrepancies.


With the acceptance of Planck’s radiation law, the next generation of physicists worked to expand our understanding of the laws governing the world of the ultra-minuscule. Soon the field that had been established by Planck, the study of the world of the super tiny, became a subspecialty of physics in its own right, called Quantenmechanik in German and quantum mechanics in English. And as time went on, new quantum mechanics laws that were much harder to visualize and rationalize were developed.


The next generation of scientists made findings that defied everyday experience and common sense far more so than Planck’s own work. In 1927 Werner Heisenberg published something he called the uncertainty principle. The uncertainty principle basically says that, in the world of the infinitesimal, you cannot simultaneously know both the position and the path of travel of a subatomic particle. You can know only one or the other. In fact, the very act of observing what is going on will alter the outcome. In our own world, imagine watching a baseball game, not knowing where the ball is or where it is going. Then, if we go about establishing where the ball is or where it’s going, we thereby determine the outcome of the game.


Accepting that in the tiny world it was impossible to know where subatomic particles were and where they were going, physicist Max Born developed something he called the statistical wave function. The statistical wave function calculates the probability that a particle will be at a given point of space and time. Born made it possible to say how likely it would be for a subatomic particle to be in any particular place at any particular time despite not knowing these things for certain. Born was making educated guesses in a field that had always been based on precision and certainty.


And in 1925 another physicist, Wolfgang Pauli, showed what has become known as the Pauli exclusion principle. This law says that no two electrons in an atom can exist in the same quantum state. This was in real defiance of common sense. How could an electron possibly know what the other electrons were doing so that it could avoid being in the same quantum state as the other electrons? Were tiny electrons supposed to be communicating and coordinating their activities with one another? It would seem to be impossible, yet physicists even have a name for the effect: quantum entanglement.


These ideas were difficult for even professional physicists to accept. At a famous meeting in 1935, Albert Einstein debated the new quantum mechanics theories with physicist Erwin Schrödinger. Schrödinger, attempting to explain these new ideas, came up with the famous Schrödinger cat Gedankenexperiment, or thought experiment.


Schrödinger imagined a cat, a flask of poison gas, some radioactive material, and a Geiger counter in a sealed box. The radioactive material will randomly decay, and the resulting radioactivity is detected by the Geiger counter. The Geiger counter is attached to a hammer that will shatter the flask of poison gas when it detects radioactivity. This then releases the poison gas, killing the cat. A quantum mechanics analysis of this problem would say that the cat is simultaneously alive and dead. The paradox of whether the cat is actually alive or dead is resolved once one looks into the box. By so doing, one sees that the cat is either alive or dead, not both alive and dead. The very act of observation produces the outcome. This is how quantum mechanics works. While everything is statistical, at some point reality intervenes and produces one possibility or the other.


Again, one might ask, “Why should I care?” The result in Schrödinger’s cat experiment is binary: either the cat is alive or dead; one or zero. It happens that all computing is binary, based on strings of ones and zeros. Therefore, in theory the principles of quantum mechanics could be applied to design a new type of computer. A number of groups are working on this around the world.


The attraction of quantum computing is that in conventional computers information is carried by electrons moving through circuits. The velocity of these electrons, as Albert Einstein was well aware, is linear and limited by the speed of light. But quantum effects are probabilistic. The speed of light does not apply. It should be possible to produce quantum bits in a massively parallel superposition of an enormous exponential number of states. Then all computations can be made simultaneously in parallel rather than consecutively. Thus, in theory, a quantum computer could be a lot faster than a conventional computer. Quantum computing is in its infancy relative to conventional computing, so it will take time to reduce all this to practice. In 2022 three physicists were awarded the Nobel Prize for their work in quantum technology, with the Nobel Committee stating that “ineffable effects of quantum mechanics are starting to find applications” including applications for “quantum computers, quantum networks and secure quantum encrypted communication.” We will see what happens. If successful, computing speed will be dramatically increased.


Reactions to the New Ideas in Quantum Mechanics and an Example of Planck’s Principle


Physicists took different approaches to dealing with these new physical laws that defied everyday experience. One approach was to rationally accept the laws, despite their strangeness and the fact that they were impossible to visualize and counterintuitive. Accepting them was also to admit that the principles that describe the world in which we live may not have universal application. A second approach was to accept the laws as models that explain the data but also to state that these laws do not necessarily have a physical reality. Two examples follow.


Light is composed of waves. Waves need a medium in which to propagate. Ocean waves need water. Sound waves need air. Light waves can travel in a vacuum, so what medium does light use? One group of physicists hypothesized that something exists that they called the luminiferous ether. Luminiferous ether is invisible and infinite and does not interact with physical objects. It behaves like a fluid in order to fill up space but also is millions of times more rigid than steel in order to support the high frequencies of light waves. It is massless and without viscosity and completely transparent, nondispersive, incompressible, and continuous at even the smallest scale. This group of scientists was so desperate to make light waves conform to our everyday experiences that they invented an impossible substance in order to explain an inconceivable phenomenon.


The other group, led by Einstein, said there was no luminiferous ether. They argued that light waves were special and could travel without the need for a medium to support their propagation. First of all, Einstein’s special theory of relativity said there was no single universal frame of reference, undermining one of the arguments that demanded the existence of luminiferous ether.


In our frame of reference, a medium is required for the propagation of waves. In another frame of reference, a medium might not be needed. Both things could be true and also totally mutually exclusive. You do not have to like it to believe in it. Planck’s work was particularly supportive of the non-ether point of view, for it said that light was a stream of particles that had a “wave-like nature.” Particles obviously do not need a medium in which to travel (spacecraft move just fine in the vacuum of space), so thus neither does light. Luminiferous ether is not needed.


At the time disputes of this type were erupting in the physics community over all sorts of ideas. Ernst Mach was an Austrian physicist and philosopher who is best known today for his study of shock waves. The unit of velocity for supersonic aircraft, measured as the ratio of the speed at which the aircraft is traveling to the speed of sound in air, is called the Mach number in his honor. Mach and Planck disagreed about the reality of atoms. Mach said that atoms were mere theoretical constructs. The atom was just an idea that allowed physicists to make sense of their data. Planck, on the other hand, said that, as difficult as it was to visualize and conceive of solid materials being composed of trillions of tiny particles, atoms did in reality exist.


Some scientists remained neutral. These scientists said that a physical law that defied everyday experience could not be true. But a true explanation had to exist. Therefore, one had to wait until eventually some smart scientist came up with a hypothesis that explained the data and was at the same time consistent with how we see the world is working.


The new findings of the younger quantum mechanics physicists were too much for both Einstein and Planck. They could not accept them. In regard to Born’s statistical wave function, Einstein famously argued, “God does not play dice.” Planck remained adamantly opposed to the indeterministic, statistical world-view developed by the later quantum mechanics physicists. He rejected their ideas, saying they were in conflict with his deepest intuitions and beliefs. The physical universe, Planck argued, is an objective entity existing independently of man. The observer and the observed are not intimately coupled.


While both men had trouble accepting the new findings, their reactions were quite different. Einstein argued against the new ideas, but having voiced his objections, he moved on, working on his unified field theory and trusting that the scientific process would eventually sort out the correct answer. Einstein seemed to take delays in acceptance of new ideas in physics as the way of the world, or at the very least the way of science. Planck, for his part, remained adamantly and bitterly opposed to the new theories.


Objectively, it is hard to understand the basis for Planck’s rigidity, dogmatism, and bitterness. Long delays in getting new ideas accepted, especially radical ideas, are common and standard. Planck first proposed his black body radiation law in October 1900 and published it in 1901. He was awarded the Nobel Prize for this work in 1918, a delay of seventeen years. Consider Einstein in comparison. Einstein published his theory of relativity in 1905 and was awarded the Nobel Prize in 1921, a delay of sixteen years. Planck does not seem to have been singled out for poor treatment.


One would have expected that Planck, who was extremely resentful of his own treatment by the physicists who had rejected the quantum concept of his radiation theory, would have shown generosity and support for the new generation of physicists. But while taking his own treatment as a personal affront, he seemed incapable of empathizing with the plight of the younger scientists.


Perhaps tragedies in his personal life contributed to Planck’s bitterness. Planck’s first wife died in 1909 at the age of forty-eight, and his oldest son, Karl, died fighting during World War I. After the war, Planck’s twin daughters, Margarete and Emma, both died in childbirth. And during World War II, his youngest son, Erwin, was implicated in the failed July Plot to kill Hitler and was hanged. In 1944, an Allied air raid hit his house and destroyed many of his possessions, including all his scientific notebooks.


After Hitler came to power, Planck decided to remain in Germany and tried to help Jewish scientists but had little success. To protest the religious intolerance of the Nazis and their persecution of the Jews, he resigned his presidency of the Kaiser Wilhelm Society and thus lost his job as the head of one of the most prestigious research institutions in the world. In the long run, his resignation protected him. During World War II, weapons and medical research was performed by the Kaiser Wilhelm Institute, including human experimentation on prisoners in Nazi concentration camps. The institute collaborated with Dr. Josef Mengele, who provided them with Jewish bodies and body parts for their research. As the American forces closed in, Planck’s successor, Albert Vögler, committed suicide, realizing that he had committed and would be prosecuted for war crimes.


Planck’s last publication was his autobiography. In it he railed against those who delayed the acceptance of his ideas and proposed what is now called Planck’s principle: that science progresses one funeral at a time; that a new idea in science cannot take hold until its opponents die off. His last contribution to scientific debate was to oppose intransigently the ideas of Born, Heisenberg, Pauli, and Schrödinger. All four went on to win Nobel Prizes as Planck had for his work, and their theories are now the standard principles of quantum mechanics, taught in physics classes at universities all over the world.


Ironically, Planck’s career demonstrates Planck’s principle in two totally different ways. In his early career Planck was frustrated by the unwillingness of older scientists to accept his work. And then, most unexpectedly, in his later career Planck became the rejecter, unwilling to accept the new ideas of the next generation of physicists. By becoming the rejecter, he provided a second validation for Planck’s principle. Plank died refusing to accept modern quantum mechanics. As he had observed, scientific truths do not triumph by convincing the opponents but rather because the opponents die off.
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