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Preface

“Science is the belief in the ignorance of experts.”

 — Richard Feynman


Confusing and contradictory

I wrote this book with two groups of physics enthusiasts in mind. The first group is comprised of the lay students of quantum mechanics who have had no choice but to be constrained in their learning by the vagaries of pop-science authors. You have read books by physicists and watched endless videos by popularizers of quantum mechanics. You have tried to get closer to an understanding, but there are always confusing terms, contradictions, and vague language. With you in mind, I quote and paraphrase pop-sci edutainers, who are often physicists, and deconstruct their explanations. At other times, I elevate your understanding of quantum mechanics.

With that description, you can see that this book is not for a rank novice. This book is meant to give you the next step beyond what you have read before. The reader should have some knowledge of science and math and have been exposed to many topics related to quantum mechanics from videos and books. I more or less wrote as if the following would readily come to your mind’s eye when you read them: absolute value symbol, center of mass, the Cartesian coordinate system, constructive and destructive interference of waves, electric charges, electric fields, electrons, even and odd function addition rules, kinetic energy, light as an electromagnetic wave, light polarization, magnetic fields, momentum, neutrinos, neutrons, photons, potential energy, protons, sine/cosine functions, square of a number, speed of light in vacuum vs. materials, traveling waves, vectors, wave packets, and weighted averages.

For those who know calculus and linear algebra, the math in this book will be easy for you. In fact, you might get a little frustrated at the times when I talk about math rather than show the equations in all their terrible glory.

So that you have more context to what I discuss and to find this book interesting, it’s better, but not necessary, to have also been introduced to most of the following things: complex numbers, the collapse of the wave function, the Copenhagen interpretation, the double-slit experiment, Feynman’s path-integral formulation, hydrogen energy levels, names of the famous founders of quantum mechanics, quantum probabilities, quantum spin, quantum tunneling, Schrödinger’s cat, superpositions, transitions (quantum jumps), the uncertainty principle, and wave-particle duality. However, I do explain all those things to the level of detail needed.

The second group of readers I have in mind is composed of those who will take, are taking, or have already taken a more formal study of quantum mechanics. You may be a student about to start your first serious course in quantum mechanics. Or, you may already have some experience, having already completed your study of quantum mechanics without becoming an expert in the subject. With the overview of the physics from this book, your math-dense quantum mechanics textbook will make more sense. More importantly, you will learn the dirty little secret about quantum mechanics: a not insignificant part of what you learn in an introductory textbook is not how the universe works.

These introductory textbooks convey the message that the math of quantum mechanics is settled, we have an axiomatic system from which other truths can be infallibly deduced, and all that is left is to tie up some loose ends. And if you don’t understand the quantum mechanics, it’s not the textbook author’s fault.

In reality, quantum mechanics is not a faultless axiomatic system. In fact, physicists who calculate quantum things ignore parts of it. The primary problem with the axiomatic system is that it grafts measurements onto the physics at a fundamental level. However, measurements are still the least understood part of quantum mechanics. Researchers in the field of quantum foundations have identified inconsistencies with some of the postulates of the axiomatic system. Yet, the majority of quantum textbooks do not adjust to the times. Throughout the various chapters, I will detail ten postulates that are the foundation of the not-quite-faultless axiomatic system.

Problems with textbooks are not restricted to attempts at an axiomatic system. Many other problems result from pushing a corpuscular particle picture of quantum objects and using non-rigorous mathematics to accomplish that picture.

Ultimately, even if you forget most of the details I have laid out in this book, you will be left with a core lesson. In your previous endeavors to learn more, your confusion did not signal that you were inadequate or that quantum mechanics is magic. It signaled that you were being sold something quite far from the plain truth. Amplifying the problem is that the plain truth, physics, is not easy.




The scope and limits of this book

In the late 1980’s, the celebrated science-fiction and non-fiction author Isaac Asimov received a letter from a young English Lit major who, while quoting Socrates, tried to convince Asimov that our current scientific knowledge is wrong because all of our previous scientific theories had turned out wrong century after century. In response, Asimov wrote the essay The Relativity of Wrong in which he says:


When people thought the Earth was flat, they were wrong. When people thought the Earth was spherical, they were wrong. But if you think that thinking the Earth is spherical is just as wrong as thinking the Earth is flat, then your view is wronger than both of them put together.



It’s wrong to say the Earth is spherical because, with the equator farther from the center of the Earth than the poles are, it’s more accurate to say the Earth resembles an oblate spheroid. That, too, is wrong still because one pole is closer to the equator than the other. Again, that simple picture is wrong too. We could be more correct in our description because, with its mountains, hills, valleys, and ocean trenches, the Earth is bumpy.

In quantum mechanics, each explanation of some phenomenon or theorem is somewhere on the spectrum of being relatively wrong. In this book, I counter those physicists who teach students and laypeople the quantum-mechanical version of a flat Earth. However, I make no claim that you will know the heights of mountains or the depths of the oceans by the end of this book. Some of the things I say will still be incomplete in some fashion. They will just be less incomplete than what you were told before. I will illustrate ideas of quantum mechanics that are, figuratively speaking, as accurate as a spherical model of the Earth or better. With this knowledge, you will be better able to set sail in the right direction in your future quests to learn the heights and depths of quantum mechanics.

There were many topics I wanted to write about, but, in the end, they weren’t all a good fit for this book. Most of the topics I cover are found in non-relativistic quantum mechanics courses. In the chapter summaries below, you can see what those topics are. Two of the biggest absences are photons and entanglement. They do make brief appearances, so they are not completely absent, but they are not the focus of any chapter. The absence of photons means that this book is primarily focused on quantum objects with mass.

With any physics topic, there are a great many details, caveats, and exceptions. For some topics in this book, I might teach you the spherical Earth version first and some time later reveal the oblate spheroid version. When I do this, I do so to avoid cognitive overload for the novice reader or as a rhetorical technique that allows me to contrast the two levels of understanding. I take a layered approach with the math, too. If you find you don’t quite understand some math, do not worry. For the most part, the type of math I show you is quite repetitive and will appear anew with another explanation.

Unlike in books by other authors, I give you an extensive technical vocabulary. A minority of the terms are not elaborated on and do not appear in the glossary. They are still beneficial to you because with the correct word for a concept you may look it up online.




Chapter summaries

Below are summaries of the chapters, appendices, and the glossary. For the most part, the chapters are meant to be read in order. This is also true for experts because I often refer back to things that have been said previously. The first appendix should be read as soon as possible after the first chapter and definitely before the Gallery chapter. The second appendix is a helpful simplification of the postulates. The third and fourth appendices could have been made into chapters but are instead optional because they are more math-focused.


Ch. 1: On interpretations

The biggest impediment to understanding quantum mechanics is having nothing to visualize because the predominant philosophy in quantum mechanics is anti-reality and tells us not to ask questions about what actually exists.

With this chapter, I lay bare part of the shaky foundation of the anti-reality position because I want to dispel the idea that you are not allowed to think of what happens in the quantum realm. I’m not fond of rehashing the history you’ve read a few times in other pop-sci accounts, but in this chapter, we must go back in time and see the arguments of a most influential physicist who thought of himself as an able philosopher.




Ch. 2: A first look at quantum angular momentum

You are undoubtedly aware of spin angular momentum (spin) but may be unaware of its counterpart, orbital angular momentum (OAM). Together, they are the two types of quantum angular momentum (QAM). QAM will be one of the most difficult topics to comprehend in this book, so I lay out how you should mentally picture these concepts in this chapter.




Ch. 3: Misconceptions about the electron in particular

Some illogical and naive ideas would have us picture quantum objects as tiny, corpuscular particles or as geometric points. They usually come up in discussions that include electrons. These naive ideas stop many from appreciating that the wave function is the center of it all. I show why the pictures are illogical and end with a rudimentary visualization of wave functions.




Ch. 4: Waves and superposition

Mathematically, superposition is a simple idea. It is the addition of fields of numbers. This short chapter gives you some insight into how to understand superpositions mathematically and physically.




Ch. 5: The cat, the keg, and the cut

This is the second and final chapter with a significant callback to history. Pop-sci authors and click-bait websites are fond of mischaracterizing what Schrödinger said about his cat experiment. I correct the record on this and also give Einstein’s version of the cat experiment. At this point in history, the physicist-philosopher of the first chapter wanted to defend his Copenhagen interpretation from criticisms by Einstein and Schrödinger, so I have a go at another aspect of his anti-reality claims. I end with an exploration of the idea of macroscopic wave functions.




Ch. 6: Mathematics vs measurements

This is where a gentle introduction to using Dirac’s mathematical notation of kets, operators, and numerical quantities begins. Additionally, several postulates of axiomatic quantum mechanics are introduced here. You will see that one of the postulates, which could only have been invented for its mathematical convenience, often does not match the physical situation that occurs in actual experiments.




Ch. 7: Wave-particle duality and the double-slit experiment

The term wave-particle duality is so abused that I must give a critical analysis of it. Most explanations of the double-slit experiment make it seem like quantum mechanics is magical. I walk through a description of the double-slit experiment by a British professor and show how it misleads you into thinking that quantum objects behave magically.




Ch. 8 and 9: The mysterious hieroglyphics of Schrödinger’s equation

On a few occasions, you have probably been presented with the mass of symbols that is the Schrödinger equation. Yet, it still seems undecipherable. I take two chapters to show you what the math means, first As an energy balance and then As a wave equation.




Ch. 10: Gallery of atomic orbitals

The Schrödinger equation gives us the wave functions for hydrogen’s atomic orbitals. Via dozens of colorful images, I examine the matter density of hydrogen and the complex-valued nature of its wave functions.




Ch. 11: Spins, superpositions, and abstract spaces

Spin and superpositions are two of the topics that novices find particularly counterintuitive. I provide a comprehensive explanation of spin and its superpositions. I also use abstract mathematical spaces to illustrate why spins and superpositions are so counterintuitive. To give you a more complete understanding, I do not restrict myself to spin-1/2 states. I end the chapter with examples of spin-0, spin-1, and spin-3/2 states.




Ch. 12: Spring cleaning

Some misconceptions that I have to clear up are delayed until this chapter because you need the foundational concepts from previous chapters. The final three postulates of axiomatic quantum mechanics are introduced here.




Ch. 13: The uncertainty principle is not what you think it is

Far too often, the uncertainty principle is confused with a measurement process or is used to justify fantastical stories of a frantic quantum realm. In this chapter, I show you what the uncertainty principle is fundamentally about, and it’s certainly not measurements.




Ch. 14: The postulates of quantum mechanics

Students are often told that an axiomatic system of quantum mechanics exists. Having such a system should mean unerring truths follow from a foundational set of postulates. Throughout the book, I have pointed out where some of these postulates don’t work as universally as they are claimed to. In this chapter, while keeping the math to a minimum, I teach you what it means to have an axiomatic system and give an extensive commentary on the postulates and what goes unsaid.




Afterword

Some parting words to give you some direction.




Appendix A: Atomic orbitals, their labels and transitions

This appendix teaches you the numbering and lettering system for orbitals. It also explains the types of quantum states and gives a cursory explanation of atomic transitions. Before starting the Gallery of atomic orbitals chapter, you should understand this labeling system.




Appendix B: The postulates of quantum mechanics, a non-mathematical overview

I pepper introductions to ten postulates across various chapters. You should often refer to the alternative wording in this appendix to keep the ideas straight in your mind.




Appendix C: Matrix mechanics and spin

At various points in the book, I presented some spin superpositions and expectation values and promised to show you how these and some other math objects came about. I keep my promise with this appendix. It is for those who want a peek into a small subset of the math of matrix mechanics hidden behind Dirac’s notation.




Appendix D: The energy-time uncertainty principle doesn’t exist

It is important to know that the so-called energy-time uncertainty principle cannot be rigorously derived from quantum mechanics. I illustrate that to you with this appendix.




Glossary of technical terms

A comprehensive glossary with detailed entries. Sometimes I explain a concept differently here, so the reader should refer to the glossary often. After finishing a chapter, I suggest reviewing the chapter’s important terms here.









1 On interpretations

“Judging by its social impact, quantum weirdness will never go away as long as highly reputed scientists are willing to play the role of quantum magician. But only the presentation makes quantum mechanics appear weird. It is fully rational to the mind sufficiently trained in mathematics and theoretical physics.

Does quantum mechanics have to be weird? It sells much better to the general public if it is presented that way, and there is a long history of proceeding that way. But, in fact, it is an obstacle for everyone who wants to understand quantum mechanics, and to physics students who have to unlearn what they were told as lay persons.”

— Arnold Neumaier


There is a philosophical choice


The orthodoxy

I have a lot of misconceptions to correct throughout this book, and it will help you immensely if the Copenhagen interpretation of quantum mechanics does not weigh you down. You see, some physicists make quantum mechanics more confusing to you than necessary because they must engage in verbal acrobatics to avoid landing on a forbidden wording. The result is tortuous sentences and confused readers.

Depending on which tenets of the Copenhagen interpretation a physicist subscribes to, they may be forbidden from saying reasonable things like “Between measurements, the electron exists”, “The spin vector points in a particular direction”, “Energy is conserved in every process”, “Momentum is conserved in every process”, and “A cat cannot be both alive and dead.” This way of working comes from a radical version of scientific empiricism. It seems that these physicists don’t accept the possibility of making inferences from other data.

Instead, they must maintain odd views of the universe and say things like “We can only say what our instruments tell us, and that information is only good at the time of measurement”, “Energy and momentum are conserved only on average over a large number of measurements”, and “A cat can be literally both alive and dead.”

I have seen physicists write in books and on internet forums as if the Copenhagen interpretation is the single allowable interpretation of quantum mechanics. They have been misinformed, and they misinform you. As long as an interpretation does not contradict known facts and is internally consistent, then you are allowed to subscribe to it. Facts are the foundation; interpretation is the scaffolding over this that builds up our view. Of course, the interpretations may be differentiated by new facts in the future, but until then, you have freedom of choice.




The three views covered

That being said, I don’t want to dwell on a long list of ways you may view quantum physics. In this book, I only refer to three views consistently: 1) textbook axiomatic quantum mechanics, 2) the Copenhagen interpretation, and 3) the reality interpretation. There are, in fact, many reality interpretations, but in this book, I will refer to the one I prefer as the reality interpretation.

Axiomatic quantum mechanics is commonly assumed to be a sterile description of quantum mechanical facts. It is based upon a short list of postulates (aka axioms) that are supposed to serve as foundational statements of a consistent mathematical system that describes our experimental observations of quantum-mechanical phenomena. I eventually lay out all of the postulates for you in the final chapter but introduce all of them on our way there. Additionally, I have included a short appendix introducing them in a non-mathematical way which you should read well before you get to the Postulates chapter. Note that there are many moderately different versions of the postulates. In this book, I present an amalgamated list that characterizes what an average undergraduate student might encounter.

In passing, so that you aren’t left wondering, I want to mention how physicists who do quantum-mechanical calculations use it to move science forward. Some may say that those physicists use axiomatic quantum mechanics. However, since it leads to inconsistencies and absurdities — which you will understand well by the end of the book — it cannot always give correct results. Roughly speaking, physicists (generally, not the ones who write lists of postulates) use axiomatic quantum mechanics minus the parts that don’t work plus other mathematical tricks or workarounds that make things work. In other words, it’s not genuinely axiomatic quantum mechanics. Textbooks rarely acknowledge the actual state of the field.

According to the Copenhagen interpretation, the wave function Ψ is nothing more than a mathematical tool. (The Ψ is pronounced “sigh” and spelled “psi”.) We are supposed to just “shut up and calculate” results, not picture the wave function as part of reality. In much of the philosophical literature, they call this the anti-reality view. It is a rather dull way to be a physicist.

Apparently, the Copenhagen interpretation is the most common interpretation. It is much looser than axiomatic quantum mechanics. It roughly follows the modern postulates and has a few other ideas added on. In the The cat, the keg, and the cut chapter, I bring up a point about the Copenhagen interpretation because it fits the historical context (and gives my chapter title a nice, third alliterating word). Here in this first chapter, the only rule from the Copenhagen interpretation I am concerned with is the anti-reality claim, which says that we cannot talk about reality between measurements. One reason given for this rule is that we don’t have direct knowledge of the happenings between measurements. The other reason given is quite surprising: they say that reality does not exist between measurements. These two claims are the main focus of this chapter, and I will return to them soon enough.




The position taken in this book

I certainly did not become a physicist simply to confirm by experiment quantum-mechanical calculations with no thought given to what lies deeper than the numbers on a machine. I did it all to comprehend the nature of reality and the wonders of the universe.

Most days of the week, I am a realist and believe that the wave function of a quantum object represents an element of objective reality. The term objective reality refers to things that truly exist and are independent of a mind or anyone’s opinion. In contrast, the perception of how warm a room feels is part of subjective reality. To an obese husky, it’s too warm. To a naked mole-rat, it is too cold. To Goldilocks, it’s just right. Philosophers would say I most often follow an ontological interpretation (etymologically, ontology is the study of objective reality).

The position I take in resisting the anti-reality view is not an uncommon one. There was a small poll taken of scholars who specifically research the foundations of quantum mechanics. Sean Carroll says that one of the bar graphs in this study is “The most embarrassing graph in modern physics” because we still don’t agree on a single interpretation. In the graph that Carroll mentions, the largest group, with 42% of respondents, prefers the Copenhagen interpretation. The many-worlds interpretation came in at 18% (I do not discuss this interpretation). And 12% of those polled had no preference. In another question, 24% of the researchers said they believe that the wave function is real, and a further 33% believe that it is a mixture of a real and informational thing.

If you are relatively new to quantum mechanics or are confused by the “Whole Sort of General Mish Mash” of it all, I suggest you read this book thinking that the wave function written on the page reflects a quantum object that is an element of reality. Realism has helped me from being totally confused by quantum mechanics. Ultimately, I chose to write this book as if wave functions are part of reality.

I try to avoid discussing the measurement process whenever I can (although I still talk about it plenty). My reason for this is the measurement problem, which arises due to our lack of understanding of the process of going from a quantum wave to a measurement result. Different interpretations deal with the problem differently.

The most famous partial hypothesis that attempts to solve the measurement problem is that, somehow, a spread-out wave becomes localized when it interacts with matter or a photon. This localization then allows for a click in a detector or a registration in a pixel. Going from a spread-out wave function to a localized wave function is often described as the collapse of the wave function. We know neither the details nor the mechanism of how this would work. That being said, I will assume throughout this book that the collapse of the wave function occurs at some point during the measurement process.

By only bringing up how we measure the quantum realm when it’s useful or when I am pointing out a contradiction, I will be walking around this source of confusion, which other popularizers of quantum mechanics capitalize on to bring you a sense of awe and wonder. Instead, I concentrate on the cause-and-effect quantum realm that obeys the Schrödinger equation. In the reality interpretation, the quantum realm has the mass and electric charge of a single electron distributed throughout space according to the squared magnitude of the wave function (i.e., |Ψ|2. See Fig. 1.1). Everything will be clearer for you via this route. Though, it is not essential for you to believe this in your heart. Once you have finished the book, you can go back to your preferred interpretation. It’s your choice of philosophy.


[image: Two images showing the distribution of an electron's mass and charge in a hydrogen atom. The left image, for a 3s state, shows a spherical cloud with a bright central core, surrounded by fainter halos. The right image, for a 3p state, shows two bright lobes two nested above the horizontal plane and two below.]
Figure 1.1: How to picture the mass and charge distributed in space in the reality interpretation. The images are of an electron’s matter density in hydrogen (which is proportional to the probability density |Ψ|2) when it is in a 3s state (left) and in a 3p state (right). Appendix A explains this number and letter labeling system. The squares are 1.6 nm on a side (1 nanometer = 1 millionth of a millimeter). You can interpret the images as if they were semi-transparent clouds. I created them by adding up slices through the matter density. To get the charge or mass density from |Ψ|2, multiply it by the charge q or the mass m. Those densities are q ⋅ |Ψ|2 and m ⋅ |Ψ|2. Because it is brighter, the right image deceptively appears to have more matter in it. Both images represent one electron. The brightness scales are set by the maximum pixel value in each image for optimal visibility. Since the right image has less variation in values, it has large bright regions. I chose these states because I will mention sodium’s 3s and 3p states in the next chapter. We can only find exact atomic wave functions for hydrogen-like atoms/ions, and the researchers who do the numerical calculations don’t show the wave functions or electron densities for other atoms. In sodium, the matter density likely would retain the same prominent features. I estimate the square’s edges would be double that of hydrogen’s (I used the ratio of Na and H’s van der Waals radii).



For decades, scholars have been discussing the different positions regarding reality in quantum mechanics. I’m sure you could find numerous books, dissertations, and articles with thorough, detailed, and long analyses on this. However, I want you to be confident, here and now, that you can let go of the no-questions-allowed burden of the Copenhagen interpretation. So, I give you a cursory case against anti-reality and another for reality below.

Note that, after all is said and done, the Copenhagen crew could retort back with “well, the reality interpretation can’t explain x, y, and z!” Sure. That’s fine. For example, I don’t know if it’s better to say “Ψ is an object” or say “|Ψ|2 is the object and Ψ is a property it possesses”. This shows there is an asymmetry between the anti-reality and reality positions. Schrödinger, Einstein, and other realists don’t claim that our understanding of quantum mechanics is complete. To us, the evidence suggests that there is more to it.

In contrast, some of those who invented the Copenhagen interpretation did claim that their version of quantum mechanics is complete, and there is no need to burrow down further to find deeper truths. That is a much stronger claim and, as such, should have no cracks in its foundation. In the cursory case that follows, I will supply you with some history surrounding and some arguments for the Copenhagen interpretation. In doing this, I do not definitively refute the Copenhagen interpretation. But, I do hope you will see that what has been historically said of this interpretation isn’t quite the truth and that the reasoning for the interpretation is not as solid as some say.






Our antagonist

It seems that we physicists collectively have a false and imagined history of a well-established Copenhagen interpretation and have been quoting sacred scripture that doesn’t exist. The story usually includes the detail that Heisenberg and Bohr established their united framework while at the University of Copenhagen. However, historians and philosophers who study this in detail tell us that Heisenberg and Bohr never fully agreed on the interpretation and that there is no single universally accepted Copenhagen interpretation. This is partly why I will only focus on one person and one aspect of this interpretation.

You can thank Werner Heisenberg, the anti-realist, for the widespread belief that we cannot know anything about a quantum object if it isn’t measured. His influence on what is taught to all new physicists can hardly be overstated. He took a conglomeration of mystical and philosophical ideas and solidified it into his version of the Copenhagen interpretation by 1955 when he introduced the term to the public in Niels Bohr and the Development of Physics. Of course, there were other giants of physics that contributed to the various versions of the Copenhagen interpretation. Nonetheless, Heisenberg was the most energetic proselytizer.

Adam Becker in What is Real?: The Unfinished Quest for the Meaning of Quantum Physics reveals why Heisenberg wrote so many books after World War II that make him appear as a pillar of a community of wise sages. Becker characterizes Heisenberg as a liar and a revisionist of his personal history as well as that of quantum mechanics. His books were part of a “public-relations campaign” to distract from his detestable history of trying to produce an atomic bomb for the Nazis: “Heisenberg’s invention of a single unified Copenhagen interpretation may have been an attempt to rework the history of quantum physics to his benefit.”

To declare Heisenberg a through-and-through anti-realist might be a bit much. He did, when being careful with his words, talk of objective reality being inaccessible between measurements rather than reality not existing. It is then more accurate to say his stated views varied over the years, and we can’t know if he was adjusting his message for his audience. For completeness, I will have to deconstruct both of his stated views.




Against Heisenberg’s anti-reality


The narrower stance: reality is not fully knowable


His first reason

In his 1971 book Physics and Beyond: Encounters and Conversations, Heisenberg tells the story of how, in the spring of 1919, during a hike in the mountains before his high school final exam, over conversations with friends about physics, philosophy, and religion, he concluded that the objective reality of atomic phenomena would be forever inaccessible to science because “our experience of atoms can only be indirect.” Across all his writings, Heisenberg is fond of showing his familiarity with philosophy and dropping the names of numerous philosophers.

In the story of his youth, he had been reading Plato’s Timaeus in the original Greek, and his acquaintance gave him his epiphany by mentioning the French theologian-philosopher Malebranche’s ideas. Specifically, it was the realization that “as they impinge on our senses, objects produce concepts directly in our minds” which planted the seed of anti-reality in his mind.

When Heisenberg rejects indirect knowledge of atoms, he rejects standard scientific inference and embraces a narrow, radical version of scientific empiricism. It is often said that Heisenberg follows some brand of philosophical positivism, which is consistent with the stance I discuss here.

Heisenberg’s anecdote is quite revealing because, if this story is accurate, Heisenberg’s philosophical position of a partially inaccessible objective reality is a worldview he adopted after a single conversation in his youth. In the text, it is clear that as a high school student, he wasn’t even yet aware of Bohr’s model of the atom with its orbits of electrons. The story illustrates that his general view of atomic phenomena is based upon a general philosophical opinion and is not one based on quantum mechanics.




His other reasons

In contrast to the story of his youth, in many other places, he gave a more elaborate set of reasons for us not having access to objective reality. One of the earliest accounts is in a 1930 book meant for a technical audience, which is based on lectures he gave in Chicago in 1929, titled The Physical Principles of the Quantum Theory.

Part of his reason for saying it is verboten to discuss what happens between measurements is because of the wave and particle pictures. Neither picture completely describes the quantum realm. He claims each picture is needed in turn to describe a photon as it progresses through an experiment. He says the two pictures contradict each other in explaining the same object. Therefore, according to Heisenberg, things in quantum mechanics are not consistently visualizable, and as such, we cannot claim to visualize what truly happens between measurements.

During these explanations he also invokes his famous measurement-disturbance relation (Δx ⋅ Δpx ≈ h) to deny that reality is knowable. (This relation is often erroneously called the uncertainty principle because the math symbols of the two relations appear somewhat similar. I will sort these two out in a later chapter.)

Heisenberg’s measurement-disturbance relation tells us we cannot simultaneously determine a quantum object’s momentum and position. This is because, to measure either quantity, we must do some violence to the object’s state by throwing a second quantum object at it. He says there is a destruction of knowledge and we can never obtain perfect knowledge of the present state of a quantum object. He takes it as a principle that we may only speak of things existing to the degree we have knowledge of them. Since we can’t exactly predict the outcomes of measurement, we can’t say atoms exist before the measurements.

He protects his peculiar principles with the declaration that our description of reality will be forever limited by the natural languages we use to describe the macroscopic world. He’s quite explicit that we aren’t allowed to adopt a more precise language because we use this language to describe the classical physics of our measurement devices.

Should we accept any or all of Heisenberg’s reasons for the view that we can’t discuss the existence of things between measurements? One would have to accept that there are only two acceptable ways to picture quantum objects: with a pure particle or a pure wave picture. No blending of the two is allowed. The possibility of a future, alternative picture that could make sense of the experimental data would have to be declared to be zero either by a sense of hopelessness or by brazen self-assuredness that one knows there can be no other.

Heisenberg’s requirement of perfect knowledge comes from a philosophy of radical scientific empiricism (originating from philosophical positivism). I ask if this is a viable position. Do we ever interpret our experimental data with no models in our minds? Do we not make countless assumptions in every experiment we do? If neither models nor assumptions were used to interpret what we do, scientists would simply need to describe their experiments and present their data in journal articles. The introductory, theory, discussion, and conclusion sections would be superfluous because bare data would be sufficient for us to know what is knowable. If one cannot accept such radical empiricism, I believe one should not accept the Copenhagen interpretation.

As for his stance on language, it too suffers from either a sense of hopelessness or brazen self-assuredness that humans will never find words to adequately describe quantum mechanics. Doesn’t natural language evolve with our needs? Suppose Heisenberg’s personality was put into an ancient Greek philosopher and shown a modern automobile. It seems he would say that we would never be able to describe the inner workings because ancient Greeks did not have the words to adequately describe an automobile’s physical principles. The possibility that greater ideas may yet come are absent in Heisenberg’s thinking.






The anti-realist’s stronger stance: measurements produce reality

From some modern physicists, it is common to hear something like, “the wave function is just mathematics and is not an element of reality.” They are making a stronger statement, and one couldn’t be considered wrong for saying that it sounds like they are rejecting the existence of the quantum realm. How can our instruments interact with anything if no real thing is “down there” before the measurement?

These decrees by modern physicists can be traced to Heisenberg and other Copenhagenists. In a few places, Heisenberg asserts that “the possible becomes actual” due to a measurement. In Physics and Beyond, he is more descriptive:


... on the atomic scale, this objective world of time and space [does] not even exist and...the mathematical symbols of theoretical physics [refer] to possibilities rather than facts.



This more descriptive statement comes from a story about the famous Einstein-Bohr debates at the Solvay conference of 1927 in Brussels. Heisenberg’s justification for this view relies on imperfect knowledge, duality, and probability. The new ingredient here is probability. In these cases, he is no longer talking about our knowledge of reality. He is now saying that reality only exists during measurements. He speaks very similar words during his Nobel lecture:


The very fact that the formalism of quantum mechanics cannot be interpreted as [a] visual description of a phenomenon occurring in space and time shows that quantum mechanics is in no way concerned with the objective determination of space-time phenomena.



This time, his justification for denying reality is the supposed lack of visualizability of quantum phenomena.

Naturally, one can ask the obvious question, “what about when we aren’t making measurements?” By using measurement to determine reality, Heisenberg has inserted people into the determination of reality.

Locations in space far from us, or even in the time before the existence of people, cause tremendous difficulty. Objects far from humans in time and space would not exist because they can’t be measured. Do they then not produce gravitational, electric, and magnetic fields? Einstein recognized this obvious conclusion. He tried to illustrate to Bohr the folly of the Copenhagen interpretation’s anti-reality stance when he asked Bohr if he thought the moon existed when no one was looking. We can also ask whether the moon’s gravitational field exists when the moon is unobserved or unmeasured.

The answers have obvious consequences, which are at odds with Heisenberg’s strong conclusion. If the gravitational field appears and disappears in lockstep with measurements on the moon, the stroboscopic changes in the field would presumably be measurable as pulses. Certainly, the pulses would be earth-shaking, but these are never observed, so this answer is false. If, alternatively, the gravitational field is always there, then it must have a source, the moon, that always exists.

You can also ponder whether you accept that the universe was not real before there were observers of it and how the first measurement occurred if it needed a real person to conduct it. Heisenberg’s outlandish conclusion is thus easily discredited if you believe the macroscopic world is built up from the microscopic world.

I anticipate some readers might resist my characterization of Heisenberg and suspect that he didn’t really mean measurements. Oh, dear reader, I assure you he did. His talk of experiments and measurements is in all his works on the foundations of quantum mechanics. It is essentially his trademark.

He needs measurements because his philosophy is based upon radical empiricism: you must only speak of what is measured, and no scientific inference is allowed. Measurements require a measurement apparatus. The particularly odd thing is that this apparatus must be classical according to Heisenberg. This then requires a freestanding classical world as a foundational assumption. Heisenberg says a dividing line, a cut, between the macroscopic and microscopic worlds is necessary to make his interpretation complete. In the fifth chapter, I analyze Heisenberg’s justification for this cut. To accept the Copenhagen interpretation, one must then subscribe to radical empiricism and must also deny that macroscopic objects are made up of quantum objects.






A short case for reality


No nuance needed

For a moment, let us suppose that wave functions are elements of reality and that the quantum realm exists. Consequently, space-time exists at all times. Not too radical of assumptions for you, I hope. Further, let’s say mass, charge, and spin are smeared throughout space in proportion to the values of |Ψ|2. Let us also allow the quantum randomness that occurs when the wave function collapses into a new state so that UV radiation can break bonds, nuclear radiation can produce us energy, etc. We can then ask what our world would look like.

Atoms would absorb and emit light. Molecules would form. Metals would be solids with very predictable properties. You would feel what you feel. We would have exactly the universe we see around us. Water would be wet and honey would be viscous because of quantum mechanics. Any of the myriad chemical reactions you have seen in your life would occur because of quantum mechanics. It all works together in a great unity.

I think this makes the reality interpretation a useful choice because if it walks like a duck and quacks like a duck, then we can infer that it must be a duck even when we aren’t looking. The only major issue with this interpretation is that the measurement problem is not explained. But that is a problem common to all interpretations. No one has convinced the scientific community that the issue has been resolved yet.

In fact, were you to read only a selection of atomic physics, solid-state physics, and chemistry textbooks, you may never have become aware of the anti-reality view. These books discuss the wave function of one molecule attracting other molecules because each has a distribution of charge due to the wave function. They might also discuss how clouds of charges from some electrons in an atom screen the charge of the nucleus. This then requires other wave functions in the atom to be more spread out because they feel less net charge. The discussions are all exactly causal and based on the existence of charge and mass distributed through space.

The language in these textbooks treats the electron wave functions as if they are responsible for the charged clouds, and it all makes sense. They lack footnotes warning the reader, “But we all know reality doesn’t exist in the quantum realm. We’re just using the easiest language we can as a convenient tool.”

In short, that’s it. There’s no need for nuance. Entire textbooks read as if the quantum realm exists. There’s no constant reminder of anti-realism. The authors are not trying to sell books with the hook of quantum mystery as some do with books for lay people.




Visualizable wave mechanics

To hammer home how useful the picture is, I’ll use an example that surprised me while writing this book. Before getting to it, I must provide some historical and physical background of the early decades of quantum mechanics.

Much of the impetus to develop quantum mechanics came from the desire to explain stellar and laboratory atomic spectra. In emission-spectrum experiments, a hot gas of atoms emits a colorful glow. Neon lights are a perfect example of this glow. When this light is collimated into a beam and dispersed through a glass prism, it will create a series of bright lines on a wall in a dark room. The lines indicate which individual colors went into making the colorful glow.

In Fig. 1.2, I show you an example of hydrogen’s emission spectrum in the visible and near-ultraviolet bands of wavelengths. This particular collection of spectral lines is called the Balmer series. It is named after the mathematician who discovered the equation that describes their wavelengths.


[image: The emission spectrum of atomic hydrogen, known as the Balmer series. It shows discrete colored vertical lines of light on a grey background, ranging from red to violet to white, with specific lines labeled with Greek letters. The lines bunch up as the wavelength decreases.]
Figure 1.2: Visible and near-UV spectrum of atomic hydrogen. The gas discharge tube that would create this spectrum glows pink. The α, β, γ, and δ are the first four lowercase letters of the Greek alphabet and are pronounced “alpha”, “beta”, “gamma”, and “delta”. They represent the four colors most easily seen by early researchers. The white lines are in the ultraviolet.



Before Schrödinger found his equation, the best physical modeling of hydrogen spectra was first done by Bohr with his shell model and then by Heisenberg with his matrix mechanics. While Bohr’s model had many unsatisfactory characteristics, matrix mechanics is correct and powerful. However, it is highly unintuitive. The math involves moving numbers around in square blocks called matrices (singular: matrix). For example, Heisenberg could mathematically find the values for the simple Balmer series spectra, but matrix mechanics did not give a visual picture of the quantum realm.

Schrödinger discovers wave mechanics and is hailed a hero, quite literally. He is said to have saved quantum mechanics because he gave physicists a picture of the quantum world (i.e., atomic hydrogen wave functions in 3D space) and took agreement with experiments to another level.

In class and lay books, it is typical to hear that he came up with the Schrödinger equation and that he was able to predict the energy levels of the hydrogen atom at the level of accuracy of the Bohr model. In a physics class, reading the original research literature is not typical. The old terminology and notation often make it difficult for a student or an expert. I had the idea that he was one and done. I was quite surprised to learn that, in 1926 and 1927, he published, by my count, nine papers developing wave mechanics.

What surprised me the most was that the fourth paper revealed the usefulness of the charged-cloud picture. His picture allowed him to see a method to solve the problem of the Stark effect.

When a hot gas of hydrogen atoms is placed in an electric field, the spectral lines subtly split. This splitting is the Stark effect. Wolfgang Pauli was able to use matrix mechanics to calculate how many sub-lines each line would split into, but no one could calculate how bright the lines were until Schrödinger did it.


[image: A comparison from Schrödinger's paper showing observed vs. theoretical data for the Stark effect. The top half shows experimental spectral lines ('observed'), and the bottom half shows his calculated lines ('theoretical'). The position and brightness of the calculated split lines closely match the observed data.]
Figure 1.3: The sole figure in a paper where Schrödinger summarizes his work to date for the English-speaking world. The figure shows his match to the Stark effect. The upper set of lines labeled “observed” are Stark’s experimental data. The lower set labeled “theoretical” is from Schrödinger’s calculations. The height of a line corresponds to its brightness (technically, I should have been saying luminosity because brightness is subjective). The main thing I want you to take away from this picture is that Schrödinger was the first to explain the observed data precisely because he could visualize a quantum object that exists in our world of space and time. The rest of this caption walks through the features of the image for the curious. Notice the label below each group of line shows which member of the Balmer series it belongs to. After each Greek letter is another symbol indicating whether the light was collected through a polarizing filter oriented parallel ( ∥ ) or perpendicular ( ⟂ ) to the applied electric field. Dots in the theoretical data tell us that the line length is too short to represent on this scale. The question marks are due to Stark, who was unsure of the veracity of those lines in his paper. (The figure is used with permission by the American Physical Society [E. Schrödinger, Physical Review, 28(6), p. 1049].) 



Schrödinger surmised the electron’s charge is distributed in space according to |Ψ|2. He figured that, during the Stark experiments, the electric field caused the electron clouds to distort a tiny bit. He also knew that oscillating charges produce electromagnetic radiation (i.e., light). If we say the electron’s charge cloud is a duck, he saw it walking and heard it quacking. He was going to show the world that this duck was real and that it flies.

When he calculated the frequency of light under Stark effect conditions, he assumed three-dimensional clouds of charge were oscillating according to a calculation involving the orbitals. He found great agreement with the experimental results. You can see how his calculations match experiments in Fig. 1.3. With his visualizable math and agreement with a complex experimental situation, it’s easy to see why the community quickly accepted Schrödinger’s equation and considered him a hero.






The rest of the book

When I set out to write this book, I did not do it with the purpose of promoting the reality interpretation. However, explaining quantum mechanics without an interpretation as a framework is pointless. You need something to visualize, and the reality interpretation is the most concrete, so the subtext throughout this book will be that of realism. Roughly speaking, I would say the majority of physicists will not have serious issues with 90% of what I write. After all, my knowledge comes from standard quantum mechanics texts. The other 10% could be said to be my personal analysis of the facts. Worry not; I do not wander into crackpot territory. Compared to some other physicists’ views (e.g., reality is created by measurements, infinite densities in black holes, consciousness causes collapse, and 11 dimensions in string theory), my views are rather mild. Whenever a topic deviates so far into the reality interpretation that many experts might cluck their tongues at what I say, to the degree that I deviate from the norm, I will endeavor to highlight with the language I use that I am doing this.







2 A first look at quantum angular momentum

“…two-valuedness not describable classically.”

— Wolfgang Pauli describing what would later be known as spin angular momentum (1924).


Introduction

Quantum angular momentum (QAM), or quantized angular momentum, is a concept that takes up significant portions of quantum textbooks. It is as important as the other conserved quantities of energy and linear momentum. Despite that, in typical accounts for the public, the specifics of quantum angular momentum are not so common. I will not follow the typical route because the details are important for your understanding.

I anticipate that some readers will be surprised by the following fact. There are two types of QAM: spin angular momentum and orbital angular momentum (OAM). Many pop-sci authors don’t bother to mention orbital angular momentum. For simplicity, I’ll often call the spin angular momentum by the name everyone knows, which is spin.

The physics of the two types of angular momenta are similar in almost every way. Their origins are what particularly differentiate them. The word intrinsic refers to a property of an object that is innate and cannot be changed. We often say spin angular momentum is intrinsic to the quantum object. However, it is most accurate to say the value of the spin quantum number s, which is directly related to angular momentum, is the intrinsic quantity. In electrons, s = 1/2, and we say the electron is a spin-1/2 quantum object. On the other hand, the presence of orbital angular momentum is a consequence of how the wave function is distributed throughout space at the present moment. Since the amount of OAM is dependent on some changeable conditions, it is an extrinsic property.

This chapter will give you some understanding and mental pictures of QAM that will be useful at other points in the book. In the Gallery chapter, I will show you numerous images of particular types of wave functions (i.e., atomic orbitals), each of which has a particular value of OAM. The content in the first appendix will help you understand how we organize the atomic orbitals into groups based on three quantum numbers, two of which directly relate to OAM. For completeness, that appendix includes some minor commentary on spin quantum numbers. Spin will be represented by equations in this book. Most of these equations are concentrated in the Spins, superpositions, and abstract spaces chapter.




Spinning or not?

Whether quantum objects are spinning in the quantum realm is a popular question among physics enthusiasts. In this section, I will tell you exactly which quantum objects are spinning (rotating) and which are not.

First, let’s take a step back and have a cursory look at the classical angular momentum of the macroscopic world. I want you to imagine a figure skater spinning in place. This skater has a set amount of classical angular momentum L. If the skater brings their arms and their one free leg closer to the axis of rotation, there is an increase in their rotation rate ω (Greek lowercase ‘omega’). If they do the opposite and spread out their arms and free leg, the rotation rate decreases. This effect can be explained by the conservation of angular momentum.

There is a quantity called the moment of inertia (symbol is an I) that can be roughly said to describe how far a set of masses is from the rotation axis. When the skater pulls their arms and leg further inward, the moment of inertia decreases. When the arms and leg go outwards, the moment of inertia increases.

Now, why does the rotation rate of the skater change with the changing moment of inertia? It’s because the amount of the skater’s angular momentum is conserved and cannot change. (We imagine an ideal scenario where there is no friction between the skate and the ice, so no angular momentum is lost to the Earth.) The relationship between the three quantities is L = I ⋅ ω. If I increases or decreases, ω must change in the opposite sense by a proportional amount to keep L from changing.

Angular momentum also has a mathematical direction, a vector. Now, imagine looking down on the skater from above. The skater can choose to spin clockwise or counterclockwise. We associate a vector pointing up or down along the rotation axis with these two choices. We have what’s called a right-hand rule for this purpose. Pretend the rotation axis is a pole that you grab with your right hand while your thumb is along the axis. The rule says you must orient your hand so that your fingers curl and point in the direction of rotation. If the skater is rotating counterclockwise, your right hand will give a thumbs up, and we say the angular-momentum vector points up. If the skater is rotating clockwise, you need to twist your right hand into a thumbs down so that the curl and pointing direction of your fingers match this rotation direction. We say the angular-momentum vector points down.

That completes our cursory account of the macroscopic realm’s classical angular momentum. We now switch to the issue of whether things are spinning in the quantum realm. With regard to spin angular momentum, unfortunately, physicists did not have the foresight of what we know now, and they chose the word spin for part of its name, so until the end of time, we must constantly tell the public that nothing is spinning in space with regard to spin angular momentum.

Something similar to what is said of the non-spinning spin can often — but not always — be said of orbital angular momentum. To make sense of that statement, I must tell you that there are states of quantum objects known as stationary states. They are characterized by the fact that their matter densities (i.e., |Ψ|2) do not change as time goes on. In the first image of the first chapter, I showed you the matter densities of two atomic states. Those states are stationary states. When quantum objects are in stationary states, the OAM of those states is not associated with the spinning of any mass or charge because, by definition, stationary states don’t have matter densities that move. Be that as it may, in the Gallery chapter, you will see a rotation of phase occurs when a wave function (i.e., Ψ) is in a stationary state and has non-zero OAM.

Non-stationary states with non-zero OAM are another story. You see, every non-stationary state has a matter density that changes as time progresses. This opens up the possibility for matter to be rotating. In the reality interpretation, the microscopic realm smoothly scales up into the macroscopic world, both of which are quantum. Therefore, in the reality interpretation, some aspect of quantum angular momentum must smoothly transition into classical angular momentum. Because OAM comes from the distribution of the wave function in space and the wave function determines the moving matter density, when we have angular momentum due to rotating matter, it is orbital angular momentum. More specifically, in a micro-to-macro picture, what we see as classical angular momentum comes from non-stationary states with enormous amounts of OAM relative to what we consider normal in microscopic situations. In a macro-to-micro picture, when you send a macroscopic object rotating and thus give it “classical” angular momentum, you actually put it into a new, complicated, non-stationary quantum state with OAM.




Magnetism due to QAM

The close association between magnetism and quantum angular momentum often confuses those new to quantum mechanics. Please read the following statement closely: when an immobile quantum object has both electric charge and non-zero QAM, it also has a magnetic field resembling a bar magnet’s field, and this field is aligned along the same axis as the QAM. This magnetic field is shown in Fig. 2.1.


[image: A diagram of a dipolar magnetic field. Curved magnetic field lines with arrows emerge from the top (north pole) and loop around to enter the bottom (south pole), indicating an upward magnetic field direction.]
Figure 2.1: Magnetic field due to an infinitesimal bar magnet. The north end has magnetic field lines emanating from it. The south end has field lines arriving. Bar-magnet fields are described by the direction of the field along their axis. In this case, that direction is upwards.



That statement does not say that on every occasion there is spin or orbital angular momentum, there will also be magnetism. There is a second necessary condition in that statement. An electric charge must also be present. For example, neutrinos are spin-1/2 quantum objects but have no electric charge and thus have no magnetic field.

There is a pretty big hole in that rule, though. It seems to miss out on neutral quantum objects with magnetic fields. Neutrons are also neutral spin-1/2 quantum objects. Yet, they do have fields like bar magnets. Atoms are neutral quantum objects, and when they have spin or orbital angular momentum, they too have the bar-magnet fields.

Although, it is more accurate to say that while neutrons and atoms each have a net of zero electric charge, they also have equal amounts of positive and negative charge distributed unequally in space. Atoms are composed of a compact, positively charged nucleus with a negatively charged electron cloud around said nucleus.

By mathematically transforming some data, researchers have found that a neutron in a nucleus is composed of a core of negative electric charge, a positive charge distribution in a middle region, and another negative charge distribution on the outside that tapers off.

With this information, it seems like the rule will now work. Neutrons can now be seen to have spin and an electric charge distribution. All atoms have an electric charge distribution, and some atoms have QAM. But in physics, details often matter. If I inform you that a hydrogen atom has a magnetic field, one could reasonably wonder why the proton’s magnetic field doesn’t cancel with the electron’s. Couldn’t one just point in the other direction from the other? I don’t want to go down a rabbit hole of nuclear physics minutiae, so I will give you the experimentalist’s answer: the proton and other nuclei all have magnetic fields that are several hundred times smaller than magnetic fields from electrons, so the magnetic fields from nuclei are not strong enough to cancel the fields from electrons. With that said, this is an apt time to mention that, because the electrons’ bar-magnet fields dominate, I will not consider or make mention of the bar-magnet fields from nuclei in the remaining chapters.

As for neutrons, a real answer as to why it has a magnetic field is also a deep rabbit hole that I don’t want to go down. I will simply say that the magnetic fields from the three quarks that blend together to make a neutron do not cancel, so there is a net magnetic field.

Looking again at the statement in the first paragraph, you will see the word axis. This word is not a synonym for direction. The distinction matters because the direction of the magnetic field along the axis is determined by 1) the direction of the QAM and 2) the sign of the electric charge that is the source of the magnetic field. A positively charged quantum object, such as the proton, has its angular momenta parallel to the axial magnetic field direction. That means if the field in Fig. 2.1 is from a proton, then the proton’s QAM is pointed upward. The situation is reversed for negative charges. If the field in the figure is from an electron, then its QAM is pointed downward. As for neutrons, I must pull the answer out of the nuclear rabbit hole: the angular momentum and the axial field point in opposite directions.

The rule we have just considered only covers quantum objects at rest. It is natural to ask why we don’t have magnetic fields with rotating matter, such as when we spin a basketball. The answer to this question comes from classical electromagnetism. Electric charges that move do produce magnetic fields, but the matter you see around you is made of positive and negative charges. And when this matter rotates, the magnetic fields cancel to essentially nothing.




How to visualize QAM

When you are considering a quantum object that has its matter density in a compact region compared to the scale of your scenario, a visualization of angular momentum is relatively easy. I suggest imagining QAM as a single vector arrow sitting in that location and pointing in some direction. The magnetic field can be visualized too. The central field lines from Fig. 2.1 will be centered on and aligned along the axis of the vector arrow if the quantum object has a field. You probably imagined something like that during my explanations in the previous section.

When we zoom in on the picture, more details emerge. In the caption of the first image of the first chapter, I mentioned that you should visualize mass and charge distributed over space in proportion to the matter density. By this, I mean that if the image is dim, then you imagine less mass and less electric charge density there. When visualizing QAM, it’s similar. When the matter density is low, you visualize a small angular-momentum arrow there. When density is high, there is a big arrow there. As for the magnetic field visualization, you imagine superposing many bar-magnet fields throughout the matter and in proportion to the density.

This is not difficult to conceptualize in your mind. Suppose you have a piece of lodestone (aka magnetite), a mineral that produces a magnetic field. You would expect each portion of the rock to contribute to the field in proportion to the density of the rock. Some portions might have microscopic voids and thus have less density in that region. Consequently, those portions contribute less to the magnetic field. You then imagine some overall field built up from the portions of the lodestone.

At the end of the next chapter, I will give you the briefest insight into why this way of visualizing is true for spin via an analogy to the mathematics of tensor products. And, while we are talking about the next chapter, I will say that physicists don’t often say “bar-magnet field”. Most often, either magnetic dipole moment, a quantity that characterizes the field, or dipolar field are used. You will see these terms in the next chapter.




QAM in spectroscopy

To end this chapter, we will see one way quantum angular momentum manifests itself to physicists. Specifically, we will see how spin and orbital angular momentum influence the spectra of atoms via their magnetic effects. In fact, both spin and orbital angular momentum were deduced to exist (at different times) because they were needed to make sense of the spectra of atoms.

In the previous chapter, I introduced the Balmer series of spectral lines, which are from atomic hydrogen. The spectrum I showed you is low-resolution, though. There are finer details that can be resolved by a better experiment and be explained by further physics. When the electrons in the atoms have both spin and orbital angular momentum, the spin’s magnetic field either aligns or counter-aligns with the magnetic field from OAM. In the classical world, from playing with two magnets, you know that going along with a magnetic field or fighting the magnetic field requires you to provide different levels of effort to keep them in place. Physicists say that the different alignments have different amounts of potential energy.

When we include the math for the magnetic effects in atoms, there are contributions to the potential energy. We find the spectra have very fine splittings in the energy of the spectral lines. The wavelength separations due to the split levels are fractions of a nanometer. The fine splittings in the spectra are named fine structure.

To be completely forthcoming, I should admit that my classical explanation above regarding magnetic fields is misleading. In my defense, in this book, I wouldn’t be able to explain how the electric field of the nucleus couples together spin and OAM via their magnetic fields. Additionally, a second effect due to special relativity also contributes to the fine structure of the spectra we see. To keep things simple, I will not explain the effect due to relativity either.

I don’t show the fine structure of any of the lines of the Balmer series because they are too complicated. Instead, I show you the most famous and simple example of fine structure in Fig. 2.2. The sodium D doublet is famous because it has a large splitting of 0.6 nm and is in the visible spectrum, both of which helped it to be discovered by researchers who wore puffy shirts. The doublet is important in stellar astronomy, which is the field that gave it the D designation. In addition, it is also famous because your eyes are more sensitive to yellow light, which makes it an energy-efficient street light (well, it did before LED street lighting reshaped the standard of efficiency).


[image: A graph showing the spectrum of orange light from sodium. A dashed curve with a single broad peak represents the hypothetical spectrum without quantum angular momentum. A solid curve shows the observed spectrum, which has two distinct peaks, known as the sodium D doublet. The horizontal axis is wavelength and the vertical is intensity.]
Figure 2.2: Simulated and greatly simplified intensity of the orange light from a hot sodium gas. The two vertical lines are the same types of lines you saw at the end of the first chapter in a figure created by Schrödinger. The large bump is what we would measure if the electron had no QAM. The double-bumped curve is the famous doublet that is observed. Each line of the doublet is due to a transition from a higher-energy 3p to a lower-energy 3s state. The 3p state is the one that gets split in energy. You may wonder why the 3s state does not split and give us four lines. It’s because there is no OAM in the 3s state. Therefore, there is no magnetic field for the spin’s magnetic field to align with or against in that state. For those curious, one line intensity is double the other because there are twice as many ways for those 3p states to be occupied in a hot gas when the orbital and spin angular momentum are aligned compared to when they are counter-aligned. 
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