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Preface


The most fundamental paradigm we have for understanding ourselves, and the world we live in, is deterministic: the laws of physics. Physics is, by definition, the most fundamental set of statements we can make about the universe as a whole, which necessarily includes ourselves as we too are part of the universe. This book traces the logical consequences of that determinism with a particular focus on the concept of free will which has been a bone of contention for millennia. Additionally, many things are more simply stated, without loss of generality, using computing paradigms rather than physical laws. Therefore, I discuss determinism in both contexts: physics and computing.


By taking the determinism of the laws of physics seriously, we can talk about an amazing range of things. Do bees get PTSD? What does MacOS tell us about the workings of the human brain? What do Isaac Asimov’s three laws of robotics tell us about Artificial Intelligence? Can AI be conscious? What is science? Why is traffic so annoying? Why don’t even Nobel Prize winning economists understand taxation? What is a minimal computer and just how minimal can it be? What type of God is compatible with modern science? What are morality and ethics in a deterministic world? What does the future of AI have to do with the market for used cars? Can cockroaches have free will? And much more!


Determinism also has consequences. In chapter 5, I use those consequences to make predictions about the future of determinism, the future of free will, and the future of AI. The future of AI, in particular, is going to lead to some very serious ethical conundrums. Those ethical conundrums are not just theoretical; they will have significant business and societal implications.


I had great fun writing this book, and it is in that spirit that I present it to you. I hope that some of my joy and fun in writing it has seeped through into the text!


S.V.









Foreword


I am delighted to see this book come to fruition.


Determinism is a very important issue that we do not like to discuss, so I am happy to see Samir Varma breaking down these barriers. His arguments are interesting and rigorous throughout.


I have been corresponding with Samir Varma for many years now, stemming from his initial outreach. He has been a reader of my blog, Marginal Revolution, and our connection started when he began to send me links. His links were uniformly excellent in their quality, and so I kept on responding to Samir. I even read the links on physics that he sent along, although I rarely understood them.


Eventually Samir and I met for lunch a few times in northern Virginia. Since the beginning, our correspondence has become extensive. Since our first correspondence on July 9, 2009, he has e-mailed me more than 10,000 times, and I have e-mailed him back more than 7000 times.


Samir Varma is not a professional author or academic, but he has produced a work that is more interesting than most of what you see from those in the academy, or from purely popular writers. I believe that is because Samir wrote this book for himself, and for the potential readers that he respects most. That said, the final product is extremely readable and to the point. It does not bog down in esotericism. Instead it communicates potential truths about our world, truths of great importance.


Is there room in the cosmos for free will at the theoretical level? Samir will tell you, “No.” I suspect he may be right. Physics just doesn’t leave room for that kind of indeterminacy. Nonetheless we have what Samir calls “Free Will in Practice,” namely that you are part of the causal chain that steers your actions, and furthermore the details of what you will choose are virtually impossible to predict. For all practical purposes, you are computationally irreducible. If that is not enough free will for you, well very likely that is all you are going to get. Live with it, as indeed you can.


So I guess I had to write this foreword, but did you know that? One thing I do know is that many of you will enjoy this book very much and learn a great deal from it. Beyond that, I am going to keep the rest of my likely false predictions to myself.


Tyler Cowen
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Introduction


Jane’s fist slammed down on the table, rattling her coffee mug. “I don’t care what physics says!” she yelled in the crowded cafe. “I know I have free will.”


Her outburst drew sidelong glances from nearby patrons. Jane hardly noticed, stewing over the implications of determinism she’d learned in her quantum physics class. According to her textbook, every particle making up her body followed exact physical laws, their motions predetermined. This meant in theory, all Jane’s choices were illusions—the universe unfolding on rigid rails. She may feel like picking coffee over tea, but that decision was set in stone at the Big Bang. Jane’s mind reeled. She hadn’t chosen to major in physics only to be told her entire notion of free will was a farce! Gripping her mug tightly, Jane made a decision. She would prove the physicists wrong by demonstrating her ability to make choices. When the barista called her name for her scone order, Jane marched up and blurted out, “I changed my mind. I want a chocolate chip cookie instead of a blueberry scone.”


As she bit into the warm, gooey cookie, Jane smiled with satisfaction. Let’s see physics calculate the taste of that choice, she thought. Her outburst may have seemed random to the coffee shop, but it made perfect sense to Jane.


On her drive home, Jane cranked up the radio while contemplating the physics lesson that had bothered her so much. Her professor had calmly explained that complete knowledge of every particle in the universe would allow predicting Jane’s actions with absolute certainty. To her professor, Jane slamming her fist on the table was just the inevitable result of subatomic particles bouncing around. Jane grinned, remembering the bewildered look on the barista’s face when she changed her scone order to a cookie order on a whim. But her smile faded as she wondered—could even a spontaneous choice be predetermined? Over the next few days, Jane designed a kind of experiment to test free will. She jotted down five random tasks on slips of paper: baking cookies, reading her astrophysics textbook, going for a run, painting her nails, calling her brother. After shuffling them, Jane would close her eyes and draw one slip. Whatever task she picked, she would have to complete, no matter how she felt about it. Closing her eyes, Jane drew “call your brother.” She heaved a sigh. She and her brother had fought recently and hadn’t spoken in weeks. The thought of calling made Jane’s stomach turn. Jane hesitated, gripping the slip of paper tightly. Surely she could draw again or pick a different task instead? But she had designed this experiment to force her into an unpleasant choice she would not make otherwise. Steeling herself, Jane dialed her brother’s number. Physics may try to deny her free will, but she would prove she had it.


Jane’s brother picked up on the third ring, his voice hesitant. “Hey, sis, everything okay?” Jane fidgeted with the paper slip in her hand. “Yeah, I just … wanted to talk,” she stammered.


They started with stilted small talk about the weather and work. Then Jane took a deep breath. “Listen, I’m sorry about our fight. It was dumb to argue over politics like that.


You’re my brother and that’s what matters most.”


Her brother was quiet for a moment. “I’m sorry too,” he said finally. “I hate fighting with you. Truce?”


Jane smiled, feeling tension uncoil in her chest. “Truce.”


After they hung up, Jane tidied up the slips for her experiment. She had been tempted to abandon the unpleasant phone call, but instead saw it through based on her own resolve. Surely the ability to overcome preferences and make difficult choices defied the clockwork determinism of particles. In her next physics lecture, Jane raised her hand to pose a question. “Isn’t the unpredictability of human actions proof that we have free will?” The professor paused to consider this. “Some believe so,” she said carefully. “But there could be a level of complexity to particles’ interactions that we cannot calculate, even if the interactions themselves follow exact laws.” Jane furrowed her brow. The professor’s response echoed her own lingering uncertainty. Perhaps free will was possible in practice, even if physics denied it in theory. After her conversation with the professor, Jane decided to visit her computer science friend Neha to learn more.


“Have you heard of computational irreducibility?” asked Neha. She explained, “Even simple sets of mathematical rules can produce unpredictably complex results. The only way to know what will happen is to run through every step—you can’t shortcut the computation.”


Jane’s eyes lit up with understanding. “So even if physics says determinism is true in theory, the complexity makes outcomes unpredictable in practice—like free will emerging from particles!”


Neha nodded. “Exactly. Some call it ‘apparent free will.’ The universe is deterministic, but irreducible complexity means we can never calculate everything ahead of time.”


Jane leaned back in her chair, feeling vindicated by this concept. Perhaps the mechanics of her choices were predetermined on some subatomic level. But as far as her daily life went, nothing could predict her whims—whether she would have cookies or salad for lunch, or whether she would call her brother when angry or make amends. She could never anticipate her own actions either. That interplay of determinism and surprise was free will enough for Jane. Just because physics rendered the future unpredictable didn’t make the present any less meaningful.


“Thanks, Neha,” Jane said with a smile. “I think I’ve got my answer.” She now saw free will not as some mystical power, but as the natural result of irreducible complexity at work in the world.


What Jane realized is that the combination of two well known facts leads to a big problem. Fact #1: Physics is deterministic. Fact #2: We humans are made up of atoms, and those atoms are following deterministic physical laws. Neither fact is anything other than banal. But put them together, and you have a giant conundrum: what is free will?









Chapter 1


What Is Free Will?


The problem is this: we are made up of atoms. Our bodies are primarily made up of Carbon, Hydrogen, Oxygen, Nitrogen, Calcium and Phosphorus. But these are the exact same atoms as the rest of the universe! They’re the same atoms that make up planets, and galaxies, and the sun, and rest of the universe. Every one of those atoms is made up of still more fundamental entities, namely electrons, protons and neutrons. And protons and neutrons are made up of still more fundamental entities called quarks and gluons. So, at bottom our bodies are made up of electrons, quarks, and gluons. But here’s the thing: every one of those fundamental particles is obeying precise mathematical laws, which we have discovered over the last 100 years. So, if every single entity that makes up our body is following precise mathematical laws, then in what sense do we have free will? The net result of this is a large, sprawling, and unsettled argument where neither side, neither the anti-free will side nor the pro-free will side, convinces the other. In this book, I aim to do three things. First, I will explain that both sides are right, but they are both talking about different things—so they’re talking past each other. Second, I will explain another cleaner, simpler, and better paradigm—computation—that finally resolves these issues and does so permanently. And third, once I have cleared up the confusion and explained the computational paradigm, I will apply what we have learned and make some predictions.


I will start by bridging the gap between the two warring parties: those who say that free will exists, and those who say it does not. I will argue that the parties are, in some sense, talking about different things. Those who do not believe in free will are talking about “Free Will In Theory” (FWIT), and those who do are talking about “Free Will in Practice” (FWIP). I believe both parties are correct. We both have free will, and simultaneously, we do not. Is this a paradox? The answer is no. In reality, we do not have free will in theory but we do have free will in practice. In fact, I believe and will argue, something a little bit more extreme: we have exactly no FWIT but have perfect FWIP. In effect, we can and should hold both views simultaneously because they apply to different levels of explanation. To the extent that you can predict someone’s behavior exactly and always that person cannot, by definition, have free will either in theory or in practice. Therefore, for someone to have free will, their behavior must be, to some extent, unpredictable. To the extent that you cannot predict someone’s behavior (including being unable to predict your own behavior) that person has free will. The more predictable someone is, the less free will they have. At the point at which they are completely predictable they have no free will at all. As I will show in the chapters that follow, the net result of thinking this way is that even if you have no free will in theory, you have and will forever have, free will in practice. This is conceptually very similar to the standard theory of how much information is contained in a signal. One result of this theory is that signals with more information are less predictable: signals with highest information content are the least compressible because compressibility depends upon predictability. See section 2.12, Signal Compression for a simple example.


The organization of the book is as follows.


I will first sketch out why free will cannot exist in theory. While doing so I will explain why some of the usual criticisms (for example, the collapse of the wave function is nondeterministic and so that is the origin of free will) are not good arguments. I will then explain why free will does, and in fact must, exist in practice. Then I will talk about the practical consequences of FWIT being untrue. And I will argue that there are no practical consequences to FWIP being true since that is the status quo.


I’ll also talk about some related things, for example the principle of computational equivalence (chapter 3), that are not strictly necessary for the truth or falsity of my argument, but are illuminating nonetheless because they give additional reasons and motivations to believe what I believe.


Also, this isn’t a book on sociology or anthropology or philosophy although it necessarily touches on those topics, which means that I am not going to bother to engage with previous authors in these and other related fields. I’m interested in laying out what I think is a watertight argument backed up by as much evidence as I can gather and am completely uninterested in arguing about someone else’s opinion whether it be St. Augustine or Jacques Derrida.1 Ultimately, you will accept my argument … or you won’t. The only way to find out is to read on until you reach the predetermined (but unpredictable) conclusion!


1.1 The Argument


My argument is simple at its core. Every single thing in the universe is made up of particles which are excited states of quantum fields (section 1.3, Fields). That is exactly, precisely, literally, everything. Rocks, trees, bedbugs, cockroaches, stars, humans, water, hydrogen, etc. Everything is made up of excited states of quantum fields and nothing more. Every single thing you see around you or that exists is made up of particles, each of which has a “wave function”. The wave function for any “composite object” such as an atom or molecule is the composite of the wave functions of each of its constituent parts.2 The theories that explain the workings of these particles, i.e. quantum field theory and quantum mechanics—together referred to as quantum theory—are entirely, completely, and totally deterministic. The solution to a given quantum theory is its wave function which tells us everything that we are ever able to know about the given system. The Schrödinger equation from quantum theory, which determines how quantum states evolve in time, is entirely deterministic. This means that the evolution of wave functions (which are the solutions of the Schrödinger equation) is entirely deterministic.


The onus of proof therefore is on those asserting that FWIT exists, not on those that say that it doesn’t. Why? For one very simple reason. For FWIT to really exist, something must be nondeterministic. There are only two logical possibilities for those who claim that FWIT exists. One, those claiming that FWIT exists need to show something, anything, in the fundamental laws of physics that is both nondeterministic and can serve as a source of free will in theory. Or, two, they need to assert on faith with no proof of any kind whatsoever, that the fundamental laws of physics are fundamentally wrong or incomplete and contain an undiscovered element of indeterminacy.3 Obviously, neither of these arguments is rigorous in any way. The first argument is inconsistent with all known science, and the second relies on faith and contradicts known science.


An excellent example of anti-FWIT thinking comes from the eminent physicist Brian Greene:


“We are made of these exquisitely ordered, wonderfully choreographed particles of nature governed fully by the physical laws, no free will whatsoever,” Greene said. “And yet even in that environment, our particular arrangements can through a flitting burst of activity, create beauty, illuminate mystery, experience wonder.” —Brian Greene, quoted in [77]


The counterargument to this is beautifully explained by Philip Ball:


But is free will really undermined by the determinism of physical law? I think such arguments are not even wrong; they are simply misconceived. They don’t recognize how cause and effect work, and by attempting to claim too much jurisdiction for fundamental physics they are not really scientific but metaphysical…. If the claim that we never truly make choices is correct, then psychology, sociology and all studies of human behaviour are verging on pseudoscience. Efforts to understand our conduct would be null and void because the real reasons lie in the Big Bang…. The underlying problem here is that the reducibility of phenomena—which is surely valid and well supported—is taken to imply a reducibility of cause. But that does not follow at all. What “caused” the existence of chimpanzees? If we truly believe causes are reducible, we must ultimately say: conditions in the Big Bang. But it’s not just that a “cause” worthy of the name would be hard to discern there; it is fundamentally absent. [13]


My argument is that both arguments are completely correct and both are incomplete. Free will really, truly, doesn’t exist in theory since it is “running on” the laws of physics: i.e., a perfectly deterministic substrate.4 Just like you cannot get an “ought” from an “is”, you cannot get nondeterminism from any possible combination of deterministic physical laws. But, free will does really exist in practice, for every possible and conceivable practical purpose. Why? Because it is impossible to calculate anything about a large collection of quantum fields (such as the collection makes up a person). And furthermore, even if it were possible to calculate everything about the large numbers of interacting quantum fields that make up a person, we still couldn’t predict anything because to make a prediction about what someone is going to do requires not just perfect information about their internal state, but also perfect information about every single interaction they have with their environment: every molecule of air, every photon of light, and not just at one instant, but potentially also for some number of instants beforehand. This also answers the objections of those who are worried about the effect of what they call “physicalism” on society:


Somehow, we know we are free to act. It goes beyond intuition. It is basic. Yet, the physicalists say it is an illusion. […] [T]he implications of this on society are immense. If we are not responsible for our actions, what is justice? Why would anyone reasonably be accountable for their actions if what they did was set in stone by the laws of physics that mysteriously came into play at the time of the Big Bang? [14]


Therefore, free will is the absence of being able to predict what will occur (which is what I am calling FWIP).


There is a second, independent, reason as well for this unpredictability. Stephen Wolfram has put forth the concept of Computational Irreducibility: the inability to shortcut a computer program to find out its result, without running the entire program for however long it takes. [143] He has shown that even extremely simple programs produce results that are computationally irreducible—that is, they cannot be shortcutted. You must run the programs to find out what they are going to do (see section 3.15, Irreducibility versus Chaos). We must go through all the necessary steps to cause whatever was going to happen to happen, and we cannot know in advance what will happen. Therefore, while FWIT is impossible because we are running on a deterministic substrate, FWIP is not only possible but required because of Computational Irreducibility: we cannot find out what someone (or even ourselves) is going to do until that person has done it. Furthermore, to know what I will do in the future requires me to simulate both myself, and the entire light cone5 of events around me, while still maintaining my separation from the simulation.6 This is an impossible task by definition.




Your free will is your (as well as everyone else’s) inability to predict what you are going to do until you do it!





1.2 Humans


What is a human? In total, approximately 6.71 * 1027 atoms in an adult male weighing 70kg. A human is made up of mostly water (i.e., 2 Hydrogen atoms and 1 Oxygen atom) plus a bunch of “organic molecules” which consist of Carbon, Hydrogen and Oxygen combined with other elements. 99% of the body is made up of only six elements: “Hydrogen (62.9%), Oxygen (almost 24%), Carbon (nearly 12%), Nitrogen (nearly 0.6%), Calcium (0.24%) and Phosphorus (0.14%)” [125] and a smattering of other elements. The crucial point is that it’s just standard stuff. It’s the same standard stuff that makes up the Earth (not surprising since we evolved from earth stuff), but also Mars, Jupiter, the Sun, our galaxy, other galaxies, the stuff of intergalactic space—in fact, everything in the known universe. Many of the remaining trace elements in our bodies were formed in the interior of stars and then dispersed when those stars blew up, i.e., became supernovas. The supernova itself creates still more elements: all the elements heavier than iron are produced during the supernova event. We are all (to use Carl Sagan’s famous phrase) “star stuff.” Now, since it is all standard stuff, that standard stuff is following the laws of physics. Or, if you think about it “computationally”, humans are a program running on a substrate that obeys the laws of physics: the substrate is the individual atoms that make up a human. All atoms7 of Oxygen are exactly identical to all other atoms of Oxygen, and the same is true for Hydrogen, Carbon, Helium, Strontium, etc. It is the arrangement of those atoms—the arrangement itself and only the arrangement—that identifies a human as a human. Different humans have different arrangements of their atoms: that is, fundamentally, what makes them different to each other. Different animals have different arrangements of atoms than humans, as do rocks, trees, insects, birds, stars, galaxies, and your favorite Twinkie bar. But they’re all made of the same “star stuff!”


All those atoms are made up of particles which we have named electrons, protons and neutrons,8 and they are held together by force carrying particles called “bosons”. So, coming down by levels, humans are made of molecules, which are combinations of atoms. Atoms are made of particles, all madly interacting with each other and with themselves by exchanging bosons. Now what is a particle?


1.3 Fields


To understand what a particle is, we have to first understand “fields”. Pervading the entire universe are things called fields which are of many different kinds. A field is an entity that pervades all of space and time (together conventionally called “spacetime”), and to each point in spacetime it associates a set of numbers. Physicists have discovered rules for how those sets of numbers behave. Depending on the type and quantity of numbers you associate with each point in spacetime, you get a different field. Each of the known fields is associated with a specific type and quantity of numbers at each point in spacetime. The set of rules for a specific type of field is its “field theory”. A subset of all field theories comprises “quantum field theories” (QFTs) and there is a QFT associated with each kind of particle. A particle is nothing more than an “excited” state of some quantum field described by the appropriate QFT. (An excited state means that the quantum field is not in its vacuum state but in some state that is not the vacuum. Physicists call the lowest possible energy state of a quantum field its “vacuum”. Because of Heisenberg’s uncertainty principle, quantum fields always have a lowest energy which can never be zero.) It is important to understand that a particle is not “described” by an excited state of the appropriate QFT: it is the excited state of the appropriate QFT. So, at the most fundamental level, everything in the universe is made up of Quantum Fields. Every single molecule in the human body is made up of atoms which are made up of fundamental particles (all of which are identical—you cannot tell one electron apart from another) and those fundamental particles are all manifestations of physical laws: the laws of quantum field theory. Finally, here is the kicker:




Quantum Field Theory is entirely deterministic!





One could object and argue that fields describe reality but are not the entities that make up reality. This would be a good counter argument, except that we already know that all of nature is explained by fields. The fields and reality are, at “worst”, in one-to-one correspondence: they’re what mathematicians call isomorphic.9 Reality may be made up of them or they may just describe reality. It does not matter. Since we know that fields properly describe reality, reality itself is deterministic since the fields are deterministic—if reality wasn’t deterministic, then deterministic fields could not describe it. We can actually go a little further: suppose you have a universe made up of fields, and another universe where the fields are isomorphic to reality but that universe is, in some sense, not made up of fields. And let us assume that both universes have the same physical laws. Given that, how would you design an experiment to distinguish between the universe where reality is made up of fields and the other in which reality is isomorphic to fields? It is clearly not possible. Therefore, since you cannot distinguish between the two, they are actually the same thing. In fact, if there was an experiment to distinguish these two cases, the two cases would no longer be the same: we would no longer be speaking of an isomorphism but an approximation.


Another objection is that many predictions in physics are probabilistic. So where does the probability come from? Isn’t that a source of free will? The short answer is that there are two basic theories in theoretical physics from which all other physics descends: quantum field theory and general relativity. general relativity is explicitly deterministic: no probabilities there. What about quantum field theory(QFT)? QFT is entirely deterministic too with the one and only one proviso of a phenomenon that is usually called “wave function collapse” (which is what supposedly happens, in the “Copenhagen interpretation”. when we make a measurement—only one of many possibilities is actually detected). Wave Function collapse as a supposed phenomenon is, phrasing it as politely as I can, absurd.


That collapse, and only that collapse, provides probabilities in fundamental physics. However, apart from being absurd, that collapse is entirely out of the control of any person or experimenter and cannot be the source of free will. I address the absurdity of the “collapse” as well as its inability to be the source of free will in much more detail in section 2.14, Wave Function Collapse. Every other “probability” (or randomness) in physics comes from us averaging over effects that are either too difficult to calculate from first principles or where we make explicit approximations to allow us to do calculations.


1.4 Compatibilism


There is a section of the literature, called “compatibilism”, that seeks to ground free will in a deterministic universe. Various objections have been made to compatibilism called “incompatibilism”, which can be stated as follows: [96]




• If someone acts of her own free will, then she could have done otherwise.


• If determinism is true, no one can do otherwise than one actually does.


• Therefore, if determinism is true, no one acts of her own free will.





In response, compatibilists have made various arguments, generally along the lines of: “it doesn’t matter if the substrate is deterministic, the person that emerges from the substrate is still responsible for their own actions.” One argument is that free will is doing what one wants to do and not doing what one doesn’t want to do. If what one wants to do or not do arises from deterministic physical laws, so what? It doesn’t mean that you did something you didn’t want to do or didn’t do something you did want to do. To this, incompatibilists argued that you cannot change history: those facts that have happened have happened. You cannot change the laws of nature: they are what they are. No one can change future facts (i.e., future history) and all such future facts will flow from the laws of nature. Therefore, no one has any control over future history, and therefore there is no free will. In response, compatibilists argued that just because a person wasn’t free to choose a different course of action (in my language, they were unable to make another choice because FWIT doesn’t exist), it doesn’t mean that they were not responsible for their actions. To which incompatibilists raised other objections. To which the compatibilists replied. And so on and on. That debate has continued and shows no signs of abating. The argument in this book shows that the debate, which is perfectly valid, is unnecessary, if you take literally what modern physics is telling you. Both compatibilists and incompatibilists should be happy (I predict, of my own free will in practice, that they won’t!) with the formulation in this book because, in effect, compatibilists are talking about FWIP, and incompatibilists are talking about FWIT. They’re both right because they are both talking about different things!


1.5 Accuracy


If we are to believe the formulation I am proposing, quantum field theory better be right! So how accurate is quantum field theory? There are essentially 3 quantum field theories: one for the electromagnetic interaction, called quantum electrodynamics (QED), a QFT for the weak interaction, and a QFT for the strong interaction called quantum chromodynamics (QCD). In the 70s, by using the Higgs mechanism, Steven Weinberg joined together QED and the QFT for the weak interaction. So at much higher energies than we live at, there are actually only two QFTs: the electroweak QFT and QCD. The standard model of particle physics consists of all 3 of those theories and it explains all the interactions between all known particles. While it doesn’t explain dark matter particles (although, assuming dark matter exists, there is no doubt that to explain dark matter, we will end up with another QFT), that isn’t relevant for our purposes because biology and chemistry are unrelated to dark matter. For our purposes, the part of quantum field theory that is most relevant is QED: the quantum theory of light and ordinary matter. It is important to understand and absorb the following point: all of chemistry and therefore all of biology comes from the interaction of electrons, protons, neutrons, and photons. In other words, all of the human and biological world is explained by QED. QED is probably the most accurate scientific theory ever devised by man.


To give you an example, let’s talk about the “anomalous magnetic moment” of the electron. The magnetic moment of an object is a measure of how strong the magnetic source is. So the higher the magnetic moment, the stronger the source. The effectively “classical” result,10 also called (for technical reasons) the “tree level” result, is calculated via the Dirac equation and is exactly 2. At tree level, we are simply calculating the result without considering “quantum corrections” to the value. We can then use QED to calculate “corrections” to this factor coming from the fact that the electron is interacting with itself in a myriad of ways. As we consider more and more ways in which the electron interacts with itself, we get smaller and smaller corrections to this value. These corrections are called the “anomalous” magnetic moment. So if we write the magnetic moment as g then what we are calculating is how different g is from 2, and we call that difference (divided by 2) the anomalous magnetic moment, a. In other words, we calculate a = (g - 2)/2 and then compare that to what we measure when we do an experiment. Now, here is one of the very biggest triumphs of science ever. Our theoretical calculation of a agrees with experiment to one part in 1 billion! And to do that, we had to measure g to one part in 1 trillion! Our calculations show that a = 0.001,159,652,181,643(764) whereas experiment shows that the value is a = 0.001,159,652,180,73(28) (in parentheses is the uncertainty in the value). [142] This is the most accurately verified prediction in the history of physics. But, folks, that’s not all! If you look at the Wikipedia page, Precision Tests of QED, you will see test after test of QED’s predictions in multiple ways using different methods with which to probe its predictions. [152] One of the very coolest tests is that of the so-called “fine structure constant”, usually called alpha, that measures the strength of the electromagnetic interaction. Alpha is expected to be constant throughout the universe. Michael T. Murphy and his collaborators [104] measured the spectra of 17 nearby stars, up to 160 light years away, with properties very similar to the sun. They have set an upper limit of just 50 parts per billion on how much alpha may vary between the stars! In other words, alpha is constant precisely as expected. QED is probably the most stringently tested and accurate physics theory of all time.


1.6 Fundamentalism


Yes, that title is tongue in cheek. But it contains a kernel of truth. Physicists think differently than essentially everyone else, including other scientists. The question in physics is always: what is the most minimal explanation possible, what is the precise range of phenomena to which this explanation applies, and how precisely can we predict? So, for example, an electron at rest always has a mass of 9.109 × 10-31 kilograms. No electron at rest can ever have a mass that is different than that. Similarly, a photon will always be massless and will always move at the speed of light when in a vacuum. There are no exceptions. The theory of quantum electrodynamics is the theory of light and electricity. That theory will always be true.11 No other scientific field (except perhaps some kinds of chemistry) works this way. That is because physics is fundamental. It underlies everything. There are no exceptions. I am belaboring this point because, while it is second nature and entirely obvious to physicists, it is neither second nature nor obvious to anyone else. In every other field, you can play the “but what about” game. You can’t do that in physics. It is really the case that every electron that has ever existed is identical; that every photon that has ever existed is identical; and that the theory that describes them is the entire explanation. There are no exceptions. It’s important to understand that, if you claim that there is something that physics doesn’t explain, what you are really saying is that the laws of physics are incorrect or incomplete. And yes, we know areas of physics where the laws are incomplete. The laws are incomplete at very high energies far outside human experience, which is why we need humongous machines like the LHC (large hadron collider) to complete them. They are also incomplete at the edge of black holes where gravity becomes very strong. But, other than that, they’re complete! All of biology—let me please repeat that—all of biology is completely contained within already known laws of physics. Those laws are never going to change. As new physics is discovered, unlike every other field of human knowledge, the new laws must reduce to the already known laws at these energy scales. I emphasize again: they must! For example, in the realm in which they are true, Newton’s laws are still valid! Physicists use them all the time. What happens is that as we discover new “things”, we understand the domain of validity of the old “things”. So, for example, when Einstein discovered special relativity, the physics world realized that the domain of validity of Newton’s Laws was when speeds were much less than the speed of light. Next, Einstein discovered general relativity, which meant that Newton’s laws were only valid when the gravitational field was weak. But, in cases where the gravitational field is weak and the speed is slow, which covers all of human existence and almost all of the universe, Newton’s laws are entirely valid! When you take the “limit” of Einstein’s laws, i.e., when gravity is weak and the speed is much less than that of light, you recover Newton’s laws. You must recover Newton’s Laws in that limit else Einstein’s Laws would be wrong! The entire point of this book is to ask what physics can tell us about free will and related issues precisely because all the physics underlying biology is already known. And, let me beat this dead horse some more: if you say that there is “something” else (i.e., you deny physicalism) you are, by definition, saying that the laws of physics are incorrect or incomplete at the biological energy scale. You are (at least in the free world) entirely entitled to your own opinion about everything. But if you take that stance, please realize that you are taking a stance that is entirely at odds with well known, totally non-controversial, well settled and incredibly well tested physics. Oh, and just by the way, it’s also against biochemists who are generally of the view that there is nothing in special in living matter that isn’t mere chemistry—to believe otherwise is to believe in the highly discredited idea of “vitalism”. So, if you wish to deny physicalism, you’re not just far out on a limb, you are so far out that you’re on a tiny twig far out at the end of a subbranch of a subbranch of a subbranch of that limb. If that’s where you wish to live, that’s up to you!
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