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BOOK TWO OF THREE


Theme of the Work:


Science is the study of emergence.


Religion is reflection on all else.


The beginning of it all brings them together.









For Rosemarie (Waratah Rose) and for Lisbeth


in requiem


And for Carole


and for Carolyn


Sine quem nihil









All men by nature desire to know.


Aristotle (c. 340 BC)







When we have unified enough certain knowledge, we will understand who we are and why we are here.


Edward O. Wilson (1998)







Why is there something rather than nothing, and why are things as they are? Questions for the twenty-first century.


Frank Close (2011)







We are searching for the nature of reality, but what does that mean?


Jim Peebles (2022)












PREFACE





I’d like to know what this whole show is all about before it’s out.


Piet Hein (1969)1





This book is about what’s really going on. It seeks a fundamental answer to poet (also mathematician, physicist, freedom fighter, and buddy of Niels Bohr) Piet Hein’s question.


And it is the story of a personal journey.


The question What is real? has seen several thousand years of human mental striving. It has long lacked a coherent answer.2 For reasons that will become clear, this is about to change.


We each try to make sense of the world in our own way. But in the end our view of reality is socially constructed.3 Which is to say, together we create a kind of mental picture of the world. Maybe without thinking overmuch, we then entrench it in our language. In turn, language—historian and philosopher Yuval Harari calls it “the operating system of our civilization”4—informs our worldview.5


Problem is, our mental picture is plain wrong. Indeed, if we consider how it varies over times and between persons—and how wide is the dispute about the way things work—we know it must be wrong.


This book builds a new view of reality that aims to be true.


Let me—a physicist—confess I found this new view hard to take. It challenges much I was taught. Yet it draws on thoughts of many Nobel laureates and famed philosophers, each in their own way seeking understanding of what’s real.


Most of all, it taps into two physicists who each, a century apart, discovered a window into a strange world far smaller than the atom—a world that’s unknown to this day because neither knew (or could accept) what he had accomplished.


Change is afoot behind the scenes. For example, in 2009, Carlo Rovelli—a physicist with philosophic inclinations, one of several whose ideas you will see much more of here—wrote,




[O]ur present understanding of the physical world at the fundamental level is in a state of great confusion.6





But the story is about much more than physics: It is an adventure at the last frontier in humankind’s long quest for understanding. As Rovelli also noted,




What is real? How is one to know? These are among the most ancient questions not only of philosophical inquiry proper, but of human thought.7





The bold promise of this story is it will answer fundamental questions of philosophy; it will solve troubling problems now besetting science; and it will be simple.


For thousands of years, philosophers have sought a true view of reality. We will revisit old insights, choosing those that can, taken together, offer a consistent worldview. Decision theorist Sheena Iyengar studies choices like this; she said innovation is …




… a novel, useful combination of old ideas that come together to solve a complex problem.8





Wary readers may already harbor doubts. But hark to humankind’s maybe most successful chooser of ideas, Albert Einstein, from whose insights we will often draw:9




[T]he grand aim of all science … is to cover the greatest possible number of empirical facts by logical deduction from the smallest possible number of hypotheses.… The theorist who undertakes such a labor should not be carped at as “fanciful”; on the contrary, he should be granted the right to give free [rein] to his fancy, for there is no other way to the goal. His is no idle daydreaming, but a search for the logically simplest possibilities and their consequences.10





Our task is exactly that: A search for the logically simplest possibilities and their consequences. And here’s the secret sauce: It recently became possible to succeed.


Since the early nineteen hundreds, philosophy and physics have been at odds about What is real? and even Does “real” have a meaning? Their deepest divide is whether a reality exists; this forms in turn a deep schism in modern physics. Physicist Lee Smolin is another whose thoughts we will often draw upon. He outlined his view of the schism:




Realist approaches assume we are able to arrive sooner or later at a true representation of the world.… [R]ealists are interested in ontology, which is the study of what exists. By contrast, anti-realists believe we cannot know what really exists.11





Physics has its test of truth, What works?12 When a theory conflicts with observation, it must be cast aside—or so the myth of scientific method goes.a In practice an entrenched theory mutates and so survives. Today’s physics consists mostly of highly mutated theories.


By contrast, philosophy is prone to ask, How do we know what’s real? It’s prone to become lost in swamps of words.


Neither physics nor philosophy confers consistent clarity on what real means.


A book about what’s real needs to be clear about its meaning. We will use the toughest test: For us to accept something as truly real, it must be an accurately described objective aspect of the universe.b This may seem obvious. Yet little of philosophy or physics even aims to pass this test.c


It is much tougher than the facile “quotes” test of truth logician and mathematician Alfred Tarski famously proposed for his theory of theories,




“It is raining” is true if and only if it is raining.13





With our test—and a dash of history sauce—we will find a new view of the world, one that explains much more than the view we’ve been using.


This kind of view is called an ontology.a So we may say the reason for this book is we want a true ontology.


Even in my teens I wanted to understand. Why? was often on my lips or in my mind. And so of course I studied physics.


It took me years to get the message that physics does not do understanding.14 It does what works. It invents theories that make good predictions but it doesn’t ask them to make sense. These days they mostly don’t.


It was not always so. For example, Nobel Prize–winning physicist Steven Weinberg said,




In a list of the ten (or twelve) greatest physicists, we can trace the history of our progress in explaining the world.15





However, most on his list made their mark before the nineteen twenties when the search for understanding that drove physics vanished, deep-sixed by the quantum theory16 with its Shut-up-and- calculate reply to anyone who dared ask Why?17


Some may be surprised to hear that physics turned away from what is real. It turned instead to testing theories with experiments. It got good at this. It also got complex; now, nobody understands it, not even physicists; maybe especially the physicists.18 Thus, physics has become both useful and meaningless. I like useful; but I do still want to understand.


Our quest for understanding will embrace some seminal ideas; each will take us one step in the right direction. It is our good fortune that today the key ideas are in view; we can at last arrive at a true view of reality—what is real and what is not—and explain why.


Like Time One, this book aims to be accessible to the interested reader. Unlike Time One, in which detective fiction overlaid the concepts, this is plain vanilla fact.


In the end, it answers questions of concern to all who think about their world: What is all this? and What am I doing here? So, while it is the universe’s story, it is our story too. It may take a little while but, trust me, we will get there.


Colin Gillespie


Winnipeg, 2025







	a See also chapter 133, which may be found at page 639.



	b This test itself is—as is unavoidable—a construct of our minds; but it is subject to the universe’s oversight.



	c See chapter 131 at page 628.



	a From Greek ον (pronounced “on”), the verb to be. The interplay between be and do will emerge here as a universal motif.


















INTRODUCTION








[A]bout 13.7 billion years ago, … the entire universe was squashed into a single point with zero size.…


Stephen Hawking (1988)19





The Big Bang’s beginning—widely envisioned just as physicist and mathematician Stephen Hawking said—has made its way into our worldview. Few physicists believed it; certainly not Hawking. Yet it is the curtainraiser for the ever-evolving and grossly inconsistent story we will call the old ontology.


This book builds a new way to understand our world—a new ontology.


Little of it is my work. Rather, it has been my good fortune to be in some of the right places at the right times when key pieces of the puzzle hove into our view. The reader will come to see what I mean. I recall author Frank Herbert’s turn of phrase …




… endless queues of happenstance meeting at this nexus.20





The new ontology will set out for the first time a coherent understanding of our world from beginning to, if not end, at least now. It will embrace science scenes ranging from tiniest (called the Planck scale) to hugest (universe scale).


The Planck sizea is mind-bendingly tiny. The universe is mind- bogglingly huge. Yet, tiny to huge, it is all one world; we need a way to see it so. We need to discover what Plato called …




… the first principle of all that exists.21





The need is pressing. Physics, driver of new ideas and economic growth, is bogged down in the mire of its remarkable success.22 At the pinnacle of his career, Einstein warned of the problem and anticipated its solution:




Concepts that have proven useful in ordering things easily achieve such an authority over us that we forget their earthly origins and accept them as unalterable givens.… They will be … replaced by others if a new system can be established that we prefer for whatever reason.23





That “new system” needs a new foundation, a worldview with consistent answers to our deepest questions, a worldview that, unlike the current one, can lay claim to being real.


In the long struggle to understand reality, some doubted it was possible. For example, in his 1943 book, Physics and Philosophy, physicist, mathematician, and philosopher Sir James Jeans said,




We see that we can never understand the true nature of reality.24





Long before him, others had more hopeful views. Some two thousand six hundred years earlier, philosopher Thales of Miletus tried to explain the world, sowing the seeds of what physicist and historian of science Gerald Holton called the “Ionian Enchantment”:25




[A] conviction … that the world is orderly and can be explained by a small number of laws.26





Through the ages, science sought those laws. Physics now espouses rather more than “a small number.” It’s not even clear how many,27 but certainly more than Thales would have wanted.


Nonetheless we are about to find we can explain them all with a few simple premises. Indeed, it seems those laws arise from one law of astonishing simplicity.a Thales would be overjoyed.


Speaking in 1918 (about physicist Max Planck, whose work looms large in what followsb), Einstein said,




Man tries to make for himself in the fashion that suits him best a simplified and intelligible picture of the world; he then tries to some extent to substitute this cosmos of his for the world of experience, and thus to overcome it.28





Around that time, physics was aggressively abandoning reality. Einstein was himself unwilling instigator of the sea change. His dogged insistence that light waves are also particles29 launched quantum physics. To his dismay, its fuzzy worldview grew at the expense of crisp reality.


In 2014, Rovelli said,




Einstein conceded that the theory was a giant step forward in our understanding of the world, but he remained convinced that things could not be as strange as it proposed—that “behind” it there must be a further, more reasonable explanation. A century later we are at the same point.30





Quantum theory soon became the most successful, most precise, and most absurd theory ever. It always works; it’s always accurate; it always makes no sense.31 Quantum theory’s PR policy is captured by that Mary Poppins line, “I never explain anything.”32


Einstein was latterly a realist;33 the philosophy called realism holds that an objective reality exists.34 Quantum theory seems to say there is no such reality.35


Even in its own terms it is inexplicable. Thus, we have science writer Giles Sparrow saying,




Quantum physics is … deeply troubling for our understanding of how the universe works.36





Explaining why quantum theory works so well—indeed, why it works at all—is another task this book sets out to tackle. Fear not, fair reader; this too will be simple.


Another basic task is, What is time? As philosopher Hans Reichenbach said,




The problem of time has always baffled the human mind.37





We will ask other simple questions, such as, Why are there three space dimensions? A century of successful physics has produced no viable responses to them, yet we will see they all have simple and consistent answers.


How will we find those answers? Partly with this simple insight, Science treats as imaginary some things that are real and vice versa. Discerning what is (and isn’t) real (and why) will be our lodestar.


We will need knowledge science offers. As philosopher Willard Quine said,




For my part I do, qua lay physicist, believe in physical objects and not in Homer’s gods; and I consider it a scientific error to believe otherwise.38





So, we will depend on science, but cautiously. We will avoid the quagmires of imagination and escape sinkholes of contradiction that litter its landscape. We will check its concepts down to their foundations before we buy in.


How can it be, the discerning reader may be asking, that fundamental questions could be answerable yet remain so long unanswered?


This question will lead us to a better grasp of what our science is and what it isn’t, and of practical dilemmas facing scientists who seek success. Science tends to sit in silos that stay separate since scientists must specialize to be successful.39 As scientist extraordinaire Edward O. Wilson,a leading advocate for searching across silos, said,




The most productive scientists … have no time to think about the big picture, and see little profit in it.40





And Rovelli said,




[T]he “pragmatic” scientist ignores conceptual questions and physical insights, and only cares about developing a theory.41





Our searching across silos will bring together concepts from various fields. Mindful of Nobel prize–winning physicist and famous teacher Richard Feynman’s caution …




In talking about the impact of ideas in one field on ideas in another field, one is always apt to make a fool of oneself.42





… wherever possible, I will allow those with the ideas to speak for themselves, from original sources.a


Some of those sources are in languages other than English, those before the nineteen forties often in German,43 most significantly those of Einstein, who, as his friend, physicist, and science historian Abraham Pais, said, was …




… a highly gifted stylist of the German language.44





Nuance in such sources is important, especially Einstein’s, on whose thoughts this work will heavily depend.b Where extant translations appear to miss the mark, I use my own (and provide original text).c


The reader will find a degree of warp and weft in the story’s unfolding, sometimes returning to old ground with new perspective.d I’m sorry if this irritates. It is in the nature of the tale that I am setting out to tell—understanding what is real—which is a weave rather than a thread, one that is indeed more intricately interwoven than even such recursion can discover.e







	a So called because Max Planck discovered it; see chapter 13, beginning at page 76.



	a Found in chapter 19 at page 118.



	b See chapters 13 and 14, which are at pages 76 and 87.



	a He specialized in ants.



	a I also include secondary sources selected for accessibility, without relying on their complete accuracy.



	b His name appears some seven hundred times.



	c Language changes over spans of decades; I had the good fortune that my Hochdeutsch teachers, Betty and Charles Howlett, were almost of Einstein’s generation.



	d Linkages are cross-referenced in the footnotes, supported by a detailed subject index at the end, both of which will be integral to the style of reasoning, see note 143.



	e As political scientist Margaret Canovan said of philosopher Hannah Arendt’s The Human Condition (in her introduction; see my note 102 at her page viii): “There are more intertwined strands of thought than can possibly be followed at first reading, and even repeated readings are liable to bring surprises.”



















PART I

SOME SEMINAL IDEAS







Science begins with a vision.


Carlo Rovelli (2014)45

















1

SAYS WHO?









We need to go back to the insights [about the nature of reality] behind general relativity and quantum field theory, learn to hold them together in our minds, and dare to imagine a world more strange, more beautiful, but ultimately more reasonable than our current theories of it.


John Baez (2001)46








Through the ages our question What is real? has engaged thinkers of a philosophical persuasion. Of late it has been taken up by a few physicists. One thing they have in common is they want to understand.


It is hard to choose among them. But the views and roles of some will be of special interest here. Their views, right or wrong, help set the scene. They distill for us from scientific silos some essences of physics’ insights (and its key confusions) that may belong in (or need to be kept out of) the picture we are seeking.


Leading physicists seek a new view of reality.


These, then, are physicists who bridge the divide into philosophy. Their cross-border works support a mini-genre that confronts our theme with many questions. They tend to share a problem Herbert put this way,




From the top of the mountain, you cannot see the mountain.47





One way or another, though, we often will be building with their words. So, by way of a brief introduction, here’s a selective bestiary of sorts.


John Baez is a mathematician and a physicist who has a philosophic bent. With his observation, in the epigram above,a he goes on to say that fundamental physics should have room for philosophizing, a view few of his colleagues seem to share. He blogs in a loose zone between math, physics, and philosophy. He sometimes writes in what he maybe thinks is simple language like,




[I]t implies that the Standard Model gauge group consists of the symmetries of an octonionic qutrit that restrict to symmetries of an octonionic qubit and preserve all the structure arising from a choice of unit imaginary octonion.48





As anyone (’cept me and likely thee) can see, he’s speaking of constructing Jordan algebras. I don’t hold such impenetrable stuff against him: In all seriousness he would be my pick to build new math the physics world will need if it begins to navigate reality.


Adam Becker is an astrophysicist and science writer who wrote a book that asks, What is real?49 He ended, with no answer, saying,




There is something real, out in the world, that somehow resembles the quantum. We just don’t know what that means yet.… This is the great enterprise.50





(We will find that every word of this was right.a)


He followed up in 2022 with a popular article on space and time.51 Here too he left us hanging:




Will we ever know the real nature of space and time?52





This might seem less than helpful but does give us the score so far: universe 3, science 0.


Physicist and science-communicator extraordinaire Brian Greene has a relaxed approach to poking fun at fundamental physics. Neuroscientist Stuart Firestein said,




[He] is a theoretical physicist who is also well known for his elegantly written descriptions of the hard-to-get-your-head-around concepts that make up the Alice in Wonderland worlds of relativity and quantum mechanics. He is a unifier.53





Greene asks key questions with short words and wraps key points in punchy lines:




[T]he big bang leaves out the bang. It tells us nothing about what banged, why it banged, how it banged, or, frankly, whether it really banged at all.54





He digs into deep problems we will tackle, like “Is Space a Human Abstraction or a Physical Entity?”55 He gave that one a chapter but—as so often (he’s far from alone in this)—ended with a reprise of the question.


He leans a lot on Einstein (I do too); yet, like many physicists, he seemed to not know of (or forgot to mention) Einstein’s answer to his Is space … a physical entity? question.a


He makes movies that explore deep issues.56 Once there is an understanding of reality, Greene would be my pick to tell the world.


Former physicist Fotini Markopoulou gets an honorable mention—even though she’s former57—as, in my view, she may be the deepest fundamental-physics thinker of them all; and she has special roles here. Former colleague, Smolin,b said,




Fotini is extremely original, original to a fault. Most scientists pick up on ideas which are dominant, which come from living figures, and develop them incrementally. She doesn’t do that—she works solely on her own ideas.58





She was inspired …




… to pursue physics as a quest to understand reality from within.59





She brought a wide view to the search for quantum gravity, the pot of gold at the far end of the fundamental-physics rainbow. She thought about the implications of the fact that we are studying the universe from inside.c Twenty years ago, she plugged the kind of math we’ll see the new ontology may need.a While many wandered, lost in math, Markopoulou was blazing her unique trail to that holy grail of physics, the theory of everything.60


Smolin said she also was …




… responsible for changing my views on several important aspects of quantum gravity over the last several years, which got me out of space and back into spacetime.61





If so, this gives us a rare glimpse of dead-ending at work in physics; neither he nor she could spot the spacetime problem,b what Smolin’s later co-author, philosopher Roberto Mangabeira Unger called, in their work on natural philosophy, “the spatialization of time.”62


Canned by physicist and director Neil Turok at Perimeter Institute for Theoretical Physics reportedly for being too original, Markopoulou quit physics and went into business;63 she was worth ten Turoks; what a waste! (Also, she mentored Sundance Bilson-Thompson—of which more to come.c)


Nobel Prize–winning physicist Roger (now Sir Roger) Penrose wrote the book on physics and reality.64 He frolics at the fringes of philosophy. He led the charge on the impossibility of the low entropy (that is, the high degree of order) of the early universe arising by chance.65 It made a deep impression as I came to see this must be an integral—even central—aspect of a real worldview. Too bad it set him to imagining a pre-universe—collapsing under its own gravity —begetting our universe with a big bounce that came after a big bounce that … 66 We will find a simpler way to solve his problem.d


Carlo Rovelli is a physicist who works on quantum gravity and time. He writes philosophic books that tackle some of physics’ crazy stuff.67 Trying to make some sense of quantum theory, he espoused an ontology he called relational68 (in truth it did not meet the marke). He put his money on quantum time.69 He has an insightful chapter on space quanta; he gets it that they are not in space—they are the space; but he does not tell us what they are.a Having set time on a quantum pedestal, he still seems stuck in spacetime. Nonetheless his views in recent books come closer to reality than most and so will be much quoted here.b And, like Smolin, he is notable for his sustained efforts to harvest fundamental truths.


Smolin—a rare physics PhD who did study philosophy—switched to loop quantum gravity some twenty years ago from string theory (the up-and-coming version of quantum gravityc), later writing a critique of it in which he (I say rightly) said,




To continue the progress of science, we have to again confront deep questions about space and time, quantum theory, and cosmology.70





A dogged reacher for reality, Smolin recently came right out and said we need a new ontology.71 In 2015, he co-wrote with a philosopher a book that circled the same issue,72 getting the “there’s one universe” concept right and the “time must be real” concept not so much. His seminal role includes preaching a real theory must be purely relational, so it must explain space and time (and therefore cannot, as almost all physics does, assume them). He worked with Markopoulou. He buys the we-are-stuck-inside view of the universe.73 He sees that time and space can’t both be real, yet still goes on about “atoms of spacetime”.74 He promotes a principled approach to fundamental physics with concepts like background independence.75 We will draw on them.


Out of place in this company, cosmologist Neil Turok gets a mention nonetheless. He has an oar in our water with an extra universe, one he said is going the wrong way.76 It’s thin gruel; his mention here is due to his decade as director of the Perimeter Institute, a prominent hothouse for theoretical physics. It was intellectual home to Markopoulou, Smolin, and Bilson-Thompson. Of Markopoulou’s departure he said,




She is a very fundamental thinker; she had original ideas. But at the end of the day you had to decide if those ideas are going to pan out.77





Unfortunately, he did the deciding.


John Wheeler was a physicist who worked both sides of the quantum-theory/relativity divide. It made him a generalist amid many specialists and from this viewpoint he saw into several silos. His worldview was wide enough to envision (a quarter century ago) that,




Relative to the Planck length, even the miniscule entity we call an elementary particle is a vast piece of real estate.78





He was a leading light in Planck-scale thinking and more, we will find. (Too bad that, driven to pursue deep issues, he too dabbled in the siren spells of multiversesa and the anthropic principle that says the reason why the universe suits human life so well is it must be so because we are here to see it.b)


Nobel Prize–winning physicist Frank Wilczek is an author whose most recent book promoted ten keys to reality. Five dealt with the ontologic issue “What There Is.” They covered space and time, ingredients and laws, and matter/energy. He said,




[S]cience teaches us what is.79





Unfortunately, physics, at least, doesn’t. Indeed, he acknowledged we lack a crisp picture of reality, and left us with,




The universe is a strange place, and we’re all in it together.80





He has done better, as we’ll see.


As well as a tendency to philosophic thinking, these physicists have other things in common. Like Piet Hein (and me), they want to understand realityc and know they don’t.


In varying degree, they cling to old ontology and the related standard theory of particle physics81 (fig. 1) and standard model of cosmology (fig. 63 at page 365).82 Both models are remarkably successful. But both, we will see, are made of myths propped up by swarms of arbitrary numbers.


[image: ]Fig. 1. The Standard Model of Particle Physics






These leading scientists (all, save Wheeler, still with us) often say they are aware of contradictions built into the old ontology. Yet they seem unable to let go of it.


However, in the search for a world that is real, one might pick most of them as recent leaders of the pack. This book owes them more than its quotes from their works disclose.


On an entirely other plane, all seekers of the real world owe an overarching ideaistic debt to Einstein, to this day the lead trailblazer,83 as is acknowledged in what follows by some hundreds of citations gleaned from the great corpus of his works now looming into view from Princeton and Jerusalem.84







	a We will revisit what he said, in chapter 136 at page 658, to see how right he was.



	a In chapter 45 at page 255.



	a See chapter 10 at page 63, especially note 261.



	b They were once wed.



	c For example, observations of systems in general relativity are made from inside the system while those made of quantum systems are made from outside the system; and see chapter 24 at page 141.



	a See chapter 43 at page 243; and see note 555.



	b See chapter 83 at page 420.



	c She was his designated mentor at Perimeter Institute; a mismatch, he would later say.



	d See chapter 23 at page 137.



	e See also chapter 5 at page 43.



	a See chapter 45 at page 255.



	b A word about my treatment of quotations: Where they demark conversation, they include punctuation as is conventional in the text; but where they demark other text, they include only original punctuation.



	c See chapter 15 at page 95.



	a And he was Everett’s thesis advisor; see note 1834 and related text.



	b See further, chapter 120 at page 580.



	c See note 1.





















2

THE COSMOS









By the term “Universe,” … I mean to designate the utmost conceivable expanse of space, with all things, spiritual and material, that can be imagined to exist within the compass of that expanse.


Edgar Allan Poe (1848)85








Author Edgar Allan Poe’s cosmogonya was ahead of its time in many ways but thinking of an entire universe was already a long tradition.


The concept of a cosmos, “the world or universe regarded as an orderly, harmonious system,”86 emerged at different times in cultures with diverse modes of thought. For example, several thousand years ago in China,




… ancient Chinese thinkers viewed the world as a complete and complex “organism.”87





Centuries later, it was Greek civilization, spreading through the eastern Mediterranean, that gave birth to the long chain of thought that led to much of the science, including physics and cosmology (fig. 2), we know today.


[image: ]Fig. 2. The Ptolemaic Cosmos






Anaximander was a leading Greek philosopher. He was born in 610 BCE and raised in Miletus on what’s now the coast of Turkey near the Greek island Samos. Though he documented his ideas, few of his records survive.


Anaximander conceived the idea of the cosmos.


His ideas—as we know them from accounts of others—mostly lacked what we would see as scientific method and were almost entirely wrong. Nonetheless, he can be said to be …




… the author of the first surviving lines of Western philosophy.88





He owed to his mentor, Thales, the then startling idea that we can understand the world without recourse to the supernatural. He conceived the seminal idea of the cosmos as an open universe and he wondered about its origin.89


So, philosopher Charles Kahn could say of his worldview,




Anaximander’s conception of the world is … the prototype of the Greek view of nature as a cosmos.90





He thought of basic cosmologic concepts such as,




Earth is poised aloft, supported by nothing, and remains in place because it is equidistant from all other things and thus has no disposition to fly off in any one direction.91





Millions, perhaps billions, of people—almost all of whom never heard of Anaximander—have since then thought about the cosmos. It entered our minds and our vocabularies in many languages.


Being concerned here with understanding, we need such language, language that enables us to conceive and contemplate and communicate ideas.a


Rovelli credited Anaximander with …




… gradually founding the basis of a grammar for understanding the world, which is substantially still our own today.92





Having an idea and saying so or writing it will not, alone, lead to it having lasting life. His then new view of the cosmos needed to survive and thrive in the right kind of society, where over time it would keep falling upon fertile ground. That we study it today tells us Miletus and his Greece supplied this need.


Thus, if we want a key person who set us to searching for the seminal idea of the cosmos, Anaximander is the one.93


And the cosmos—as an orderly and harmonious system, what it is, and how it works, and where it came from—is what we are setting out, like him, to understand.







	a See chapter 13 at page 76 and chapter 129 at page 617.



	a See also chapter 72 at page 373.
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THE OLD ONTOLOGY









It is possible to repeatedly correct our worldview and to discover new aspects of reality that are hidden to the common view.


Carlo Rovelli (2014)94








Plato may have invented both the concept and the word—the seminal idea of the idea and the word ἰδέα.95 It derives from the Greek verb idein (ἰδεῖν), to see. In this work we delve into a broader—and, today, more usual—kind of idea than Plato’s (which philosophers now call a universal, meaning a property held in common, like the shape of circles96).


The idea that a real world exists—independently of our observing it—is even older than the word, maybe as old as Homo sapiens and older species.97


Each in our own fashion we try to discern what is real. Our personal quests for understanding begin early. When eyes first open, fast-forming minds start asking, wordlessly, “What is this?” Our infant brains are on their way to making models of the world, our private versions of reality.98


Each time we use our eyes or with our other senses confirm what they see, and each time we anticipate events and find they happen, we strengthen or expand the reach of our own personal idea of reality.


As our mental models grow, we think and speak in terms of them. We don’t confine our conversations to bare facts or observations, we embellish. Some embellishments become as real to us as what we see.


In this way, we both partake of and contribute to a wider worldview. Tens of generations gave rise to our languages and sciences, to our philosophies and to civilizations that embody in some degree a communal understanding of reality.99


But how much of that understanding is true? How well does it distill the universe?


As Wilczek said,




In our rush to make sense of things, as infants, we learn to misunderstand the world.… There’s a lot to unlearn, as well as a lot to learn, on the voyage to deep understanding.100





So, we should not be surprised that our idea of reality may not match what is. It has always been a work in progress. Here may be the place to say to general readers, who come upon the language of a new idea, Be of good cheer, your path will be simpler than that of the experts who have so much to unlearn.


After millennia of building a collective idea and imparting current versions to then current generations, we are all working with some mix of reality and fiction. Looking back, we may find reason to believe the trend has been to more reality. It’s harder to conclude there is less fiction.a


We need not go so far as philosopher René Descartes’s famed elegy to skepticism of the senses, which to this day infects the body of philosophy with a well-justified unease:




I shall then suppose … some evil genius … has employed his whole energies in deceiving me; I shall consider that the heavens, the earth, colours, figures, sound, and all other external things are nought but the illusions and dreams of which this genius has availed himself in order to lay traps for my credulity.101





Philosopher Hannah Arendt said Descartes’s doubt is haunted by the nightmare that,




[I]f neither the senses nor common sense nor reason can be trusted, then it may well be that all that we take for reality is only a dream.102





We have no reason to conclude we are all dreaming. What we seek should be achievable, a worldview that makes consistent sense of humankind’s long-aggregated sense-experience despite its frailties. Once we have a consistent picture in our sights, its explanatory power may persuade us—or on the other hand may not.


Consistency is far from what we find in today’s senior science’s story of the world. For example, Smolin wrote that the major theories of physics lead to …




… paradoxes, fallacies and dilemmas that plague the literature.103





And Nobel Prize–winning cosmologist Jim Peebles, speaking of the standard model of cosmology, said,




How can you trust a story that keeps changing, and on the face of it seems implausible?104





So I do not mean to suggest that we—or even physicists—share a single ontology, one common concept of reality. Indeed, most of us steadfastly assert the virtues of our varied versions.


But almost all, even those who embrace wild disinformation, get through life using a more or less widely accepted set of interlocking concepts. In past ages, these were often hokum. For example, for hundreds of years the establishment in Europe pursued the idea of witchcraft; in consequence it murdered half a million “proven” witches.105 That the idea was an imaginary social construct occurred to few and was proclaimed by almost no one.


These days, the central concepts underlying daily life the world over rest on what we like to think is a less fictional foundation. Although few consider it, much of that foundation rests—more or less directly—on precepts of physics.106


Physics’ precepts in themselves comprise a worldview. Though most of us ignore them, they powerfully influence our daily lives. Whether we will or not, the canonical worldview of physics has personal consequences. Yet, these days it seems to be, to say the least, on shaky ground.


In 2013, science writer Jim Baggott sounded the alarm:




There is as yet no observational or experimental evidence for many of the concepts of contemporary theoretical physics.… For some of the wilder speculations of the theories there can by definition never be any such evidence.107





In 2023, astrophysicist Adam Frank and physicist Marcelo Gleiser said,




Physicists and astronomers are starting to get the sense that something may be really wrong. It’s not just that some of us believe we might have to rethink the standard model of cosmology; we might also have to change the way we think about some of the most basic features of our universe—a conceptual revolution that would have implications far beyond the world of science.108





And later,




We write this book with a sense of urgency because we believe our collective future and human project of civilization are at stake.… We believe we need nothing less than a new kind of scientific worldview.109





On this we are agreed.a But they did not go on to suggest one.


And here’s the rub: Physics leads the world of science and lies closest to its philosophical foundations; but its worldview is not grounded in reality. As noted above, for the last hundred years physics has been studiously unconcerned with what is and what isn’t real, even denying there is a reality that’s independent of observers of experiments.


Putting this another way, Smolin said,




To the extent that quantum mechanics is the correct description of nature, we are forced to give up realism.110





Quantum mechanics wrought a revolutionary change in the worldview of physics.a Physicist Alain Aspect said,




The development of quantum mechanics in the beginning of the twentieth century was a unique intellectual adventure, which obliged scientists and philosophers to change radically the concepts they used to describe the world.111





The reader interested in how …




… science is rooted in conversations …112





… and how they led to the quantum-mechanics revolution, could consult historian of physics Mara Beller’s book.113


Having himself set the quantum-mechanics train of thought in motion, Einstein famously declined to take the ride:




I still believe in the possibility of a model of reality—that is, a theory—which represents things themselves and not only the probability of their occurrence.114





Yet, for Einstein (who, though earlier aligned with positivism,115 was, in his latter days, more of a realist116), the central concept of the old ontology was space that is continuous, and is thus made of infinitely many infinitesimally tiny points. This was (and still is) only an idea. It is not supportable by observation and—though he applied it widely—Einstein did not go out of his way to prop it up:




I shall not go into detail concerning those properties of the space of reference which lead to our conceiving points as elements of space, and space as a continuum.117





As we’ll see, there are reasons to conclude the points-in-a- continuum idea is wrong.b Early in his career, Einstein himself discerned this.c Yet to the end of his days he was unable to articulate his overriding aspiration, a consistent picture of reality (or, as he put it, “a closed system of thought”).118 As Holton said,




[T]he very extent and depth of the advances Einstein himself helped to launch … eventually made it impossible for the physical phenomena to be all gathered in one grand relativistic Weltbild [worldview] of the sort he longed for.119





Einstein’s reservations were radical and little known. The view of space as a continuum came to be deeply embedded, not only in physics, but in our shared worldview. As mathematician Louis Crane said,




Unfortunately the classical continuum is thousands of years old and is very deeply rooted in our education.120





Some physicists, too, believe in their theoretic constructs, such as spacetime, as if they were reality. To them, even reduced to a formula for a probability, a particle—let’s say a photon—is real: It has its name; it does its tricks; it has its particular properties; it has its standard-model place; and most of all it has its math. What more reality would one want?


At this, I cringe. When physicists believe their doctrines, physics takes on aspects of religion. But maybe it is not quite belief, but rather is a set of ontological commitments.


Quine long dominated modern study of ontology. His credo specified,




We are ontologically committed to all and only those entities that must exist in order for the theories or statements we hold to be true to be true.121





And these commitments can inhere in a theory:




The ontological commitments of a theory are, roughly, what the theory says exists; a theory is ontologically committed to electrons, for example, if the truth of the theory requires that there be electrons.122





Either way, beliefs or commitments, it’s not easy for a new view of the world to set aside the self-affirming body of received wisdom.


For example, mathematics, as the science that waters the roots of physics, has its own ontologic issues.a Its widely accepted ontological commitments include zero and infinity, whose reality has always been in question. And it has a fraught reliance on set theory, for, as philosopher of mathematics Penelope Maddy said,




[S]et theory is the ultimate court of appeal on questions of what mathematical things there are, that is to say, on what philosophers call the “ontology” of mathematics.123





Our search for what is real will require us to rethink “what mathematical things there are”—or aren’t—and to do this without appealing to set theory. Finding the things there are will turn out to be relatively easy;a setting them into their proper place may take more work.


For physicists, common ontological commitments include continuous space, the vacuum, conserved energy, and points of zero size. They may not readily be able to conceive a worldview without these concepts. Yet in due course it will appear none of these four is real.b


The potency—and peril—of these commitments lies in usefulness. Another example is the concept of an elementary particle, like the electron. In the nineteen hundreds this became an ontological commitment so unshakeable it borders on belief. In reaction, Nobel Prize–winning physicist Niels Bohr was led to countenance—and preach—obscure nonsense that lingers to this day and that for some takes on the character of doctrine.124


Perhaps the most troubled of physics’ ontological commitments is the quantum for which Planck is famous. Quanta of energy form the foundation for quantum theory. We will see that, on one hand, Planck’s quantum was not a quantum of energy;c and, on the other, physics has deep difficulty with the question of what energy is.d And how there can be discontinuous quanta in a continuous universe is a conundrum that deeply disturbed Einstein. Alluding to this in 1923, he went so far as to say,




The theory of relativity was only a sort of respite which I gave myself during my struggles with the quanta.125





By contrast, also in 1923, mathematician and physicist John von Neumann wrote with aplomb,




[A]ll elementary processes, i.e., all occurrences of an atomic or molecular order of magnitude, obey the “discontinuous” laws of quanta.126





This expressed succinctly a central premise of the worldview that took root in physics a hundred years ago. It obscures key aspects of reality we know: Those “‘discontinuous laws’” apply to vastly larger magnitudes than atoms;a the real discontinuities are far smaller than the atoms;b and what it is that is really discontinuous is unclear, but it clearly is not energy.c


Meanwhile, physical cosmologist J. Colin Hill recently said about our understanding of the universe on a far larger scale,




The situation right now seems like a big mess. I don’t know what to make of it.127





However, for most philosopher-physicists it is the incompatibility of our two big theories—relativity and quantum theory—that defines the ontological problem. For example, in 2001, Smolin said,




After all, atoms do fall, so the relationship between gravity and the quantum is not a problem for nature. If it is a problem for us it must be because somewhere in our thinking there is at least one, and possibly several, wrong assumptions. At the very least, these assumptions involve our concept of space and time.128





This, then, outlinesd the nature of the old ontology. This lies behind what Smolin (with Unger) assessed to be plagued by “paradoxes, fallacies and dilemmas.”e Yet, because it seems (and often is) so esoteric, we tend not to realize how inextricably it is now caught up in our daily lives.


Simply put, the elements of physics underlying that ontology are, almost entirely, fictions.a In his 1933 lecture “On the Method of Theoretical Physics,” Einstein spoke bluntly of …




… the purely fictitious character of the fundamentals of scientific theory.129





And, don’t get me wrong, in very many ways the fictions (or, as Einstein and his friend, fellow physicist, sometime co-author and biographer, Leopold Infeld also called them, the “free inventions”130) of the old ontology are useful. That’s why they are so widely and so well accepted.


Nonetheless they hold a hidden hazard: They block progress on the road to reality.


Or, as Unger, seeking to escape the limitations of what he called “the Riemannian-Einsteinian ontology,” said, in more optimistic vein,




A persistent feature of the history of science is the association between empirical discoveries and ontological programs.131





All this, then, is why we need—why our lives would be better with—a new ontology, a worldview that at least tries to be real. It is also why, as (in the epigram) Rovelli said is possible, we are now setting out to “correct our worldview and to discover new aspects of reality that are hidden to the common view.”







	a Fiction is (in this usage) a loaded term. Please note it has no derogatory purpose. As will appear, our fictions can be and often are extremely useful, even essential. My point in using this term for our free inventions (Einstein’s term; see note 130) is we should be clear about the distinction from reality and about which is which.



	a See chapter 136 at page 658.



	a The success of quantum physics in describing things in terms of probabilities is largely responsible; see the preface and the introduction.



	b This part of the story starts in chapter 12 at page 74.



	c This was his emerging view at least as early as 1917; see note 1268.



	a We will explore some of them in part 6.



	a See chapters 104 to 111 (beginning at page 515).



	b These are strong claims; there will be strong evidence.



	c See chapters 13 and 14 at pages 76 and 87.



	d See chapter 86 at page 435.



	a See chapter 45 at page 255.



	b See chapter 14 at page 87.



	c See chapter 45 at page 255.



	d In admittedly fragmentary fashion. Of late, many leading thinkers have published popular books and articles more systematically deploring fundamental failings of our science.



	e Note 103.



	a Peebles was refreshingly specific about this, speaking consistently of theories that “were useful approximations to the way reality operates” and “approximations to objective reality.” See note 104 at his pages 27 and 44.
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A NEW ONTOLOGY









The real change that’s around the corner is in the way we think about space and time. We haven’t come to grips with what Einstein taught us. But that’s coming. And that will make the world around us stranger than any of us can imagine.


David Gross (2008)132








Our conventional worldview is largely founded on a hundred years of physics that disdained reality. Unsurprisingly, it’s mostly fiction. It is filled with contradictions. Let’s set out to build a worldview that at least takes aim at being real.


In 2008, Nobel Prize–winning physicist David Gross foresaw (above) a strange new worldview that he said would “change … the way we think about space and time.” What he anticipated is what we are after here: We need to “come to grips with what Einstein taught us” and to discover that strange new view of the world.


We seek a real worldview.


Others, both before and after Gross, have tried to find a way to do it. They didn’t. Step by step, we shall.


So (to reiterate) a fundamental starting point is,




[S]omewhere in our thinking there is at least one, and possibly several, wrong assumptions. At the very least, these assumptions involve our concept of space and time.…133





A real ontology will need to find and ditch those wrong assumptions. And it will need instead to find consistent answers for at least these two unanswered questions:a




	
What is space?


	What is time?





We must ask other questions that are almost as profound. For example, physicist, cosmologist, and mathematician John Barrow asked,




How, when, and why did the Universe come into being? Such ultimate questions have been out of fashion for centuries.134





As he went on to say, some scientists have recently been “asking such questions in all seriousness.” So will we, and we will find consistent answers.


To be clear about the expansive scope of this undertaking, let’s contrast it with the new ontology physicists David Bohm and Basil Hiley worked on for two decades.135 Though the resulting book was broadly titled The Undivided Universe, it focused closely on a new understanding of atom-scale quantum theory.a


By contrast, our aim is not understanding quantum theory, nor even understanding all of physics from quantum theory to particle physics to cosmology to relativity; it is understanding all reality over the entire history of the universe (including, incidentally, those topics too).


While this may seem a far more daunting challenge, we will find its all-embracing scope is an advantage. Solving all the contradictions will turn out to be a lot easier than solving only one or two.b


That’s not to say it will be easy. The universe is vast. Its origins seem lost in mists of time. Its workings, we already know, are weird and hidden from our view. This creates a fundamental problem. As philosopher A. J. (Freddie) Ayer asked,




How could it be validly determined, by reason alone, that the world is so very different from what it appears to us to be?136





Thus, though reason be our guide, we will need clear thinking about its hazards as we proceed. And we will come back to his question to check how we’re doing.a


Another need is evident: We must screen all ideas physics offers. The need to do this is not itself a new idea. Physics is a human creation with no clear relation to reality. In his 1936 paper “Physics and reality,” Einstein wrote,




Physics constitutes a logical system of thought which is in a state of evolution, whose basis cannot be distilled, as it were, from experience by an inductive method, but can only be arrived at by free invention.137





So, getting underway, the third seminal ideab we need is that of a real ontology, a clear-eyed worldview that dispenses with physics’ freely invented useful fictions while harvesting its real insights.c


Integral with that worldview, we need language we can share and use to think and speak of it.d Psychologist and Nobel-winning neural-networks pioneer Geoffrey Hinton said,




[W]e have this thing called language, which we use for modelling the world.138





And let’s be aware new language requires us to transcend bounds of the accepted worldview without getting lost in fictions of our own.


The word ontology itself imports a concept we need to pursue. While its roots lie in philosophy, computer scientist Thomas Gruber said,e




An ontology is an explicit specification of a conceptualization.139





As used in this book it means that and a deep description of reality.f This involves, as we’ve seen Einstein (most successful ontologic operator of our era) put it, both “a simplified and intelligible picture of the world” along with a “cosmos” all its own.a


Speaking to students in Los Angeles in 1932, he said, in contrast with the narrowly predictive view of physics’ purpose,




A stronger, but also more obscure drive lies behind the tireless exertions tied to such achievements: one wants to comprehend being, reality.… At the basis of all such attempts lies the belief that being is completely harmonious in its structure.140





That is (he thought), a real ontology should be completely harmonious in its structure. Which is to say, its tale should be internally consistent.


Of course, ontologies may turn out not to describe reality. Indeed, they all have turned out that way so far, but one can try. And though each try is bound to be an incomplete description, it should, as ontologist Nicola Guarino said, be based on a coherent backbone:




The backbone of an ontology consists of a … hierarchy of concepts.141





The new ontology will set out a coherent backbone. The upper entries in its “hierarchy of concepts”—its seminal ideas—are set out in this part.


A new ontology requires what philosopher and historian of science Ian Hacking called “a style of reasoning”:142




A style of reasoning not only brings things into view, but it also can bring them into being. It opens up a space of possibility in which new things can appear, as well as from which they can disappear.143





Introducing such a style will be my objective.b We shall see if it suits.


Greek philosopher Aristotle invented the idea of ontology as the study of existence144 (though the word ontology was not in use until the sixteen hundreds). It settled into the realm of philosophy, and then of its unfavored offspring, metaphysics. It was often seen as opposed to epistemology (the study of knowledge145) and its handmaiden, modern physics.


In the early nineteen hundreds, Einstein, with his deeply philosophic bent, set to transforming physics,146 which had unintended consequences for its links to philosophy. Indeed, physics soon turned its back on metaphysics. More specifically, it turned away from ontological pursuits and took on a narrow epistemologic cast.147 Soon it was no longer concerned with reality; it was about what one could say about what one could see. This became physics’ posture by the nineteen thirties; this is its prevailing posture to this day.a


In the same era, philosopher Martin Heidegger did not buy into the then new quantum theory’s need to separate what we observe from ourselves as observers. Rather, he sought a holistic view of space and time and all their contents including people. It’s all one place. Philosopher Simon Critchley summarized,




The basic and very simple idea … is that the human being is first and foremost not an isolated subject, cut off from a realm of objects that it wishes to know about.148





In 1924, Heidegger, doyen of the positivist Berlin Circle, asked,




What is time?149





He later said,




[T]he central range of problems of all ontology is rooted in the phenomenon of time, correctly viewed and correctly explained.150





As noted above, what time is is central among many problems the new ontology must explain. We will see that physics offers a mix of rare illumination and rampant confusion about it.


Indeed, for much of physics the larger question, What is?, has no meaning, or at least no answer. The question’s present tense implies a what-is here (in space) and now (in time) that is of a piece with what-is elsewhere (in other space, at the same time). But, to the contrary, the theory of relativity says between here and anywhere that isn’t here there is an insuperable gap in time, a slice of past we don’t yet know, a present we cannot yet see.a All of the what-ises elsewhere that share this moment with our what-is here are undefinable.b


Relativity, in other words, has troubles with time that lead it to proscribe far-flung simultaneity.151 It seems to say what is consists exclusively of what is here. Rovelli (summarizing it) said,




Our “present” does not extend throughout the universe. It is like a bubble around us.152





Here he made a mistake Smolin warned about,c an almost universally held wrong assumption, that leads to an almost universally held wrong conclusion.


Oddly, cosmology—the study of the structure and development of the whole universe—whose standard model rests in large part on the theory of general relativity, does not suffer from this problem to the same degree. In part, this is because it finds, in all directions, a dull glow, cooled coals, as it were, from the world’s hot beginning.d This cosmologic perspective supports a concept of a time that is the same everywhere.e


Quantum theory, too, has no problem with events both here and over there that are simultaneous; indeed it needs them. A slew of views of the wave functionf that lies at its heart all have it collapsing instantly throughout the universe as soon as someone somewhere checks it out.a


Of this, physicist and “prophet” of the second quantum revolution,153 John Bell, sarcastically asked,




Was the world wave function waiting to jump for thousands of millions of years until a single celled living creature appeared? Or did it have to wait a little longer for some more highly qualified measurer—with a PhD?154





But then, if quantum physics could be said to have an ontology, it’s surely not about reality. Most of its adherents say there is no reality until someone makes an observation.155 There may be no easy way to fix this:




To improve on the quantum theory, [Einstein] thought, would require starting afresh with quite different fundamental concepts.156





We will come to agree with him. Yet physics is now firmly founded on a slowly evolving ontology that is not much given to starting afresh. Anyone who, like I did, learned physics more than fifty years ago will tell you that its worldview and the language that it uses to describe it have both changed. Yet physics culture has a way of sticking in its rut: It throws out babes (such as, we’ll see, the ether);b it hangs on to the bathwater (such as spacetime; it’s a problematic concept we will findc); and it tolerates inconsistency while letting mathematics lead it by the nose.157


I agree with Smolin that we have been making wrong assumptions. I agree these include wrong concepts of space and time.d We’ll find better concepts of both were long since wrongly set aside. Those better concepts turn out to be simpler (though they may at first seem strange) and they fit together to make sense.a


To ease the reader’s first steps down the road, this part sets up two kinds of signposts.


First, this chapter will outline six key concepts underlying the new view. They are not aimed at persuading; their aim is to begin building common language, easing readers into meanings they can use for understanding real ideas. To make best use of this “tip list,” the reader is invited to take the quirks of each concept on faith until they get connected—as they will—to humankind’s long search for what is real.


Second, the chapters in this part will highlight seminal ideas from great minds who wrestled through the centuries to build our understanding of the world. These thinkers sought a real ontology, one that could explain all they saw.


Over time, as science shone its light on aspects of reality, ontologic concepts edged closer to true understanding. Yet each new reach fell short because each thinker lacked key pieces of the picture. Now, at last, we may have what we need.


Looking ahead, in the next part we will see that, like a jigsaw puzzle, these disparate but key ideas come consistently together (notionally illustrated in fig. 3). As an integral whole, they give us a single picture that makes sense of many things that long have seemed surpassing strange.


[image: ]Fig. 3. Jigsaw consistency (reflections on the moving statue of Kafka)






Thus, the new ontology arises by combining a modest number of illustrious ideas—some ancient, some more modern—all but one of them well known at least within its circle.


Meanwhile, here is a preview of six key ideas:




	
Space is something; it is not empty; it is a massive entity, made of space quanta, tiny bits of space. These quanta are not in space; they are space. They are linked together.


	The space quantum is the quintessential atom; it can’t be subdivided; there is nothing smaller.


	
Space quanta have a much-studied structure that itself has six dimensions. Each has a fixed volume.a It is extremely small.


	In the beginning, almost fourteen billion years ago, the universe was only one space quantum. It replicated stepwise in successive iterations [1, 2, 4, 8, 16, 32, …].


	
Matter is made of twists in links between space quanta.


	The universe has only three dimensions. But its stepwise iterations give it sequence, which leads to a universal kind of time.





Each of these ideas will get grounded firmly in what is to come. Many may see them as new, though most of them are old. We’ll take a guided tour through each in turn. Their deep roots in the wisdom of the ages and in recent physics will heave into view as this tale of a real ontology unfolds.


To be clear about expectations, I aim to propose and justify such an ontology. And I aim to steer clear of new physics. Real physics will be, one imagines, at least as extensive as all the existing unreal physics. Physicists, whose first instinct is to look for experimental testing need to first develop the physics; theory, not ontology, is what experiments test.b


As to the seminal idea of a real ontology, we may owe this to Plato, who thought he had found it (he was wrong).158







	a This will turn out to be easier than it may appear.



	a They conceive the whole universe as the essential quantum system. But universe does not rate a mention in their index.



	b See chapter 34 at page 186.



	a See chapter 133 at page 639.



	b After the cosmos and the idea.



	c See chapter 39 at page 220.



	d See also chapter 72 at page 373.



	e From a systems perspective.



	f For those who, perhaps justifiably, feel they have other or better definitions, I refer to the Humpty Dumpty rule: “When I use a word, it means just what I choose it to mean—neither more nor less.”



	a See note 28.



	b Here its elements include historical and personal settings, open engagement of the reader, extensive cross-referencing (in footnotes and the subject index), expanding and clarifying essential language, preferring meaning (keyed as meaning in the index) over stricter definition, a writing style, and a holistic view.



	a With maybe more emphasis on say and less on see.



	a That we cannot see the distant present is also an observed fact. Relativity’s treatment of the distant present smacks of the positivist perspective: If we cannot sense it, it does not exist.



	b Conceptually, one could consort here with a fiction known as the block universe. Better not unleash the monster. We will see it is seductive nonsense; see chapter 56 at page 301.



	c See note 133, above.



	d This is the cosmic microwave background; see chapter 17 at page 105.



	e The observation that the radiation has the same temperature in all directions gives access to a special frame of reference that is not moving in an absolute sense. In turn this gives us the key to a kind of absolute time some physics rejects and other physics uses; see chapters 52 and 56 at pages 284 and 301.



	f See chapter 116 at page 568.



	a Quantum theory calculates the wave function of a quantum system (usually something small, like a particle or atom). The wave function specifies all that can be known about that system—what it is and where it is and what it does—in precise terms that lead to probabilities. The calculations give the wave function’s value everywhere; they show exactly how it changes over time. There is no consensus on how to understand the wave function.



	b See chapter 10 at page 63.



	c See chapter 83 at page 420.



	d There is a surprisingly wide consensus to this effect; there is no consensus on the right concepts.



	a See part 2.



	a Known as the Planck volume; see chapter 13 at page 76.



	b Nonetheless, broad forecasts will emerge that, if fulfilled, will be explicable within the new ontology while adding to the list of problems of the old. See, for example, chapter 129 at page 617.
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DISTANT RELATIONS









All the world’s a stage …


William Shakespeare (1623)159








Of late, a few physicists have been pursuing physics without space and time. They hope their math will tell them what space is (and maybe time will show up too). You might say they try to feed no aspect of reality into their math because they want reality to arise out of it. Reality, they think, should be the product, not the predicate, of physics.


[image: ]Fig. 4. The Globe






Shakespeare, who called his theater The Globe (fig. 4), would have understood how much those physicists are giving up: Their stage; indeed, their world. Or, more precisely, as much of it as they can manage to get by without.


Shakespeare poked fun at our perceptions of reality in As You Like It.a His tale has no tie to physics. But the subatomic particles that form the foundation of today’s physics are past masters at concealing real identities. So, physicists might finish his line with … and all the particles are players.


Our story will take us to places far smaller than those particles, far tinier indeed than anything a physicist can see. To help to visualize this hidden world, this invisible reality, you will be invited to imagine you are philosopher Ralph Waldo Emerson’s “transparent eyeball”; it is nothing and it sees all.160 With its aid we will from time to time visit those players and their stage where all the action of our world is really happening.


Orthodox particle-physicists set particles to play upon a stage of space and time. Those few space-and-time-less hopefuls are looking to their math to show them what that stage is made of, and whence and when and how it came into existence along with the particles.


This is a seminal idea known as background independence. It says if you want to understand the world, first thing to do is ditch the stage, then—if you can figure what comes next and most of all if you are lucky—the real stage may take shape before your eyes.


Stage-free ambitions do not have much history. But one way to view Einstein’s work on relativity could be as an attempt to formulate a background-independent physics of motion. He came close.161


How can physics stage its play.…without a stage?


It has been almost twenty years since Smolin said a real theory must begin with no stage and rather should generate both stage and particles.162 He long pursued an understanding of what background independence is and how to accomplish it, for example saying in 2006,




We need a theory about what makes up space, a background-independent theory.163





And further,




The main unifying idea is simple to state: … Start with something that is purely quantum mechanical and has, instead of space, some kind of purely quantum structure.164





There still is no such theory. But we will follow closely the italicized advice.a


Background independence goes hand in hand with the relational approach. Roughly, it says build with nothing but relationships and see what you get.165


Various authors propose variations on the theme of what relational might mean.166 In 2006, Smolin stated it this way,




The most basic statement of the relational view is that … the fundamental properties of the elementary entities consist entirely in relationships between those elementary entities.167





And, in 2008, having long argued that any background is bad for fundamental physics, he offered the accurate but unfortunate observation that …




… for physicists relationalism is a strategy. As we shall see, theories may be partly relational, i.e., they can have varying amounts of background structure.168





It calls to mind that saying: You can’t be half pregnant.


More than a decade later, he said,




[A]ll properties that refer to location in space or time should be relational.169





I prefer his first (i.e., 2006) and strictest way to understand the principle, which also we will closely follow. However, this leads to two practical—but also fundamental—problems.


First, what exactly are the elementary entities; how do their relationships arise? As Einstein perceived early in his career, these are foundational issues:




It seems to me … that a physical theory can only be satisfactory when it builds up its structures from elementary foundations.170





Second, space and time are the air and water of physics’ existence. It’s not that easy to set them aside and then start over. In 2003, Rovelli said,




Everybody says they want background independence, and then when they see it they are scared to death by how strange it is.171





And, some years later,




To let the background spacetime go is perhaps as difficult as letting go the immovable background Earth.172





And how does one even think about relationships without a space to hold them and a time in which they change? As cognitive psychologist Donald Hoffman said,




If I challenge myself to imagine something—anything—outside of space or beyond time, I’m stymied. I may as well try to imagine a new color I’ve never seen before. Nothing happens.173





So, all relational and background-free sound simple. But they seem impossible to do. Philosophers Nick Huggett and Christian Wüthrich …




… define a theory to be empirically incoherent in case the truth of the theory undermines our empirical justification for believing it to be true. Thus, goes the worry, if a theory rejects the fundamental existence of spacetime, it is threatened with empirical incoherence.… The only escape would be if spacetime were in some way derived or … “emergent” from the theory. But the problem is that without fundamental spacetime, it is very hard to see how familiar space and time and the attendant notion of locality could emerge in some way.…174





Welcome to the complex tangle we are making of our space and time. We will untangle it. We will find a simple story in its place. We will find that what we see, “familiar space and time,” does indeed “emerge in some way.”


When I first read Smolin’s early writings on these two more or less equivalent ideas—relationalism and absence of background—I could see them as embraced into a single seminal framework that was strategic. This means making it work will be essential to succeed.


So, we need to give it full effect. We will do this too.a







	a At some points in the action, he has a boy playing a girl disguised as a boy impersonating a girl.



	a It leads to another question: What kind of purely quantum structure should we start with? The answer—space made of space quanta—will arise from many sources. See chapters 6 to 10, following this one.



	a We will check our progress in chapter 79 at page 402.
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THE A-TOM









They had conceived of a kind of elementary substance of which everything was made.


Carlo Rovelli (2017)175








Rovelli was referring to Greek philosopher Democritus and to his teacher, Leucippus. Around 400 BCE they had a seminal idea. They conceived that all matter is made of tiny bits that can’t be cut into tinier bits.


It’s like, take a piece of feta; cut it in half; cut one half in half. Et cetera. Quite soon you’ll have a piece that can’t be cut. No point in sharpening your knife. You cannot divide it.a


The Greek atom was the smallest thing possible.


We call this concept the atom.b Rovelli summarized,




The only possibility, Democritus concludes, is that any piece of matter is made up of a finite number of discrete pieces that are indivisible, each one having finite size: the atoms.176





For over two thousand years the atom was a conversation piece and not much more. Nobel Prize–winning physicist Werner Heisenberg summarized how the concept was seen:




The world was reduced to atoms with empty space between them.177





The conversation became serious in 1905 when Einstein showed some sort of atoms do exist.178 But it was already clear those atoms179 did not qualify as a-toms. They could be cut.


Ironically, the field that undercut the import of the name came to be called atomic physics. In 1897, Joseph (J. J.) Thomson made the first cut, carving off electrons, for which he received a physics Nobel Prize. In 1911, Ernest Rutherford showed that, aside from electrons, the atom had a nucleus (he already had a Nobel Prize). In 1935, Sir James Chadwick got a Nobel Prize for cutting nuclei into neutrons and protons.a


The rush to cut things slowed, but that was not to be the end of it.180 Even the notion that there was an end began to crumble. What’s the meaning of a no-cut thing that keeps on getting cut? And so it was that atom smashers (aka particle accelerators) changed our language, robbing us of what our word atom means and bidding fair to stultify its seminal idea.


If we can imagine an uncuttable atom, we can contrarywise imagine cutting supposed atoms without end. Of such succession, satirist Jonathan Swift wrote in 1733,




So, nat’ralists observe, a flea Hath smaller fleas that on him prey, And these have smaller still to bite ’em And so proceed ad infinitum.181





If a true atom does exist, it must be very tiny, smaller by far than its modern namesake. Its existence would beget enormous consequence for all our understanding of the world.


Is there a real end, a true Greek a-tom? And, a modern version of the question, could there be one truly elementary particle that makes up all the subatomic pieces of all atoms? And, perhaps most vexing, if we were to find the true atom, how could we be sure it can’t be cut?


This is not a vexing problem for the modern atom-cutting industry, which is ever ready to build ever bigger and more energetic and expensive atom cutters.b


The result, stitched together with brilliant theory over the latter part of the last century, is the standard theory of particle physics.a It is an arcane body of quantum physics that gives rise to sixteen kinds of subatomic particles, all taken to be elementary. Particle detectors see the signatures of all sixteen.


Summarizing widespread perceptions of the theory’s standing, a 2017 article by science writer Bernie Hobbs was headed,




The Standard Model of particle physics is brilliant and completely flawed.182





Working at the particle-physics frontier, theoretical physicist Jonathan Hackett noted the history of ever-more-powerful accelerators smashing supposedly elementary particles:




[I]t has been demonstrated repeatedly that the differences between supposedly fundamental particles are, in fact, merely consequences of the composite structure of underlying reality.… The difficulty is that, as such a process does not have an end, we can continue to suppose that below the currently understood structure is another set of more fundamental particles.183





That is, even if we are at the far end of the line, how can we be sure? This might seem to be the kind of question for which there could never be an answer.


If this were so, it would be frustrating. But expensive efforts to address the question could continue unabated. Costs of the current lead accelerator, the Large Hadron Collider—aka the LHC—that straddles the border between France and Switzerland, are in the ten-billion-dollar range. It aimed to explore a whole new group of particlesb but found nothing beyond the standard sixteen.c It smashed none of them, so they seem elementary.184 Probing for the next set of sub-particles would need a new accelerator that achieves higher energies.a It would be even more expensive to build and operate.185


So, it would be doubly good if we could find the final a-tom, and could understand it so well we would know that it is final.


Here, we may find a way to do just that without a new accelerator.


Meanwhile, the a-tom may be elusive; but it surely is a seminal idea.







	a	Atomos (ἄτομος) is Greek for uncut or indivisible.



	b It was a simple idea; as we see in what follows, atomic and nuclear and particle physics have complicated it over the past hundred and fifty years.



	a This was the first step to the next level down, nuclear physics.



	b See note 1347.



	a See fig. 1 on page 21. It is also (and, these days, maybe more widely) known as the standard model of particle physics, a term I quote Bilson-Thompson using. Thus I use both, with apologies for the potential confusion.



	b Supersymmetric particles; see chapters 8 and 80 at pages 53 and 411.



	c The Higgs boson is another story; see chapter 92 at page 457.



	a See chapter 80 at page 411.
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THE SINGULAR INGREDIENT









It is almost as if the stuff of which all stuff is made were reducible in the end to some simple and unique kind of substance.


Teilhard de Chardin (1955)186








If there is a final atom, might there be only one kind of them?


Poet Laureate Robert Southey said little boys were made of three kinds of stuff, “snips and snails and puppy-dog tails.…” His children’s rhyme, “What All the World Is Made Of”,187 seems to lampoon our long search for the basic ingredients that make our universe.


Maybe everything is made of only one kind of thing.


Others, such as scientist and philosopher Teilhard de Chardin (above), pursued a seminal idea: Everything (including Southey’s three ingredients) might be made of a single, literally universal kind of thing.


From sparse records we can discern that, in the sixth century BCE, Anaximander conceived a cosmosa that derived from a vague substance called apeiron.188 This was, he thought, the source of all that is.


His substance would soon sink into obscurity but the concept had legs (as newshounds say). It inspired a lasting story and, until today, a fruitless quest: What sort of thing could such a universal substance be? It led to two and a half millennia of speculation.


Thus, in the seventeen hundreds, Western philosophy was exploring the old concept under a new rubric, monism. One might say monads merged the atom with apeiron. Philosopher Gottfried Leibniz, whose immaterial monads made up his matter,b wrote that,




A simple substance is that which has no parts. The composite is the assembly of simple substances, or monads. Monas is a Greek word meaning unity, or that which is one.189





And,




The monads are the true atoms of nature; in a word, they are the elements of things.190





Some two hundred years later, the atom had moved from chemistry to physics, which essayed to ruin its no-cut reputation. The idea of the monad lost its luster. The nineteen hundreds saw doubt grow that we would ever find a final atom.


Yet, in his 1958 book about the quantum revolution, Heisenberg could muse,




[A]ll different elementary particles could be reduced to some universal substance.191





He had no real idea what that substance could be. Indeed, he seemed to see no advance on Anaximander.


Fifty years later, Wilczek asserted (with only a shade more specificity) that,




The primary ingredient of physical reality, from which all else is made, fills space and time. Every fragment, each space-time element, has the same basic properties as every other fragment.192





The vagueness of the language of this proposition tells a tale. The loose marriage of these two questions, Is everything packaged in uncuttable atoms? and Is everything made of one thing? had stayed in play for two and a half thousand years with neither finding any definitive answer.


But, in the first years of the third millennium, obscured from public view, the last needed pieces of the picture were quietly coming into view to answer both questions with Yes and to understand the answer to What is the thing everything is made of?a


That there is such a thing is a seminal idea. It is widely seen. Its name is spoken in the common parlance. Even so, it may astound you.







	a See chapter 4 at page 34.



	b We will see this was remarkably insightful.



	a Here, everything includes ordinary matter and energy, dark matter and dark energy; see chapters 17, 68, and 67 (at pages 105, 351, and 348, respectively).
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THE MULTIPLICITY AFFLICTION









Not yet discouraged by the discoveries of numerous particle species that were yet to come, [in 1954] scientists were still searching for simple, elegant and universal principles in physics.


Gerard ’t Hooft (1997)193








The idea of that single thing—of that one ingredient of everything—had staying power. But its simple singularity kept falling into messy multiplicity. Even those pursuing fewer kinds of things kept coming up with more.


Science kept finding more kinds of atoms.


For a while the Greeks held that the world is made of four elements, earth, air, fire, and water, each in turn imagined to be made of its own kind of atom.


Then, for more than two thousand years atoms were mostly seen as fiction. That is, only a few thought atoms really existed. In 1704, philosopher, mathematician, and physicist Isaac Newton was one exception, speculating atoms of multiple kinds adrift in void made up the world.194


Emerging from alchemy in the late seventeen hundreds,195 chemistry brought a degree of order to the scene. But it kept conceiving of more kinds of atoms. By the nineteen hundreds, it claimed ninety-two distinct kinds in nature. Then physics got the message that matter’s made of atoms and made twenty-six more kinds and counting (see fig. 5).196


Early atomic physics said that all these atoms are made of just two kinds of things, tiny negatively charged electrons circling far larger positively charged nuclei.a But it soon chopped those nuclei into positively charged protons and uncharged neutrons (the two being collectively called hadrons).197


So, for a short while, one could wonder: Is matter made of only three things?


Then the simple three-piece-atom picture slowly fell apart six ways from Sunday; once again, the number of ingredients began to rise.


Physicist John Moffat wrote,




By the mid-1950s, the number of newly discovered particles at accelerators was so large that physicists began referring to them as the particle zoo.198





[image: ]Fig. 5. The Periodic Table of 118 kinds of atoms






As Nobel Prize–winning physicist Gerard ’t Hooft intimated (in the epigram) it was for many a discouraging development. Those two hadrons turned out to be made of two kinds of charged particles called quarks.199 Atom smashers soon found four more kinds. The electron had already become the skinny kid in an odd triplet with the equally charged tau and muon.


Then came three kinds of ghostly neutrinos.200 And add to the list the photon plus three other particles involved in exerting various forces.


So, in the nineteen nineties, Nobel Prize–winning particle physicist Leon Lederman could still write about …




… a problem that has confounded science since antiquity. What are the ultimate building blocks of matter?201





Supposedly sorting it all out, the standard theory says the world is made of sixteen kinds of particles (see fig. 1 at page 21). Physicists have “seen” all sixteen (or seventeen, if we add the Higgs bosona).202 Oh, and it also says each of the sixteen must have a so-called supersymmetric partner—none of which has yet showed up in a particle detector—making maybe thirty-two kinds (see fig. 71 at page 411). Or so the crown jewel of particle physics would have us imagine.b


As explanations go, the standard theory’s even messier than that. It needs some twenty-six new parameters that must have exactly the right values to make it work.203 One can ask Why? about each one of them and, so far, get no answer. Physicist Robert Oerter said (with, we will discover, clear foresightc),




Ideally, physicists would prefer a single entity … instead of the seventeen particles, and one law with one, or maybe no, parameters to be measured.… All the known particles would arise from this fundamental entity behaving in different ways, like different notes played on a bugle.204





Each of those standard-model particles is “elementary,” or so it’s said, meaning it is not made of smaller pieces. The only evidence for this is negative; nobody has seen any of them fly apart. But that is just the latest story; it is where we were with hadrons—which are clearly composite—just fifty years ago.


In a way it is where we still are. Physics “explains” certain hadron observations by referring to quarks. But nobody has ever found a quark outside a composite particle. (Wilczek and two others shared a Nobel Prize for showing why.205)


And, inconveniently for the notion that the electron is elementary, the quarks turned out to bear fractional charges of exactly one-third and two-thirds of the electron’s charge.d Nobelist Martin Perl said,




We cannot explain why the electric charges of the known elementary particles are zero, ±e, ±e/3, or ±2e/3.206





So, how many kinds of fundamental particles? Looks like physics says a lot. It’s surely not a simple picture.


But we’ll soon see that physics has (and doesn’t know it has) that single entity that Oerter noted physicists prefer; and can (but doesn’t know it can) then understand those pesky charges.a Maybe matter’s multiplicity is all in our minds.







	a See chapter 6 at page 47.



	a The Higgs is a maybe; see chapter 92 at page 457.



	b See chapter 80 at page 411.



	c See chapters 35 and 43 at pages 190 and 243.



	d See further, chapter 48 at page 268.



	a Such problems are supposed to draw physicists and grad students like wasps to a picnic. This one seems to have been buried in the standard model.
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SIMPLY PUT









If “the road to reality” eventually reaches its goal, then in my view there would have to be a profoundly deep underlying simplicity about that end point. I do not see this in any of the existing proposals.


Roger Penrose (2004)207








Penrose wrote the book Laws of the Universe. After more than a thousand pages, he said (above), reality should be much simpler. He’s in good company. One could view the march of science as steps that make things simpler. Einstein codified this as,




It is the grand object of all theory to make these [fundamental concepts] as simple and as few in number as possible.208





Simplicity begins with one’s assumptions. The simplest story would have none. But, as Einstein, after a lifetime of experience, advised a budding scientist,




You have to assume something.209





It did not keep him from finding simplicity. As Holton said,




The heart of relativity, as Einstein noted, is indeed the discovery of far greater simplicity at the foundations than had been suspected, resulting in a unification of previously separate notions.210





We are here setting out to sift through lots of “separate notions”—including those found in one small (but weighty) contribution, Penrose’s pages—most of which most readers might well find impenetrably complex. There may be (indeed, there is) a gem within his book, but it is buried deep amid his thousand pages. If we are to find and seize upon it, we will first require to assume something about how to choose.


Here’s the plan: As Penrose, among others, indicated, we will seek simplicity; at every turn, we will assume as little as possible and see what that will do for us.211


The seminal idea that simplicity is an explanatory virtue has a long pedigree.


Thus, in the fourteenth century, philosopher William of Ockham thought of many things. For example, he promoted the strange notion that it’s only things that do exist that do exist. That is, things we devise as concepts don’t exist. This may seem self-evident, yet it fueled long debate. Our quest for reality will bring us into confrontation with this controversy in its many forms. We will side with William.


Our new worldview must be very simple.


As well as philosophy, Ockham wrote of politics; he was a dissident. He also did theology; he was a heretic; he got into trouble with the pope. (It was not difficult to do this in those days.)


Yet today he’s best known (by his Latin name) for Occam’s razor, a rule that explanations should be simple.212 He did not invent it,213 but his version echoed down the years.


Newton gave the concept pride of place in his Rules for the Study of Natural Philosophy:




As the philosophers say: Nature does nothing in vain, and more causes are in vain when fewer suffice. For nature is simple and does not indulge in the luxury of superfluous causes.214





Some six centuries after Ockham, Einstein sought to sketch new ontologic bounds for physics. He had a sophisticated version of the razor:




The aim of science is, on the one hand, a comprehension, as complete as possible, of the connection between the sense experiences in their totality, and, on the other hand, the accomplishment of this aim by the use of a minimum of primary concepts and relations.215





And,




A theory is the more impressive the greater the simplicity of its premises is.216





And again,




The conceptual system … should show as much unity and parsimony as possible.217





We will apply the whole of his prescription to the choices we must make.


In the early nineteen hundreds, the philosophy called logical positivism218 (founded in the eighteen hundreds by philosopher Auguste Comte though its roots go back at least to philosopher, historian, and writer David Hume219) took over the task of policing the canonical conceptual system.220 It claimed sensory experience is the sole arbiter of what is real. It became a formidable movement that rejected metaphysics.a


The plague of positivism became deeply embedded in the worldview of twentieth-century physics. And, from the twenties to the fifties, it heaped opprobrium on any metaphysical concern about ontology.221 It was a move away from simplicity. Making its case, philosopher of science Michael Friedman said,




Why in the world should nature respect our—merely subjective—preference for “simplicity”?222





Yet, over those same decades, logical positivism was itself dying the death of a thousand philosophic cuts. By 1967, philosopher John Passmore could write for it a scornful epitaph:




Logical positivism, then, is dead, or as dead as a philosophical movement ever becomes.223





Unfortunately, no one told the physicists, who kept its twitchy corpse on life support by earning positivist PhDs while rarely studying philosophy.224


Quine may be credited with rescuing ontology in the mid–nineteen hundreds. He said,




A curious thing about the ontological problem is its simplicity. It can be put in three Anglo-Saxon monosyllables: “What is there?”225





He had a simple idea to help solve the problem:




Our acceptance of an ontology is, I think, similar in principle to our acceptance of a scientific theory, say a system of physics: we adopt, at least insofar as we are reasonable, the simplest conceptual scheme into which the disordered fragments of raw experience can be fitted and arranged.226





Along the way Quine showed why, like it or not, physics is imprisoned by ontology. He explained why its versions of ontology are myths. And, having given us criteria for choosing an ontology, in the end he too, like many others, threw up his hands and said,




The question what ontology actually to adopt still stands open.227





Einstein was clear about the virtue of simplicity, writing to a friend in 1938,




The logically simple does not, of course, have to be physically true; but the physically true is logically simple, that is, it has unity at the foundation.228





In 2006, historian of physics and, later, director of research at Observatoire de Paris, Jean Eisenstaedt said in fewer words,




Physics must be simple.229





Few non-physicists see physics to be simple. But many physicists do see physics as having special claim to a kind of simplicity. For example, physicist and science writer Jim Al-Khalili said,




The true beauty of physics, for me, is found … in the deep underlying principles that govern the way the world is.… It is a beauty that lies not in the surprising profundity of the laws of nature, but in the deceptively simple underlying explanations (where we have them) for where those laws come from.230





And in a book chapter titled “First, Principles”—where the comma made his point—Smolin urged the virtues of or the need for simplicity in charting a course toward a fundamental theory. He said,




The answer to the questions that have bedeviled us for nearly a century will be simple, and expressed in terms of elegant hypotheses and principles.231





We will come to agree with him.


He said if we skip this simple stage and go “right to models” we can lose our way. But that is what physics has been doing for a hundred years. (And mostly still is.)


He urged the virtue of a principled approach. But then he illustrated his point by saying,




“It is impossible to do any experiment that can determine an absolute sense of rest, or measure an absolute velocity” is a principle.232





He was right; that is a principle. It’s also wrong; such experiments exist and do measure absolute velocity.a There is a lesson in the fact he—a leading physicist—seemingly did not know; if we are to find our way, we must avoid such ingrained errors, especially when they are couched as principles.


And let’s also note, amid the intricate complexities of today’s physics, the informed chorus—that is no more than exemplified above—of approbation for simplicity.


So, Keep it simple! (with its extended version and KISS acronym) is a key design principle for assembling a new ontology that’s real.233 Though Ockham, Quine, Penrose, and Smolin don’t disclose all their grounds for seeking simplicity, I suspect their main motivation may be similar to mine: The deepest workings of the universe are simple, or so I anticipate. The complexities of physics and conundrums of philosophy aren’t its; they’re ours.


Like North America’s early human inhabitants half a hundred thousand years ago, we are venturing in virgin territory. As we look back at the world’s beginning, we should find a lot more clarity about its origin than we can ever find of theirs234—though it was more than two-hundred-thousand-fold further back in timea than their existential enterprise—because the universe’s origin was simple and theirs was complex.


Occam’s razor is a simple rule. We’ll use it to assemble new ontology that, compared with the old, will be extremely simple, a worldview that, though assuming almost nothing, explains almost everything.


Meanwhile, William of Ockham gets credit for selling us the seminal idea of simplicity. It must be our guide at every turn. To succeed, we need to choose the right insights among a veritable maelstrom of ideas.b


Simplicity is therefore of the very essence for our quest.







	a The study of fundamental principles of being, causing, substance, space, and time, all of which are our concern here.



	a In chapter 56 (at page 301) we’ll see the observable universe itself defines a state of rest and so provides a frame of reference that cosmologists use routinely in a way that does determine absolute velocities.



	a As light takes time to reach us—one year to travel a light-year—when we see further away, we are seeing further back in time.



	b See also chapter 39 at page 220.
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BEING ONE AND MANY









I myself have come, by long brooding over it, to consider it the most central of all philosophic problems, central because so pregnant.


William James (1906)235








Much of physics is concerned with motion. As also is much of philosophy.


Around 450 BCE, Greek philosopher Zeno of Elea puzzled over deep difficulties in understanding continuity and motion.236 Perhaps the most intriguing puzzle is his paradox of the One and the Many. At first glance it can seem a trivial or contradictory idea. Yet two and a half thousand years later, it challenges the brightest minds.


It’s an ancient problem: How can motion happen?


We will see it is a seminal idea. For us too it will be, as for psychologist and philosopher William James (above), …




… the most central of all philosophic problems.





Another philosopher (also logician and mathematician), Bertrand Russell, winner of a Nobel Prize for literature, called it …




… immeasurably subtle and profound.237





Here it is (in the Diels translation):




If there are many things, it is necessary that they are just as many as they are, and neither more nor less than that. But if they are as many as they are, they will be limited. If there are many things, the things that are are unlimited; for there are always others between the things that are, and again others between those. And thus the things that are are unlimited.238





We will find that a full resolution of Zeno’s paradox calls for both an understanding of the entire universe and an understanding of the final atom. Along the way we will solve Einstein’s deepest open problem. If this seems to take on too much, please hang in there; it will all turn out to be much simpler than it seems.


Zeno was a pupil of Parmenides. His paradoxes were designed to defend his mentor’s philosophy,239 in which concepts of continuity, change, motion, and plurality were intertwined. Historian of philosophy Barbara Sattler notes,




[T]he paradoxes of motion form a systematic unity in so far as there are two basic problems underlying all the different paradoxes: how can the relation between whole and part be thought in the case of continua like movement, space and time? And how can we conceive of the relation between time and space with respect to motion?240





And,




Given the way that Zeno implicitly conceptualizes motion, time, and space, there are indeed severe problems for combining time and space in an account of motion.241





We will find real reasons behind these conceptual problems and we will find real solutions for them.


Sattler described Zeno’s view of motion:




[T]he place at which something starts its motion ceases to be its place and a new place “comes into being” as the place where this thing is now.242





With this seminal idea, Zeno anticipated real ontology with an astonishing precision.a


And, with no evident intention, he gave us a window into the nature of time and the significance of Now.b


In the early eighteen hundreds, Georg Hegel laid the foundations of modern philosophy. Prominent among his own foundations were Zeno and the problem, as it was then known, of unity and multiplicity:




[This] seems to be the contradictory beginning: out of unity, the multiplicity.243





We will see this too is exactly right. Yet it is the universe’s quintessential problem. Its solution eluded Hegel as it had Russell—not surprisingly as it depends upon a bit of quantum craziness (on which by happenstance244 I used to work).a


Zeno’s paradox is a subtle problem.b At its core lies an unstated premise: Our understanding of the world should be consistent. Or, more precisely, it should not be internally inconsistent. This too is a seminal idea.


Here is where the ancient-Greek-thought rubber meets the road to reality.







	a See chapter 128 at page 614.



	b See chapter 56 at page 301.



	a See chapter 19 at page 118.



	b We will find it has an elegant solution that solves many other problems; see chapter 57 at page 307.
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THE SUBSTANCE OF SPACE









It is indeed an exacting requirement to have to ascribe physical reality to space in general, and especially to empty space.


Albert Einstein (1952)245








What is space? For physics and philosophy, this is the most fundamental question. There will be a fundamental answer for this question too.a


It looks like nothing whatsoever. Returned astronaut, Roberta Bondar, said it is …




… the unimaginable black.246





Yet the seminal idea that space is something was in fashion for a while; and then it wasn’t.


Now we are about to see space isn’t only something; it is literally everything. This idea is the culmination of an epic mental odyssey. It must now refashion many minds.


At first the something was the αἰθήρ,247 pronounced ay-thur, which ancient Greeks thought gods breathed in the space beyond the Earth. Then it morphed into the æther, with the old-English character called ash. And then the aether, from the German äther (pronounced more like eh-ther) after ash fell out of fashion. By the nineteen hundreds it became the ether (like the anesthetic) and then that fell out of favor too.


Space is not empty. It is full of space.


In these pages it’s returning with new vigor and new substance and an old name, space.


In the fourth century BCE, Aristotle was not first to use the Greek word; it already meant the brightness of blue sky. When he said αἰθήρ he meant something that filled all the space he thought was out there. He could not abide the thought of void, dismissing it as ill conceived. He described the concept:




The void is thought to be place with nothing in it.… [P]eople take what exists to be body, and hold that while every body is in place, void is place in which there is no body, so that where there is no body, there must be void.248





Of course, he had no grasp of the vast reach of space modern astronomy reveals. But, thinking of the space he thought was there beyond the Moon, he filled it up with something bright. He said it was something.249 It became one of five imagined substances that made the ancient world.


Wise views and fashions about what kind of thing (or nothing) space might be long flourished as did views and fashions about matter in it. Fast-forward two millennia.


[image: ]Fig. 6. Descartes’ space vortices






In the sixteen hundreds, philosopher René Descartes wrote of space and matter. Matter requires space, he said, and space needs must have matter. He too abhorred the notion of a void. He agreed with Aristotle, that the æther is a substance. He said it fills all space (except in solid objects). He filled it in turn with vortices (fig. 6) in a vain effort to understand motion.250


In 1704, having mastered motion,b Newton gave the æther an endorsement of a kind. Immersed in experiments with light, he asked,




Doth not this Æthereal Medium in passing out of Water, Glass, Crystal, and other compact and dense Bodies into empty Spaces … refract the Rays of Light not in a point, but by bending them gradually in curve Lines?251





In 1770, philosopher Immanuel Kant dissented from the space-is-something concept, saying,




Space is not something objective and real …; it is subjective and ideal, and originates from the mind’s nature.252





That is—in loose translation—he called it a fiction.


Mostly treated as distinct, these two two-sides-of-one-coin questions—whether space is real and whether there’s an ether in a supposed void or vacuum—played key roles in the ontology of science that became conventional in the first decades of the nineteen hundreds.253


Inability to imagine what kind of substance ether might be led to its rapid exit from the then new worldview as soon as special relativity said we could manage space and time without it. Years later, Einstein (by then having his own new view of ita) put his finger on the failure of imagination:




This ether had to lead a ghostly existence alongside the rest of matter, inasmuch as it seemed to offer no resistance whatever to the motion of “ponderable” bodies.254





In 1906, Lorentz gave a lecture on electrons at Columbia University. Though still speaking of space and ether as distinct entities, he solved the no-resistance problem and described the combination with, we will see, extraordinary insight.b He said,




[O]ne of the most important of our fundamental assumptions must be that the ether not only occupies all space between molecules, atoms or electrons, but that it pervades all these particles. We shall add the hypothesis that, though the particles may move, the ether always remains at rest. We can reconcile ourselves with this, at first sight, somewhat startling idea, by thinking of the particles of matter as of some local modification in the state of the ether. These modifications may of course very well travel onward while the volume-elements of the medium in which they exist remain at rest.255





His brilliant insight went mostly unnoticed. Even Einstein—who surely knew Lorentz’s mind—was unable to fully grasp it. But then he lacked a key ingredient they both needed to complete their understanding: How could matter—as Lorentz almost proposed—be made of space?c


The fundamental philosophic problem behind all these ethers was the seeming impossibility of action at a distance: How can something affect some distant thing without touching it or sending something to it? In particular, the waves of light needed to be waves of something.


Indeed, Newton regarded his own invention of the force of gravity as deeply troubling for this self-same reason.a The Moon swings around the Earth almost as if tied to it. How does the Moon (or an apple for that matter) “know” the Earth is there?


All four of the philosophers—Aristotle, Descartes, Newton, and Kant—saw their various ethers as something that filled what would otherwise be empty space.


Each of them was trying to imagine something that’s inherently beyond experience. None of them seems to have managed the imaginative leap to thinking that their αἰθήρ-æther-aether-ether-something might be space rather than being in space.b


Nonetheless, we may credit Aristotle for the idea space is by its nature never empty, that there’s something everywhere. Though this view, with its many later variations, was often vilified—and was completely canceled after Einstein produced special relativity without it—we will see that in this concept Aristotle was exactly right.


Einstein was (and still is) widely credited with showing, by his theory of special relativity, that there is no ether. What he actually showed (and said) was that his theory, which introduced the speed of light in a vacuum as a fundamental constant,a did not need an ether:




The introduction of a “light aether” will prove to be superfluous, inasmuch as the view to be developed here will not require a “space at absolute rest.”256





Even his friend, Leopold Infeld, got this wrong:




Thus, we can describe Einstein’s achievement as destroying once and for all the concept of the ether.257





For Infeld alone this might have been no more than an embarrassing blunder, but for a hundred years or more most physicists accepted this false story, leading to serious limitations on their science.b


Einstein knew Lorentz’s view. He gave it slight attention at the time. But his work on general relativity persuaded him an ether of some kind must exist.258 The awkward, much neglected fact is that theory’s success gave us a demonstration that the ether must be real as it has real and substantial properties, to say the least.


In 1920, Einstein said so, plainly, though in an unfortunately quiet way: He gave a lecture, “Ether and the Theory of Relativity,” at the small-town University of Leiden where his friend Lorentz had worked for more than twenty years. He said,




More careful reflection teaches us however, that the special theory of relativity does not compel us to deny ether. We may assume the existence of an ether; only we must give up ascribing a definite state of motion to it.259





He acknowledged that Lorentz had got it almost right:




[T]he ether of the general theory of relativity is the outcome of the Lorentzian ether.260





Summing up, he said,




According to the general theory of relativity, space without ether is unthinkable; for in such space there not only would be no propagation of light, but also no possibility of existence for standards of space and time (measuring rods and clocks), nor therefore any space-time intervals in the physical sense.261





Thus, he said some old ideas about the nature of the ether—the ontological commitments that underpinned interpretation of ether-seeking experiments—were wrong:a




According to the general relativity theory, space is created with physical qualities; there is therefore in this sense an ether. However, this ether must not be thought of as having the property characteristic of a ponderable medium, to consist of parts that can be traced through time. The grasp of motion may not be applied to it.262





This insight instantly negated the canonical interpretation of the renowned experiment by Nobel Prize–winning physicist Albert Michelson and colleague Edward Morley. Assuming aether must have some state of motion they sought to detect the so-called aether wind of Earth’s passage through it. They used an apparatus that measured the speed of light in differing directions as Earth’s orbit moved them around the Sun. They found no wind.263


In those ten terse words—The graspb of motion may not be applied to it—Einstein explained their observation.264 That is, the experiment did not show that there is no ether; it showed the ether does not have the property they (and most everybody else) assumed for it.


In 1924, he reviewed the story of the fundamental ethers as quantum theory was about to burst onto the scene and concluded,




[W]e will not be able to do without the ether in theoretical physics, i.e. a continuum which is equipped with physical properties.… [E]very contiguous action theory presumes … the existence of an “ether.”265





[image: ]Fig. 7. Einstein’s notes for his Leiden lecture






But, like Lorentz’s, Einstein’s lecture was too little and too late. Today, physics education widely teaches two falsities about the story: One, that the ether’s dead and, two, that—with an assist from Michelson and Morley—Einstein was the assassin.


Einstein’s revelatory 1920 lecture in Leiden may turn out to be his most important ontologic work. Yet almost all science writers who venture upon the subject fail to even mention it.


Emblematic of its banal burial is a comment by physicist Hanoch Gutfreund, president of the Hebrew University of Jerusalem—guardian of all that is Einsteinian—writing in a limited-edition facsimile of Einstein’s handwritten manuscript on the foundations of general relativity, observing blandly,




The general theory of relativity endows spacetime with a dynamical structure. This prompted Einstein, in later years, to modify his views on the existence of ether.266





To “modify his views”? He’s speaking with masterly obscurity about the man who said,




According to the general theory of relativity, space without ether is unthinkable.267





Maybe most egregious is the lack of any mention in the monumental and definitive A History of the Theories of Aether and Electricity: The Modern Theories 1900–1926 by famed historian of science and physicist Sir Edmund Whittaker.268


To this day, between them, science historians and physics teachers carelessly cancel what could be the most consequential of Einstein’s most extraordinary insights.


The record’s clear. Between them, Lorentz and Einstein, two giants in the world of physics at the time, thinking they were rescuing the ether, came to (almost) realize it is space, and discerned that,




	It is something.a



	It pervades everything we see as solid.


	The solid things may be made of a change in ether’s state.


	Those solid changes may move without moving ether.b






Here were four huge leaps of insight for the new ontology, all buried, waiting for the day they could be disinterred.


So, who should get the credit for the seminal idea space is something? Aristotle may have been first to imagine it. Lorentz was first to (almost) describe it. Einstein was first to (almost) nail it down. Hats off to all three.


They left us still needing to understand what kind of something space could be.







	a In chapter 40 at page 222.



	b Newton said, “But in what follows, a fuller explanation will be given of how to determine true motions from their causes, effects, and apparent differences, and, conversely, of how to determine from motions, whether true or apparent, their causes and effects. For this was the purpose for which I composed the following treatise.” See note 214 at his page 61.



	a See this chapter, below.



	b His single slip was the unnecessary—indeed undefinable—notion of the ether “at rest.”



	c The answer would not come to light until the next century; and then physics would again do its best to ignore it; see chapter 35 at page 190.



	a See note 570.



	b See chapter 29 at page 144.



	a See further, chapter 50 at page 276.



	b One can see a recent example in Carroll’s 2022 book, note 1538, at his pages 140 and 161.



	a In other words, physicists’ interpretations of the failure to detect motion through the ether—which contributed a key element of the old ontology—were based on their shared false assumptions about the nature of space.



	b Canonical translations render Einstein’s Bewegungstgriff (second-last line in fig. 7) as the idea of motion and are plainly wrong.



	a We will soon see it is by far the most massive something in the universe; see chapter 29 at page 165.



	b Hence the significance of Einstein’s phrase the grasp of motion, see note b on page 71.
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RIEMANN’S GRAINS OF SPACE









I believe that the theory that space is continuous is wrong.


Richard Feynman (1967)269








Space has been thought of—at least since the days of Aristotle—as being continuous.270 And also, more recently—since Descartes in the mid–sixteen hundreds—it has sometimes been thought of as discrete, made of tiny pieces.271


Yet Peebles’s definitive work on physical cosmology,272 with its hundreds of differential equations revealing how utterly the standard model of cosmology depends on the assumption that space is continuous,a does not even mention that it might be granular. In this it was and still is true to the condition of its subject.b


The idea space might be granular rather than continuous has long had credible support. More than one hundred fifty years ago, mathematician Bernhard Riemann—“solitary and uncomprehended” as Einstein called himc—thought about both possibilities. His habilitation thesis, published after he died, was unprecedented.273 It laid the foundation for doing geometry in space with any number of dimensions without—as was almost universal practice—assuming it to be Euclidean.274 (Euclidean geometry is done in spaces that are flat.d)


In a little-noted observation, Riemann said space may be granular, rather than continuous (as mainstream physics then and since chose to assume). It was a seminal idea. He said,




[I]n a discrete manifold,[a] the ground of its metric relations is given in the notion of it, while in a continuous manifold, this ground must come from outside.275





He explained that, if space is discrete (or granular) one may measure things by counting granules (he even called them quanta276), thus not needing an artificial ruler (metric) brought in from outsideb the space.277


Fifty years later, Einstein would build on Riemann’s work to describe gravity in terms of the geometry of a continuous 4-D space that may be curved.278


Riemann’s observation laid a foundation for Planck to stumble on a number for the granule size in 3-D space.c Known as the Planck volume, it is unimaginably tiny.


As Riemann foresaw, the math of such a space is digital. With this, Riemann took a key step toward understanding Zeno’s paradox of the One and the Many and cracking the central mystery of motion. It seems that neither Riemann nor anybody else recognized this. And his seminal idea that space may be granular was almost universally ignored for more than a hundred years.


What if space is made of tiny pieces?







	a A typical differential equation specifies the rate something changes in continuous time or space (or both); it may be integrated to get a continuous description of the something.



	b Though there are recent signs of change.



	c See note 851.



	d Or, put another way, their curvature is assumed to be everywhere zero.



	a A manifold is a space that may differ, in properties like size or shape or number of dimensions, from the usual assumption of an infinite, flat, 3-dimensional continuous space.



	b Measurement arising beyond the observed system is thus as central to general relativity as it is to quantum theory, though this is mostly ignored. See also chapter 24 (at page 141) on the significance of having to do physics inside the universe.



	c See the next chapter. There appears to be no indication Planck saw the connection.
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PLANCK’S NEW NUMBER









Physicists have long speculated that the Planck length is the ultimate atom of space.


Leonard Susskind (2008)279








It will be a long and winding road for us to find Susskind is saying physicists, though nearly right, are wholly wrong. There is no real Planck length.280 But they are onto something big that’s very small.


At the close of the nineteenth century, Planck was something of an outsidera who was inserting himself into the austere world of German physics (you can see him, second from the left in the back row, in fig. 8).


[image: ]Fig. 8. Max Planck at the Solvay conference






We need to take a long look at him, the first of two physicists who found hidden windows on the unimaginably tiny world of granular space.


Like the other (whom the reader will soon meetb), he struggled and he mostly failed to understand—one might almost say, to come to terms with—what he had accomplished.c But then, so did his protégé, Einstein, who built upon Planck’s work but disagreed with him at first and, soon, with almost everybody else.


After a century, physicist and founding director of the Stanford Institute for Theoretical Physics Leonard Susskind’s summary (above) could still speak only about speculation on what Planck discovered. Yet Planck did succeed in sowing a small seed of the idea that so strange a world might have some sort of real existence.


His devotion to science was, he said, the result of his realizing …




… that the laws of human reasoning coincide with the laws governing the sequence of impressions we receive from the world about us.281





That is, he sought to understand the world he saw.


Planck knew precisely what career he wanted. He set out to be the leading light in the then nonexistent field of theoretical physics.a Drawn in by recent work on energy and on its law of conservation, he seized on the idea of entropy,b and became a silo sitter in what his star pupil, Nobel Prize–winning physicist Max von Laue,282 said was …




… a highly specialized field, in which nobody had any interest whatever.283





He set out to find a physical foundation for the arrow of time, why time goes in only one direction though physics’ equations said the two directions—to and fro, as it were—share the same laws.c


This led himd to study the heat black bodies radiate over a range of wavelengths.284 Physics had a formula for it (Wien’s law, see fig. 9). It seemed to fit the data others were providing, but it had no theory behind it. Planck set out to base it on physical principles.


Planck found a magic number that seemed too tiny to be real.


He found he could do this using a concept of entropy analogous to physicist Ludwig Boltzmann’s work with gases, but only by …




… restricting energy levels to a discontinuous spectrum.285





That is, he said energy was absorbed and emitted in discontinuous amounts or quanta. Well, that’s what I was taught but it’s not quite right, and therein lies the heart of his story. Historian and philosopher of science Thomas Kuhn said,


[image: ]Fig. 9. Wien’s law








Only after studying the extended treatment of Planck’s theory in [his lectures of 1905–06] was I quite able to believe that … his first quantum papers … did not posit or imply the quantum discontinuity.286





Some saw Planck’s success as serendipity. To the contrary, in reviewing his legacy physicists Ian Duck and George Sudarshan said,




It is clearly incorrect—but nonetheless tempting—to undervalue Planck’s accomplishment as somehow a lucky trick that worked, something that fell to him by chance.287





Von Laue said,




[H]e had to venture a hypothesis, the audacity of which was not clear at first, to its full extent, to anybody, not even to him.288





For Planck, it began as an exercise in fitting different curves to increasingly wide-ranging data. It did not work out as expected. How he wrestled with this seemingly simple problem while it morphed into a profound one holds great interest for our quest.289 His short version of the story, in a later letter to a colleague, was,




Briefly summarized, what I did can be described as simply an act of desperation.290





What was this act of desperation? Quoting Planck, science historian Helge Kragh said,




In his seminal paper published in late 1900 … Planck regarded the energy “as made up of a completely determinate number of finite equal parts, and for this purpose I use the constant of nature h = 6.55 x 10-27 (erg sec).”291





Somehow—Smolin called it “this comedy”292—Planck had derived a new fundamental constant.a He calculated its value from large-scale experimental data. Having called it b (since he had another constant, a), he later redesignated it h (chosen for an odd reasonb that reveals he did not then see—or choose to promote—its significance293).


In giving birth to this new “constant of nature,” he authored three papers in the establishment’s then leadingc journal Annalen der Physik.d


In the first paper,294 he proposed an equation he assumed—but was unable to derive—for the entropy of radiation that fitted the then available data. He based it on electromagnetic emission and absorption by imagined …




… elementary oscillators which have some connection with the actual atoms of the radiating matter.295





He further said, in a statement he emphasized, of which we should take careful note:




[The] stationary radiation state of the vacuum fulfills all the conditions of the radiation of black bodies, completely without regard to the question, whether or not the assumed electromagnetic oscillators are the actual sources of heat radiation in any particular matter.296





That is, in deriving the equation and his new constant, he did not know or even care about the source the heat was coming from.


Here’s the rub: Even with the small energy unitsa then in use (the erg; say a small flashlight for less than a microsecond), the constant h in his equation was extremely tiny, about one hundred-trillion- trillionth of an erg-second. Such a miniscule quantum was inconceivably remote from any then contemplated physical event.


He must have understood that much. Yet he seems to have not seen it as a periscope into the fundamental structure of the universe.297 This, even though he promptlyb calculated his soon-to-be-eponymous fundamental units (at first of length,c mass, time, and temperature) by boldly combining h with two other fundamental constants—the gravitation constant G and the speed of light c.d His fundamental time and length (and related area and volume) were all absurdly tiny.e


Yet he said they were “fundamental.” In ensuing years, it turned out (very slowly) he was right. And we’ll see that, in the new ontology, the Planck volumef may be the most fundamental constant of the universe and its real value is one.


Yet, far from being seen as an amazing window into reality’s foundations, the new units drew from Planck an offhand tone, as if they were mere curiosities tacked onto the then just-told tale of his curve-fitting success:




On the other hand, it should not be without interest to remark that with the aid of the two constants a and b appearing in the expression for the entropy of radiation, it is possible to set up units for length, mass, time and temperature, which, independently of special bodies or substances, retain their meaning for all times and for all cultures, including extraterrestrial and non-human ones, and which can therefore be described as “natural units of measurement.”298





“On the other hand”!, “should not be without interest”!, leading to his casually saying—in the same sentence—every non-human culture in the universe would know them as the “natural units of measurement”! Such apposition of casual diffidence and brash assertion had scarce been seen in scientific circles since Poe prefaced his cosmogony, Eureka.a


Decades later, Planck recounted he had felt he was onto something real:




[O]n the very day when I formulated this law, I began to devote myself to the task of investing it with a true physical meaning.299





The second paper300 in the series elaborated on the underlying physics in a conventional fashion and laconically concluded,




From the measurements of Kurlbaum and of Paschen, the numerical values of a and b are:


a = 0.4818 × 10-10 (sec. × deg.),


b = 6.885 × 10-27 (erg × sec.).301





The latter was about to become known as the Planck constant. It would soon begin to totally transform our world.302


In the third paper,303 he acknowledged new data showed his two previous papers must be wrong! He proposed a new rationale that led to a new formula. It fit the data well over a wider range of wavelengths; and it retained his constant b, now renamed h.


If this tale of a constant in three episodes seems more than just a bit chaotic, yes, it was.


And his new rationale for it was an astonishing departure from all the physics precepts of his time. This was his “act of desperation.”


Decades later, he explained it this way:




I imagined a system consisting of a very large number N of completely similar oscillators, and set out to calculate the probability that the system should have a given energy UN. Since a probability-like quantity can only be found by counting, then it was necessary for the energy UN to be expressible as a sum of discrete identical energy elements ε.304





That is, he assumed his imaginary oscillators held energy only in distinct packets ε that were equal to their frequency multiplied by his new “fundamental constant,” h, which would itself become the famous elementary quantuma of action (a key seminal idea).b


Why did he assume this? It’s simple: So he could just count them!c


For six years Planck published nothing further on his action quantum. Yet his son Erwin later told of his father saying to him around the turn of the century that,




[H]e had made the greatest discovery in physics since Newton.305





He tried to bring his work under the umbrella of pre-quantum physics, hoping …




… to weld the elementary quantum of action h somehow into the framework of the classical theory.306





However,




The failure of every attempt to bridge this obstacle soon made it evident that the elementary quantum of action plays a fundamental part in atomic physics.307





Here we see how hard it was—with the existence of atoms barely established—for him (and for others) to conceive of even atom scale as real. Neither he nor his contemporaries could begin to imagine a far, far smaller reality.


Reflecting on all this four decades later, Planck seemed to see some fundamental depth remained unplumbed:308




Now however there arose the theoretically all-important problem, to assign this remarkable constant a physical meaning. Its introduction constituted a break with the classical theory, which to many was too radical, as I had initially anticipated.… But the nature of the energy quantum[a] remained unclear.309





And, five years later,




I now knew for a fact that the elementary quantum of action played a far more significant part in physics than I had originally been inclined to suspect.310





As Duck and Sudarshan said,




[E]ven with the hindsight of 43 years, reflecting on his discovery at age 85 in wartime Berlin, Planck could barely explain his insight more deeply than at the first instant.311





It is unclear, too, just what Planck thought “the greatest discovery in physics since Newton” was. He knew he had invented his oscillators as a pure artifice to achieve results dictated by new data. That is, they were fictions in service to his math, guided by his own concept of simplicity;312 he had no way to think of them as real.


To this day, understanding what the Planck constant means confronts us with deep problems.


Let’s step back to see the bigger picture: By (bad) analogy with Boltzmann’s gas molecules, Planck derived an entropy from the statistics of assigning imagined equal amounts of energy to invented oscillators. Fitting data from measurements at different frequencies handed him a fundamental constant that was a ridiculously tiny, incomprehensible idea of energy times time. Combined with two fundamental constants from the world of very big things,a it led to a ridiculously tiny, fundamental size-scale and an even more ridiculously tiny, fundamental time-scale.


That is, it pointed straight to Planck-scale physics. But he didn’t go there. For the next hundred years, neither did almost anybody else.b In 2003, physicist Yee Jack Ng said,




[I]t takes a certain amount of foolhardiness to even mention Planck-scale physics.313





For the physics collegium, the real nature of the new constant was way out of its purview in its obscure genesis and its abstruse units as well as its tiny size. Worse, the deep implications of its scale drowned in the rising tide of atoms. Planck-scale entities were not about to become the new reality. Indeed, quantum theory would soon take reality right off the physics table.c


Personally, Planck was done with it.314 His giving birth to the theory of (circumspectly unspecified) quanta earned him the 1918 Nobel Prize …




… for his work on the establishment and development of the theory of elementary quanta.315





Two other physicists, less noted as players in the conventional Planck-constant story, pursued closely related work, Gustav Kirchhoff and Hendrik Lorentz.


In 1859, Kirchhoff had outlined a black-body-radiation law,d an unknown function based only on temperature and wavelength, showing it didn’t matter what was emitting and absorbing radiation.316 Already it could be seen the unknown function would need two adjustable constants, one for size and one for shape, so to speak. When Planck took up the trail a generation later, these transitioned into his two constants.


Lorentz, soon also to win the Nobel Prize for physics, perhaps the only physicist who could (and here did) out-think Einstein,317 was on the same trail as Planck but was thinking deeper.


Unconcerned with fitting curves to data,a he pursued profound questions about what was going on behind the scenes. How could every substance that was tested lead to the same constant?


He said (in another passage we should note carefully),




Without some conformity, of one kind or another, in the structure of all substances, the consequences of the second law and [Wien’s] law itself cannot be understood.318





And he went on to take up …




… the question what similarity in the structure of all ponderable matter must lie at the bottom of the thermodynamic theory of radiation.… I shall try to show that, in all probability, the likeness in question consists in the equality of the small charged particles or electrons, in whose motions modern theories seek the origin of the vibrations in the aether.





Probing smaller than the atom scale that preoccupied his peers, Lorentz—then the master of electron theory319—seized on the electron (composed as we will soon see of six Planck-scale entities)b as the common factor. He had no way to seek the “conformity … in the structure of all substances” where we are about to find it, at Planck scale, a trillion-trillion times smaller than the electron.


Looking back over this confusing scene in 2006, Wilczek summarized,




Planck’s proposal for a system of units based on fundamental physical constants was, when it was made, formally correct but rather thinly rooted in fundamental physics. Over the course of the 20th century, however, his proposal became compelling.320





So, we may say Planck started the still-emerging-today seminal idea of a Planck-scale reality that makes far larger-scale things (like electrons and atoms and heat radiation) happen. Physics was not ready for it.







	a Even in the official photo of attendees at the prestigious, by-invitation, first Solvay Conference, Planck looks oddly as if he feels like an outsider.



	b In chapter 35 at page 190.



	c We will find another in chapter 17 at page 105.





	a He later said, “I waited in vain for an appointment to a professorship. Of course, my prospects for getting one were slight, for theoretical physics had not as yet come to be recognized as a special discipline.” And further, “I was the only theorist, a physicist sui generis, as it were.” See his autobiography, note 280.



	b His 1879 doctoral thesis was on the second law of thermodynamics. In his autobiography he said, “None of the professors at the University had any understanding for its contents.” See note 280.



	c See chapter 59 at page 316.



	d The irreversibility of heat radiation was the attraction.





	a Einstein said, “Planck actually did find a derivation, the imperfections of which remained at first hidden, which latter fact was most fortunate for the development of physics.” See note 215.



	b Planck ultimately designated his new constant as h for Hilfsgrösse, or auxiliary quantity, which may offer some insight into what he thought of it at the time.



	c Of this, astrophysicist Guido Fuchs said, “The heyday of the journal was between 1850 and 1920. During that time AdP developed into one of the leading physics journals in Europe, if not the leading journal.”



	d Of which he was associate editor and would soon be editor. For avoidance of confusion in the endnotes, please take notice that, at that time, its volumes restarted from 1 whenever a new editor took over, as happened in 1900.





	a CGS units, for centimeter, gram, second; the CGS unit of energy was the erg. Today’s physics uses the International System of Units based on MKS units, for meter, kilogram, second; its unit of energy is the joule, which is ten million ergs.



	b I.e., at the end of the same paper.



	c Planck calculated a length. Oddly, it’s the Planck volume (i.e., the length cubed) and Planck area (length squared) that turn out to be fundamental and the length itself is not.



	d The Planck volume is calculated as √((hG/2πc3)3). Its value is 4.2217×10-105 m3.



	e The Planck length is 1.6×10-35 m; the Planck time is 5.4×10-44 s.



	f The cube of the Planck length.





	a Poe’s ambivalence was a curious precursor of Planck’s and Bilson-Thompson’s reticence in pursuing their own insights into the quantum world. In his long prose poem—which is of interest here as a cosmogony with deep similarities to Lemaître’s—Poe, a serious cosmologist in his day, asserted the universe began as a single particle that divided. In its preface he said, “What I here propound is true:—therefore it cannot die:—or if by any means it be now trodden down so that it die, it will ‘rise again to the Life Everlasting.’ Nevertheless it is as a Poem only that I wish this work to be judged after I am dead.” See page 5 of note 85.





	a None of his three papers used the term quantum.



	b I.e., not of energy; action has dimensions of energy × time (or momentum × distance). If you don’t understand this, don’t worry, you are in good company for now; and its picture will slowly unfold.



	c Note the relation to Riemann’s suggesting if space were composed of granules, we could just count them. See chapter 12 at page 74.





	a Note that, by this time, even Planck had slipped into sometimes calling it the energy quantum.





	a They were the gravitational constant and the speed of light, both seen as large-scale properties.



	b The exceptions have mainly been in the field of quantum gravity.



	c See chapter 2 at page 22.



	d Now known as Kirchhoff’s radiation law.





	a He brushed aside Planck’s focus on functions fitting data: “but we need not here speak of those researches.”



	b See chapter 35 at page 190.
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PHYSICS MEETS THE QUANTUM









In 1900 Planck discovered the blackbody radiation law without using light-quanta. In 1905 Einstein discovered light-quanta without using Planck’s [radiation] law.


Abraham Pais (1982)321








In the early nineteen hundreds, Planck’s action quantum and its easily distorted story diffused slowly through the physics ecosystem.a The story followed what Einstein-collaborator and -biographer, physicist Banesh Hoffmann, called …




… a confused and groping search for knowledge … illumined by flashes of insight, aided by accidents and guesses, and enlivened by coincidences such as one would expect to find only in fiction.322





Max Planck found a tiny place. No-one wanted to go there.


The pivotal—but mostly neglected—question in this search was, Quantum of what?


The answer was entirely unclear. As Pais noted in the epigram above, Planck and his protégé, Einstein, were on different pages. Trying to make sense of Planck’s result, Einstein said,




It was as if the ground had been pulled out from under one, with no firm foundation to be seen anywhere, upon which one could have built.323





The action quantum’s tiny size and the miniscule size of its fundamental space and time units were soon passed over; so, for example, more than ninety years after their first appearance, physicist Peter Bergmann could say blandly,




The Planck length is 1.6×10-33 cm, very much smaller than any known nuclear dimension.324





In 1905, Einstein took Planck’s constant, attached it to a light particle he called a light quantum and others would come to call the photon, and ran with it. Planck himself apologized for Einstein’s foolishness, for which he—Einstein that is—would soon get a Nobel Prize:




That [Einstein] may sometimes have missed the target in his speculations, as for example in his light quantum hypothesis, should not be counted against him too much.325





For the physics of that era, the beating heart of the quantum was, as Nobel Prize–winning physicist Max Born summarized in 1925,




The special character that the atom possesses is the appearance of whole numbers.326





In other words, the possibility of simple counting. It was, as we have seen, a possibility that Planck had built right into the theory’s foundations with no sense of what if anything it really meant.a


At first, the physics world paid scant attention to the strange way those whole numbers had hoved into view. Kragh said,




Very few physicists expressed any interest in the justification of Planck’s formula, and during the first few years of the 20th century no one considered his results to conflict with the foundations of classical physics.327





Slowly an understanding emerged in some quarters that the Planck constant could have hidden implications. Meanwhile, seeping into open cracks, it had undermined and utterly overthrown the foundations of classical physics. Yet to this day, while billions of us have its byproducts in hand,328 neither physics nor philosophy has come to grips with its deep ontologic message.


By 1911, Planck began to grasp some of the (Planck-scale) significance of his seminal idea. He was invited to the first of the prestigious Solvay Conferences (fig. 8, on page 76). There he claimed,




The hypothesis of quanta will never vanish from the world.329





We should bear in mind that, over the next decades, leading lights of physics focused on the hidden world of atoms and their crazy but increasingly predictable behavior for which the Planck constant seemed somehow made to measure. At the time they thought of atoms as inconceivably small330 though they were a trillion-trillion-folda larger than the scale Planck’s work revealed.331


To illustrate how hesitantly the world of physics began to come to grips with this, sixty years after Planck’s epochal paper, physicist Alden Mead, and a leading physics journal,b and its referees, and many other physicists, all thought the Planck scale was a novel concept. They contrived to rediscover it and did not even mention Planck.332 Much later, Mead wrote,




At the time, I read many referee reports on my papers and discussed the matter with every theoretical physicist who was willing to listen; nobody that I contacted recognized the connection with the Planck proposal, and few took seriously the idea of L as a possible fundamental length. The view was nearly unanimous … that the Planck length could never play a fundamental role in physics.333





So, quantum physicists set to using h in the shut-up-and-calculate334 halls of quantum theory with studied unconcern about its fundamental meaning.c Philosophers of science saw the ontologic issues as whether the quantum states are real and if so what they may say about reality.335 Historians of physics argued about what Planck had intended and about what he had done.336


The governing consensus seized on atoms and on oscillators as central to the narrative, neglecting (one might almost say suppressing) Planck’s explicit distance from them, with lasting damaging effect.


Thus, loose talk about it became deeply entrenched. For example, in 1951, the hard-headed Reichenbach related, doubly wrongly,




Planck introduced the concept that all radiation … proceeds by whole numbers in an elementary unit of energy, which he called the quantum.337





And today, for example, the editors of Encyclopaedia Britannica proclaim, also doubly wrongly,




Planck assumed that the sources of radiation are atoms in a state of oscillation.338





As we have seen, Planck’s concept was a unit of action, not of energy; he did not call it the quantum; and he explicitly did not assume atoms were the sources of the radiation, or that anything was really in a state of oscillation.a


Even the brilliant physicist, philosopher and mathematician, Henri Poincaré, fell into error, saying,




Mr. Planck’s hypothesis consists in supposing that each of these resonators can acquire or lose energy only by sudden jumps so that the amount of energy that it possesses must always be a multiple of the same constant quantity called “quantum,” and that it must be made up of an integral number of quanta.339





Planck was wise to keep his distance from such loose language and unneeded assumptions: A century later, physicists Gerhard Kramm and Nicole Mölders would derive his equations and his constant without reference to atoms or to resonators or to oscillations.340 And as far back as 1924, in a paper that launched quantum statistics, physicist and mathematician Satyendra Nath Bose derived it based on a purely particulate view of radiation:




[T]he combining of the light quanta hypothesis with statistical mechanics in the form adjusted by Planck to the needs of the quantum theory does appear to be sufficient for the derivation of the law.341





Of this, Einstein said,a




Hitherto, all derivations of Planck’s formula have somewhere made use of the hypothesis of the undulatory structure of radiation.… The important fact that, according to the theory of Bohr, the frequency of the radiation is not determined by electrical masses that undergo periodic processes of the same frequency can only increase our doubts as to the independent reality of the undulatory field.342





Amid conceptual doubt and confusion, the inquisitory notion of a real quantum persisted in Einstein’s mind until the end. His last words in his last published scientific work—contradicting its most basic premise—were,b




One can give good reasons why reality cannot at all be represented by a continuous field.… This … must lead to an attempt to find a purely algebraic theory for the description of reality. But nobody knows how to obtain the basis of such a theory.343





By the nineteen sixties, there were intimations of discontent with the by then canonical atom-based quantum-picture. For example, Wheeler foresaw,




It is quite possible that only the physics of the 10-33 cm region will help us to understand the physics of elementary particles.344





He would later coin the term quantum foam to describe the chaotic scene he imagined space might show us—if we could see it—at that scale (see fig. 75 at page 445).345 This did offer us a mental image; on the other hand, it reinforced the continuous views of Planck-scale space held by almost all the few who gave it any thought.


In 1997, ’t Hooft tried to move the ontologic goal posts, saying,




Everything we now think we know about Nature will be invalid at the Planck scale.346





By 2004, Rovelli would say the Planck constant’s offspring, quantum mechanics, itself gave the lie to its own continuous space, suggesting granular space must be a physical reality:




[Quantum mechanics] implies that continuous space is ultimately unphysical.347





In 2020, Smolin subtitled his latest book The Search for What Lies Beyond the Quantum.348 One might think this signaled he was hot on the true quantum trail but, to the contrary, he seemed not to grasp that Planck’s quantum offered an astounding glimpse into an until then entirely inaccessible world. (We’ll see another glimpse of it had come his way, right under his nose as the saying goes; somehow he missed that too.a)


Nonetheless, in recent years some concept of reality at Planck scale has been slowly emerging.349 (Though there are also critics.350)


For our part, let’s take a closer look at that quantum of action.


The action is an oddity that became prominent in physics because of its role in the principle of least (or stationary) action, which hails back to mathematician Leonhard Euler in 1744.351 It is applied in a range of fields in classical physics and in quantum theory.352


In overly plain language, this principle says, when something happens, out of all possible paths it could take, it will follow the path that sums (or integrates) to the least total action. Like other elements of physics, while it became immensely useful, no one knows why it works. Physics’ star explainer Feynman said,




The miracle is that the true path is the one for which that integral is least.353





Like the action quantum itself, this “miracle” appears to bear a fundamental message about the real nature of energy (and so of mass; so, also, of inertia) we cannot yet decipher. Few delve into this problem; there is no notable success.354


But as we begin to build a new worldview we can see reasons for such difficulty: Planck’s derivation of the action quantum, its embrace into quantum theory, and explorations of its meaning were all formulated in continuous space using its preferred language, the infinitesimal calculus (math of changea in steps of vanishing size). This was an inherent contradiction.


It’s understandable that many (maybe most) who engage with fundamental physics resist having to—with severe difficulty—give up hard-learned math of continuous space and plunge into the unexplored new math we’ll need for its granular cousin.


Notable was Hawking who said,




Although there have been suggestions that spacetime may have a discrete structure, I see no reason to abandon the continuum theories that have been so successful.355





Some have better understood the need to address the nature of space. For example, in 2009 ’t Hooft said (in an essay titled “The fundamental nature of space and time”),




[W]e emphasize that, in any more advanced theory for Planck length physics, the definition of what exactly [space] is, will have to require special attention.356





If we are on the right track, and space turns out to be granular at Planck scale, it will admit no infinitesimals. It will allow no yardsticks and support no integrals. As Riemann saw was possible, it won’t be analog, it will be digital.b It will need brand new math.


Like Planck and those few physicists who these days give it close attention, we are left with an enigmatic quantum of action. Physics remains to this day unready to embrace it.


So, at the turn of the century, science writer Manjit Kumar summarized the status of this seminal idea:




Max Planck stumbled across the quantum, and physicists are still struggling to come to terms with it.357





Recap: It is not a quantum of energy; it has the dimensions of energy, whatever that is,a times time, whatever that is.b


We are about to see how efforts to marry quantum theory and relativity have already given birth to a perfect way to understand the quantum but physics treats it as math fiction.


So it is that, more than one hundred twenty years after Planck came upon it, physics still has no coherent answer to the simple question that obsessed him, and Einstein right after him, What is the quantum?







	a Readers for whom this is new and strange terrain may find it helpful to take a quick tour of quantum history and its key people, such as the American Institute of Physics’ user-friendly page, https://www.insidescience.org/second-quantum-revolution/quantum-history.



	a See note 303.



	a Roughly the diameter of a hydrogen atom divided by the Planck length.



	b Physical Review.



	c David Bohm was the leading exception; see note 135.



	a See chapter 13 at page 76.



	a In Saunders’s translation.



	b This appendix was rewritten with his last postdoc, Bruria Kaufman, who may have had particular input to its mathematics. See Topper, note 535, footnotes at his pages 28 and 219.



	a See chapter 43 at page 243.



	a The great majority of physics’ equations are concerned with change.



	b See chapters 10 and 16 at pages 63 and 103.



	a See chapter 86 at page 435.



	b chapters 28 and 52 (at pages 158 and 284 respectively) explore the real nature of time.
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STRINGS AND THINGS









The atoms of space are not the smallest portions of space. They are the constituents of space.


Daniele Oriti (2018)358








Science writer George Musser quoted physicist Daniele Oriti (above) in aid of the proposition, “Building blocks of space need not be spatial.”


Oriti went right on to say,




The geometric properties of space are new, collective, approximate properties of a system made of many such atoms.





We will see that he was right in this;a but he did not say what those “smallest portions” or “constituents” or “atoms” are. We set out here to find a simple answer.


Musser’s article asked the seminal question.359




Physicists believe that, at the tiniest scales, space emerges from quanta. What might these building blocks look like?





He could find a literally figurativeb answer on page 97. In certain circles (including his and Oriti’s) it has long been in plain view.


String theory took off in the nineteen seventies, when many physicists thought it could be the right road to quantum gravity—a term that’s vaguely seen as meaning the long-sought marriage of relativity to quantum theory—the holy grail for physics.360 Some see it as a candidate for the so-called theory of everything.361


What is quantum gravity? It defies definition. In 2000, Rovelli (one of its heavy hitters) said,




Still, after 70 years of research in Quantum Gravity, there is no consensus, and no established theory. I think it fair to say that there isn’t even a single complete and consistent candidate for a quantum theory of gravity.362





And, a few years later, he said,




Quantum Gravity is therefore the study of the structure of spacetime at the Planck scale.363





String theory (of one kind or another), though not yet an “established theory,” and being neither complete nor consistent, may now be the leading candidate.a The central concept that ties string theories together is they replace point particles with tiny vibrating strings of one or more dimensions.


Strings live (if they exist at all) in the unimaginably tiny Planck-scale world. To visit with a thought experiment,b imagine you are Emerson’s transparent eyeball that, as we noted above,c is nothing and sees all. With it in aid, you see string theory’s strings a-wiggling franticly in empty space, and what they are—electrons, photons, quarks, et cetera—depends upon the wiggles.


A world of strings needs strange Planck-sized things.


With roots all the way back to Einstein, string theory came of age in the nineteen sixties. Its math bewitches those who live and breathe it.


However, as mathematician George Ellis said a decade ago,




The energy scales characterizing string theory are so high that it cannot be tested by any particle collider that we can ever hope to construct.… If we can’t ever hope to test the theory experimentally, is it really scientific?364





So, string theory’s popularity (with concomitant funding) energizes a concept called post-empiricismd—aimed at looser ways of validating physics theories—and thereby fuels a vigorous debate.365


Quantum gravity’s main problem is, it’s a family-to-be based on a hoped-for forced marriage but its two betrotheds have diddly-squat in common. In 2001, philosopher Jeremy Butterfield and physicist Christopher Isham said,




The fundamentally disparate bases of the two … theories generate major new problems when any attempt is made to combine them.… But even to summarize these new conceptual difficulties is a complicated and controversial task … because what the problems are … depends in part on problematic matters in the interpretation of the … theories.366





Having said this, they found a consensus on a fundamental issue that must resonate with us:




[A] theory of quantum gravity must have something to say about the quantum nature of space and time.367





With this dictum, the reader will by now be unsurprised to hear, I heartily agree. On the premise such a theory is best based upon a real worldview, we are now setting out to “have something to say about the quantum nature of space and time” (and more besides).


Most fundamentally, we pluck just such a something from the murky world of strings and seize on what it is and say, this is the quantum character of “space”!


We seize on what that something does and say, this is the quantum character of “time”!a


This quantum character of space (see image,368 fig. 10) is a seminal idea born in the heartland of string theory. Yet we’ll see it’s also an idea that string theory does not really have!


[image: ]Fig. 10. Calabi-Yau manifold






String theory led physicists into a world of beautiful new math. The math showed them that, in order to make it work, they needed a strange entity that has six tangled dimensions. It has a funky name—the Calabi-Yau manifold.369


In our new ontology, it turns out to be the key to understanding space and time, not to mention Zeno and indeed all else. Yet it is tiny, maybe (say string physicists; surely, say I) Planck size.370


A manifold is just a space. It can have any number of dimensions. It could have three (like yours and mine) or twenty-two or six. Any number one might fancy is just fine.371


This is less off-beat than it may seem. Einstein, among others, tried to build a theory with a 5-D universe.372 And Gross said, of string theory’s 3-D + 6-D (+ 1-D, for time) space,




If it is hard to imagine a space of four or more dimensions, [10-D] space is even weirder, but totally mathematically consistent.373





In the nineteen fifties mathematician Eugenio Calabi proposed this new 6-D kind of manifold. Twenty-five years later, another mathematician, Shing-Tung Yau, proved its mathematical existence. Their manifold was just what the string-theory campaign needed to get its show on the road.


Mainly for this reason, it has become perhaps the most-studied kind of space, leaving Euclid’s in the dust.374


But in string theory it is studied, not as a reality, but as a mathematical abstraction. Much of that study is abstruse. So, for example, we know one can draw exactly 317,206,375 different curves of polynomial degree three in it.375


While string theory itself seems stuck in math, we have a practical objective. We’ll seea this weird-looking manifold turns out to be just what the universe needed to be to get going and to finish up exactly as it is.376


Neither Calabi nor Yau could have guessed their manifold would be the key to understanding all that’s real.


In its looks it’s an unlikely candidate. Each different Calabi-Yau manifold is an oddly asymmetric critter that is impossible to picture with precision. Depending on how one tries to depict its 6-D nature on a 2-D page it may look plug-ugly, strangely beautiful, or oddly funny.377


As Susskind said in 2008,




Calabi Yau manifolds are extremely complex, with hundreds of six-dimensional donut holes and unimaginable pretzel twists.378





He also said,




I have always felt that if a thing is understood well enough, it should be possible to explain it in nontechnical terms. But String Theory’s need for six extra dimensions has eluded a simple explanation, even after more than thirty-five years.379





Fifty years have now gone by and finally there is a simple explanation, deep in the heart of the new ontology: Though we don’t see the six dimensions, they may be the source of everything we do see.


String theory is not really a theory. It has a set of ontological commitments all its own, with numerous theories crowding under a shared string umbrella that has all the world made from one kind of thing—their strings. Beyond this overall idea, its strings are math abstractions. At every point in continuous space, they need those six extremely small dimensions over and above the extremely big three we see.a


For these string theories to hum along, the missing six must take the shape of a Calabi-Yau manifold.380 Indeed, it’s an idea that works wonders for the world of strings.381 Physicist and polymath Richard Amoroso and his colleagues summarized, ten years ago,




Essentially, Calabi-Yau manifolds are shapes that satisfy the requirement of space for the six “unseen” spatial dimensions of string theory, which are currently considered to be smaller than our currently observable lengths as they have not yet been detected.382





So, where are these six dimensions? Why can’t we see them? Even before strings got their six, physicist and mathematician Theodor Kaluza came up with a lovely theory with just one extra dimension.383 We can’t see that one either.


Physicist Oskar Klein rescued that theory from early oblivion, saying its invisible dimension must have been compactified, an ugly word for an ugly idea.384 It means it somehow shrank into a tiny loop and became undetectable, though no one can say how or when or why.385


And so, when string theorists later needed answers for more awkward questions about their missing dimensions, they repurposed the old ugly word to tell their tale.a


Keep in mind, though, a key piece of the string theory worldview: The new strings wiggle in the old continuous space. String theorists see their tiny manifold as a kind of magic math myth they can summon on demand to do their bidding wherever they are. In other words, to them, it is a convenient figment.


It’s not only string theorists who found uses for invisible extra dimensions. As Susskind noted,




Many very famous physicists—including Einstein, Wolfgang Pauli, Felix Klein, Steven Weinberg, Murray Gell-Mann, and Stephen Hawking (none of them string theorists)—have seriously contemplated the idea that space has more than three dimensions. They were obviously not hallucinating, so there must be some way of hiding the existence of the extra dimensions.386





Indeed, we are about to find them “hiding” in plain sight: Compact they may be when they’re at home but, like June, they are bustin’ out all over.b From the beginning, it was quite impossible to keep them in.c (Every word of this will come to have deep meaning.)


So, one might ask, if string theory’s manifold is everywhere in space, why is string theory not the theory? To the contrary, it is so far from that, some say it is in trouble. Smolin—once a string-theory practitioner—wrote the book on how its math gets lots of money but is, he said, not even science.387


Yet there seems to be something fundamental in string theory and its pivotal idea, the six said-to-be-compactified dimensions. Lots of string theorists appear to feel this in their bones. And, in 2018, physicist Sabine Hossenfelder—a critic of flawed physics who is far from a string-theory cheerleader—said,




For all the controversy that surrounds string theory in the public sphere, within the physics community few doubt its use.… [T]he mathematics of string theory is deeply rooted in theories that demonstrably describe nature: quantum field theory and general relativity. So we are certain string theory has a connection to the real world.388





So, here’s where I suggest string theory may harbor at least one seminal idea: Its manifold is real! It has a tiny volume; could it be the grain of Riemann’s granularity?


If so, string theory hands us a further problem: Which of its manifolds (also known as threefolds) should we pursue? There are many candidates:a




With the enormous number of candidate Calabi-Yau compactifications in hand, model builders are confronted with the challenge of isolating the set of constructions which might potentially replicate physics in the real world.… [W]hile there are 473,800,776 reflexive polyhedra, the number of inequivalent Calabi-Yau threefolds obtained therefrom is so far unknown.389





Looking back over the struggle for a deeper understanding of Planck’s elementary quantum of action, Duck and Sudarshan said,




Then this remote, ultimate, intricate “reality” and all its elements will require an existential—possibly only metaphysical—understanding.390





It is ironic: Physicists grasped the seminal idea—the Calabi-Yau manifold—that may be the basis of reality but they don’t see it as existing.


Doubly ironic: We’ll soon see it as a quantum of space, and space quanta as everything that really exists!a







	a In Part 5.



	b This is (here) not an oxymoron.



	a See further in chapter 31 at page 176.



	b See chapter 30 at page 173.



	c See chapter 5 at page 43.



	d Roughly, the idea that we now need to free fundamental physics from the rigors of experimental test; see further in chapter 133 at page 639.



	a In this chapter we will deal with space; the quantum character of time is taken up in chapters 16 and 40 at pages 103 and 222.



	a See chapter 42 at page 236.



	a Most treat time as a dimension, so you’ll find talk of ten in total; see, for example, note 373 above.



	a You know how stories go: A KISS is coming up; this ugly frog of an idea will turn into a handsome prince.



	b Though it will do no good to—as Oscar Hammerstein II would have it—“Look around, look around, look around!”



	c See chapter 42 at page 236.



	a The six dimensions of a Calabi-Yau threefold are grouped as three complex dimensions.



	a See chapter 45 at page 255.
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SMALL CHANGE









I consider it as entirely possible that physics cannot be based upon … continuous structures. Then nothing will remain of my whole castle in the air including the theory of gravitation, but also nothing of the rest of contemporary physics.


Albert Einstein (1954)391








If—as a long chain of thought from Riemann to Planck to Einstein (above) to (maybe) Heisenberg to Wheeler to Rovelli and many others suggests—the universe is granulara and its physics is therefore digital, how would it work? This leads straight to a seminal question: How could it change?


Is the world jumping (very swiftly) 1 – 2 – 3?


Could its distinct elements transform in some smooth fashion? If so, they could not be truly digital. A digital digit is what it is; next it is either the same or it is a different digit. It has no in-between, no halfway house, no smooth segue from one digit to the next.


We have common examples of digital systems. From phones to supercomputers, they all solve the problem of change the same way: The whole system is in a certain digital state, with each bit being zero or one; next tick of its system clock, each bit is reset, some changed, some not. The system has no meaningful in-between state.b


The concept that the world might work something like this dates as least as far back as 1969, when civil engineer Konrad Zuse, who invented the first programable digital computer in 1938,392 wrote Rechnender Raum,393 exploring …




… the idea of calculating space.394





His notion of how space could be calculated was far from fully worked out—after all, this was the era of the early MOSFETa logic switches—but he had the idea.


More ideas of this kind may be found in later works ranging from physicist Heinz Pagels’s cosmic computer395 through quantum engineer Seth Lloyd’s serious speculation396 to physicist Max Tegmark’s mathematical-universe hypothesis397 to The Matrix movie trilogy, which saw reality as a computer simulation. Philosopher Nick Bostrom said it’s so,398 and Gleiser argued no.399


But few seemed to grasp a key concept that follows from the digital idea: The whole universe must be in a certain digital state; next it is in a different state determined by its universal program. And simplicity says the time from one state to the next—as determined by a clock inside the universe—should be the Planck time, the smallest time that has physical meaning.400


This time limit is uncontroversial: By 1992, Davies and co-author, astrophysicist John Gribbin, could say,




[I]t is now widely accepted that there is a fundamental unit of time, the “Planck time,” beyond which intervals of time cannot be subdivided.401





Just why or how this should be so remains a physical mystery that’s yet another we should solve.


What is not accepted, widely or perhaps at all, is that this “time” is digital, so Gribbin’s “fundamental unit” is its one.b


This brings us to the seminal idea of digital change. The 3-D universe of space quanta must do a succession of synchronous spatial states, or iterations. It can’t have an in-between state or an out-of-synch state, not anywhere, not ever.







	a Curiously, while we thus appear to have no continuous space in our universe, the space of each granule (the Calabi-Yau manifold), though utterly inaccessible, must be continuous and so must each of the six (also, it would appear, inaccessible) externalized dimensions; see the following chapter. This may have profound implications for the math (to be developed) of nonlocality and entanglement; see chapter 25 at page 144.



	b Here we can begin to understand why the Planck time is the smallest meaningful “time.”



	a I.e., metal-oxide-semiconductor field-effect transistor switches that would later become the basis of the infant computer industry.



	b Fundamentally, this is a sequence rather than a time; but inside the universe, we watch our clocks and assign the Planck time to each step in the sequence; see further in chapters 28 and 103 at pages 158 and 508.
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BEING BEGUN









When I was one, I had just begun …


Alan Milne (1927)402








We are about to find the roots of the seminal idea the universe began as just one quantum. fx But let’s be clear and precise from the beginning: When it was one, it had not begun.


Of course, Milne’s children’s poem about growing up has no connection to cosmogony, the study of the universe’s origin. Or does it? A person begins as a single cell that has a program that causes it to replicate. We can see there is some sort of similarity but let’s not push it too far.


Milne’s next line,


The universe had a beginning. Did it begin with only one?




When I was two, I was nearly new …





… may be more readily applicable. The beginning of the universe was that one quantum turning into two.


Human imaginations have long roamed over the beginning of it all. That it did have a beginning was widely believed since time out of mind but is not self-evidently true.


In 1927, Russell said dismissively,




There is no reason to suppose that the world had a beginning at all. The idea that things must have a beginning is really due to the poverty of our imagination.403





Of course, he meant their imaginations—those that (ironically, richer than his) did suppose the world had a beginning.


The assumption that it didn’t begin was then much in vogue, a fashion dating maybe back to Kant.404


Einstein long shared this assumption; he conceived the universe as being permanent and static.


The world would need to wait till 1964—when we first saw an image of the very early universea—to know for sure all three (and many others) got this wrong.


Meanwhile physics tended to assume the universe was infinite in size and more or less unchanging. Then, in 1927, physicist Georges Lemaître, whom Peebles said was at that time “the physicist who best understood the implications of Einstein’s theory of general relativity,”405 solved its equations.406 His solution revealed space itself to be expanding.407


Few knew of his paper. Fewer still took him or his solution seriously.408 But Willem de Sitter, the astronomer, physicist, and mathematician who is mostly known for his solution of Einstein’s general relativity equations, which bears the name de Sitter space, said,




I have found the true solution, or at least a possible solution, which must be somewhere near the truth, in a paper … by Lemaître … which had escaped my notice at the time.409





In 1929, astronomer Edwin Hubble observed galaxies moving away from us in all directions, movements that could only be understood as space itself expanding.410


Mentally projecting this expansion back in time like a movie in reverse suggested that the universe had a beginning. In 1931, Lemaître (center, fig. 11)—who to this day is often called “father of the Big Bang”—wrote a widely neglected411 paper in a leading journal.412 Entitled “The Beginning of the World from the Point of View of Quantum Theory,” it gave birth to a seminal idea. It said the world is made of many quanta; we see their number steadily increasing; so, looking back, there must have been fewer and fewer; thus, in the beginning there was only one!413


[image: ]Fig. 11. Robert Millikan, Georges Lemaître, and Albert Einstein






His work arrived, with little fanfare, amid growing popular involvement with the nature of the universe. In 1925, astronomer William MacMillan had proposed a new ontology, in which …




… new atoms are generated in the depths of space through the agency of radiant energy.414





This seems to have been the first glimmer of so-called continuous creation, the first version of what came to be called the steady-state universe. It made no place for a beginning. It matched what people thought they saw. Three cosmologists adopted it. In a 1949 radio interview, one of them, Fred Hoyle, disparaged the beginning proposed by Lemaître,a calling it the “Big Bang.”415


Hoyle’s catchy tag for Lemaître’s beginning is still with us—now part of our language—though it has conflicting meanings and the mental image it evokes can be, to say the least, misleading.


In a 1950 book, Lemaître called his first quantum the primeval atom. It was far from elementary: Into it he packed all the universe’s energy and matter. The universe began, he said, when his quantum-atom-world explosively disintegrated:




The atom-world was broken into fragments, each fragment into still smaller pieces. To simplify the matter, supposing that this fragmentation occurred in [two] equal pieces, two hundred sixty generations would have been needed to reach the present pulverization of matter into our poor little atoms, almost too small to be broken again.416





We should understand Lemaître’s clinging to an all-the-matter-in-one-quantum concept in relation to his aversion to the then leading alternative of continuous creation and the steady-state model:417




What does this mean … creation? This word, creation, brings with it a whole philosophical or religious resonance that has nothing to do with the question.418





Lemaître’s version was an odd kind of exponential growth.a It was an ontologic insight that—despite its matter-packing failings—might have avoided the deep contradictions built into the not yet emergingb standard model of cosmology. Instead, it was (and is) unjustly dismissed as spillover from his religion.c


Thus began the separation of the expansion (a narrative in which Lemaître is widely credited as author of the reigning Big Bang theory) from the beginning (which is widely panned). So, today’s standard-model storyline embraces something like Lemaître’s concept from the first fraction of a second after the beginning.419


The fallout from this schism is that physics has avoided almost any thought of the beginning, the simplest and potentially most fertile field of all for it to till.


Einstein changed his view.420
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