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Praise for When the Uncertainty Principle Goes to 11

“There are plenty of popular introductions to quantum mechanics, so why read this one? The answer is obvious: this one goes up to eleven. The energy that Philip Moriarty puts into making connections between his two passions, quantum theory and heavy metal is a joy to behold. I defy anyone to find Fourier analysis dull when it is explained with reference to the spandex strides of Stryper’s drummer. You don’t need to be a metalhead to like this book—but be warned that if you do like this book, you will probably find yourself more of a metalhead by the end than you were at the start, because the enthusiasm is infectious. You might even find you have a better grip of the notorious mind-warping concepts of quantum mechanics too.”

—PHILIP BALL, author of Beyond Weird: Why Everything You Thought You Knew about Quantum Physics Is Different

“A magical mosh pit of Slayer and spandex trousers, sound waves, and strings—this is quantum physics as you’ve never seen or heard it before.”

—MATIN DURRANI, editor of Physics World magazine and coauthor of Furry Logic: the Physics of Animal Life

“Both metal-heads and physicists have become caricatures in today’s pop culture. In his wonderfully conversational writing, Moriarty smashes these stereotypes and subverts expectations by weaving the two worlds together. This book shows how unexpected ideas cut across the worlds of heavy metal and quantum physics. If you enjoy surprises, brutal band logos, or insane riffs, you’ll love this book. Forgot pop-sci. This is metal-sci.”

—JESSE SILVERBERG, PHD, physicist and Harvard research fellow

“I thought I’d already seen every possible analogy for the weird world of quantum physics, but Philip Moriarty’s music-inspired take on it is fresh and engaging. You don’t need to be a metal fan to enjoy this book. Moriarty’s enthusiasm for both physics and metal shines through so much in his writing that I was tempted to break out the Megadeth myself while reading. If you’ve ever been intrigued by quantum mechanics but worried that you couldn’t hack an entire book on the subject, try this one, and you won’t be disappointed.”

—KELLY OAKES, former science editor for BuzzFeed UK

“Ever since my first encounter with Professor Philip Moriarty (via a Sixty Symbols video), I have found his ability to explain and simplify complicated subjects rather beguiling. Surely someone as under-qualified as I could never grasp even a small percentage of the concepts that explain and predict the nature of the universe? But it appears he’s made that possible. Once I’d met him, it became clear how he does it. His boundless enthusiasm makes you feel like a passenger on a luxury cruise, yet by the time he’s finished his explanation you realize you’ve run a marathon alongside him. Witnessing his own excitement at the propagation of knowledge is just as rewarding as being the recipient of the knowledge. The author’s energy, unique style, and ability to educate are not lost in print. From the first chapter, this book captures the imagination, effortlessly intertwining the fundamentals of rock music with the principles of quantum physics. His unapologetic inclusion of some (but not too much) math adds clarity without hindering the narrative. Whether you’re a physicist, science enthusiast, musician, or music fan this book will entertain and enlighten in equal amounts. It will bring a new beauty to your favorite songs, and arm you with fresh concepts to explain some of the most counter-intuitive of scientific ideas. At the very least, you’ll have an interesting conversational tangent to adopt next time someone wants to force their amateur rendition of ‘Smoke on the Water’ upon you. It’s ironic that this book is about uncertainty, considering very soon I expect to be able to measure both its position in the book charts and the speed at which it arrived simultaneously. By rights it should be very high and very fast—deservedly so.”

—DAVID DOMMINNEY FOWLER, guitarist with the Australian Pink Floyd Show
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To Niamh, Saoirse, and Fiachra, who have patiently endured their father’s appalling attempts to sing along with metal classics over the years . . .
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Chapter 1

PERMANENT WAVES

Wheels within wheels, a spiral array

A pattern so grand and complex

—from Rush’s “Natural Science”1


It starts with a primal thud. A universal heartbeat.

Seconds later, a wall of sound explodes.

Through the mist, arms outstretched, a figure emerges. Guttural grunts and growls give way to the most haunting of melodies. The music builds majestically, spellbinding in its intensity, a complex soundscape underpinned by a deep emotional charge. The crowd becomes a choir, voices resonant with those onstage . . .

There’s nothing quite like the sense-bludgeoning experience of a heavy metal gig. The all-enveloping power of the music, the theatrics, the histrionics . . . and the physics. Yes, the physics. Believe it or not, the links between heavy metal and quantum physics are especially deep and simply have not received anything like the attention they deserve. Quantum physics—also known as “quantum mechanics” or simply “quantum theory,” because why have one name for something when you could have three, right?—is the physics of the invisible, the science of particles that are smaller than small. It’s also in essence a theory of waves, and therefore the connections with the physics of music are already strong. But the stylings of heavy metal take these connections to another level entirely: chugging guitars, choked cymbals, artificial harmonics, and mosh pits each have their own parallels within the physics of the ultrasmall.2

I think it’s safe to say that quantum physics has a reputation for being conceptually challenging. On the other hand, heavy metal—and its myriad thrash-power-sludge-stoner-hair-glam-death-progressive-djentindustrial-[complete according to taste] subgenres and subcultures—is not, it has to be said, generally considered to be the most cerebral of musical forms. Unfairly stereotyped as music for Neanderthals, frequently seen as the root of all evil (and, as such, a convenient scapegoat for societal problems whose origins are a great deal more complex than the lyrics of the latest Judas Priest album), metal is nonetheless often harmonically rich, lyrically challenging, and rhythmically complex.

. . . and, yes, I have to grudgingly admit, just as often it’s not. But for every KISS, Mötley Crüe, or Whitesnake the metal critic will cite to make their case,3 I’ll counter with Opeth, Meshuggah, and Dream Theater. Then I’ll raise the stakes with Mastodon, TesseracT, Queensrÿche, and Tool. And to clinch the deal, I’ll close with Rush.4 Each of these bands composes intelligent, intricate, and thoughtful music, their orchestrations frequently designed with what can only be called mathematical precision. (Indeed, there’s an entire genre of metal known as math metal that prides itself on complex time signatures and “out there” arrangements.)

Although quite a number of bands have used scientific and/or mathematical themes as inspiration for their music—the super-talented and innovative Devin Townsend even titled one of his albums Physicist—that’s not what this book is about. (I’ll certainly be making more than passing reference to tracks and albums with strong lyrical/narrative links to science, however.) Nor am I preaching only to the converted. I love metal. And I love physics. And I know from the logos that adorn the T-shirts of many physics students and researchers that I’m certainly not alone in this. But while this book has, of course, been written with those metal-loving physicists (or physics-loving metalheads, if you prefer) very much in mind, it’s not just my “tribe” I’m hoping to connect with. My key motivation in writing this is to bring the beauty of quantum physics to a wider audience via the medium of metal. As we’ll see, metal music is perfectly placed when it comes to crossing that age-old (and very silly) divide between the arts/humanities and the sciences. Each time your favorite band launches into that riff or that rhythm or that drum pattern, they’re exploiting the very same principles of physics and mathematics that underpin how atoms, molecules, and quantum particles behave.

You’ll notice that I slipped “mathematics” into the preceding sentence. I make absolutely no apologies in telling you that we’re not going to go out of our way to avoid maths as we explore all of those fascinating quantum-metal parallels.5 Some editors might claim that this statement alone would be enough to reduce a book’s readership by 50 percent (or some similarly alarming figure no doubt plucked from thin air).6 However, I have a great deal of confidence in the intellect and tenacity of the average metal fan (and the average reader in general).7 Anyway, in all conscience, I can’t drop the maths—it’s the language of physics.

So: there will be maths. But contrary to popular belief in some quarters—I’m looking at some of you unreconstructed theorists here—physics is not just mathematics. And while to a mathematician, equations and functions have an elegance and a beauty all their own, for physicists it’s the “unreasonable effectiveness” of mathematics in describing the world around us that never fails to impress.8 The fact that so much of the behavior and structure of our universe can be captured by maths is truly remarkable. And that’s exactly what we’re going to see time and again in this book: the uncanny, staggeringly “unreasonable effectiveness” with which mathematics explains everything from the crunchiest of riffs and heaviest of rhythms to the far-beyond-driven vibrations of atoms and molecules.

A number of years back, I worked with a very talented musician called Dave Brown (aka the YouTuber Boyinaband) on a metal song whose riffs, rhythms, and, um, rlyrics (© D. Brown) were derived from the fundamental constant known as the golden ratio.9 We uploaded a YouTube video for this math-metal mash-up and,10 foolishly ignoring the wise counsel of friends and colleagues regarding the quality of online critique,11 took a look at the comments. I was absolutely delighted to read the following:
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Thank you, Christina! The ethos behind When the Uncertainty Principle Goes to 11 is exactly this.

Now before we can start to really get our heads around the maths and physics underpinning metal, we need to address a deep and fundamental question. A question that cuts to the core of everything in this book: Just what is sound? Or, if you prefer: What is noise? And just how is it that we—to quote Anthrax quoting Public Enemy—bring the noise?

Surveying the Soundscape

What’s happening at the most fundamental level when we hear something?

Short answer: a heck of a lot of physics, quite a bit of biochemistry, and some amazing psychology.12

The somewhat longer answer . . .

The sounds we hear every day are due, ultimately, to vibrations. And an excellent source of vibrations is an amplifier stack wound up to eleven. The cone of the loudspeaker vibrates, causing the surrounding air to be shaken up. More precisely, the air molecules are periodically pushed together and separated by the vibrations of the loudspeaker, forming a sound wave. This means that there are regular changes in the number of molecules packed into a given amount of space—in other words, the air density varies. If we had a powerful microscope that could image the individual molecules in the air—and microscopes now exist that can not only pick out individual molecules but can see inside them to discern their chemical architecture13—we’d in principle be able to see that density vary right down to the molecular level.

There’s a problem with this strategy, however. There are millions upon billions upon trillions of molecules buzzing around down there, and if we could see every molecule, we’d be overwhelmed; it’d be a massive case of too much information. Luckily, there is a technique that allows us to visualize sound waves—to see sound—in a more instructive way. It’s a process developed by physicist August Toepler in the 1860s that’s known as Schlieren photography. It works by exploiting the refraction that occurs when light travels through regions of air that have different densities. That might sound somewhat esoteric, but you’ve seen this effect in action many times before: the shimmering heat haze that appears on roads on a hot day is due to light being bent by the difference in air density. In that case, it’s not sound energy that’s creating the density variation, but heat energy.

Here’s what a Schlieren image of a sound wave would look like, drawn reasonably to scale:
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With Schlieren imaging, we can’t see the individual molecules. But, nonetheless, we can directly observe the variation in the density of the air as the sound wave propagates. It’s a remarkable technique.

Sound is what’s known as a longitudinal wave. All this means is that the movement of the medium—in this case, air—is parallel to the direction of motion of the wave. It’s important to realize that the air itself does not travel with the wave—it’s the disturbance that travels. In essence, the sound wave transmits energy, not matter. If you don’t have an advanced Schlieren imaging system on hand (they don’t come cheap), a Slinky can be used as a rather less costly—and, let’s be honest, equally fun—tool to visualize a longitudinal wave. A Slinky in action mimics how a sound wave travels: the coils of the Slinky periodically move closer together (compression) and farther apart (rarefaction). The compression-rarefaction cycle of a Slinky’s coils is analogous to the cyclic change in air density due to a sound wave:
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While we’re playing with our Slinky, we can also generate the other type of wave motion that underpins so much of metal music: the transverse wave. In this case, the movement of the medium is perpendicular to the direction of the wave.
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This type of wave is exceptionally important for our purposes because the ultimate origin of all those earth-shaking, teeth-rattling, and ear-piercing riffs and solos is the transverse wave that forms when a guitar string is hit with a pick. The transverse wave is in turn the origin of the longitudinal sound wave that reaches our ears; the motion of the string excites the air molecules,14 and one type of wave motion is converted to the other.

We can use the wonderful audio application Audacity to capture the waveform produced by the string.15 The illustration on the next page shows what Audacity displays for the opening note of Metallica’s “Welcome Home (Sanitarium).” (Played on an acoustic guitar. This note, like most of the sound samples analyzed in this book, can be heard at the Uncertainty to 11 YouTube channel: https://www.youtube.com/channel/UCIg28nCrNa_gEHCEgPYfMqQ.) It shows just how the volume of the note—or, more correctly, its amplitude16—varies over time on two different timescales. The larger graph was made as the note rang out over about five and a half seconds. Although the gradual decay of the volume is clear—the note eventually dies away—it’s difficult to discern any well-defined wave pattern on this longer timescale. If we zoom in on the time axis, however, and look at what’s happening on the scale of 100-milliseconds,17 it’s a different story indeed. The inset shows a very regular, periodic pattern as the guitar string cycles back and forth, driving the air molecules (which in turn drive the microphone and enable the signal to be captured by my laptop).

[image: ]

That sample makes it very clear that the waveform is cyclical—it repeats with a well-defined period. It’s traditional in physics to use an uppercase T to represent this period of oscillation. And there’s an exceptionally simple relationship between the period, T, and frequency, f, of the wave: frequency is the number of cycles the wave completes every second, so f = 1/T. We use the unit Hz, short for hertz, for frequency. The higher the frequency, the higher the pitch we hear. This simple relationship between pitch and frequency is often illustrated using a diagram something like this:
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The notes toward the left-hand end of the piano keyboard have a longer period than those toward the right-hand end. This means that they have a lower frequency—in other words, fewer cycles are packed in per second.

I fully realize, however, that keyboards have long divided the metal community. In the early 1980s, and as a direct reaction against the synth-driven electropop that dominated the charts at the time, Iron Maiden proudly declared “No synthesizers or ulterior motives” on the cover of their Piece of Mind album. (Nonetheless, just a few years later Maiden made heavy use of guitar synths on their 1986 release, Somewhere in Time. And a decade or so down the line, Fear Factory was spearheading electropop-metal crossover with a crushing cover of Gary Numan’s “Cars,” featuring Numan himself.)

For those who prefer their metal old-school and untainted by newfangled technology, let’s convert that keyboard-centric diagram above to something a little more appropriate for the genre . . .

[image: ]

It’s the same idea: down toward the left-hand end of the neck we have the low notes (from the perspective of the guitarist, that is, and if you can forgive the right-handed–centric view; apologies to those lefties who are reading). At the other end of the neck we find the face-melting, eardrum-damaging, gurn-generating high-pitched notes that are the bedrock of the metal guitar solo. It’s again just a simple matter of low-frequency vs high-frequency notes.

Or is it?

Here’s what the opening note of “Sanitarium” looks like in standard musical notation for a guitarist:18
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. . . And here’s what it looks like for a pianist:
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Spot the difference?

No?

That’s because there isn’t one.

Yet if I were to play that opening note on a guitar and then on a piano, you’d readily discern a difference—it would be clear that a different instrument had been used in each case. Why is this? After all, it’s an E note regardless of whether it’s played on a guitar, piano, flute, or kazoo. The frequency of that E note is 84 Hz in each case. So how do we instinctively know that the note has been played on different instruments?

Enter Fourier.

Pitches and Patterns

Let’s travel back to a time long Before Sabbath (BS)—before the first distorted notes were wrung from an electric guitar, before rock and roll emerged from the blues, long before the blues itself arose in the Deep South. We’re going back to the eighteenth century, to consider the remarkable insights and true genius of Jean-Baptiste Joseph Fourier. It’s no exaggeration to say that Fourier radically changed the way we understand the world around us, on scales ranging from the subatomic to the ninety-three-billion-light-year diameter of the observable universe. And before we can understand the relationships between metal and quantum physics, we’re going to need to take a look at Fourier’s elegant approach to the analysis of waves and patterns.


 




JEAN-BAPTISTE JOSEPH FOURIER

               Yesterday was my twenty-first birthday. At that age Newton and Pascal had already acquired many claims to immortality.

That’s how the young Joseph Fourier voiced his concerns about his potential impact on physics and maths in a letter sent in March 1789 to C. L. Bonard, professor of mathematics at the university at Auxerre, near Paris. Fourier was writing from the Benedictine abbey at Saint-Benoîtsur-Loire, where he was training for the priesthood (with, it must be said, hardly unalloyed enthusiasm).

Fourier needn’t have worried. The methods of mathematical analysis he went on to develop are now so thoroughly embedded in physicists’ thinking that every physics undergraduate—along with students in a significant number of other disciplines, including engineering—encounters Fourier techniques many times over throughout their degree. Fourier’s name echoes down through lecture theaters and conference halls, spanning generations. My erstwhile colleague at Nottingham, Peter Coles, an astronomer who at the time of this writing is head of Physics and Maths at the University of Sussex,19 did his PhD thesis with the eminent cosmologist John Barrow and put it like this:

               This follows the best advice I ever got from my thesis advisor: “If you can’t think of anything else to do, try Fourier-transforming everything.”

It is certainly an approach I’ve found to be immensely helpful over the years.






Fourier’s core idea is very simple to state: a pattern in space or time can be broken down into the waves that make it up. More specifically, Fourier analysis is a kind of translation that gives us a way of taking a complex mathematical function and breaking it into simpler functions. That’s it.

Unfortunately, mention the words “Fourier analysis” to many who have completed a physics or engineering degree, and you’ll provoke an involuntary shudder as long-suppressed memories of attempting to solve Fourier integrals come flooding back. It’s a shame, but the revolutionary simplicity at the heart of Fourier analysis is often obscured by the (relatively) complicated mathematics involved in performing it. Fortunately, for our purpose, it’s fairly easy to translate much of the mathematical notation into musical concepts.20 (If you crave a more detailed explanation of the core mathematics, see the appendix on “The Maths of Metal” on page 311.)

For now, let’s start with a demonstration of Fourier’s methods in action. We’re going to whistle a note. Yes, I know that whistling isn’t very metal, but the great thing about a whistled note is that it’s a simple, pure tone and, as is so often the case in physics (and is especially the case when it comes to Fourier analysis), we gain a lot of understanding by breaking a system or phenomenon down to its most basic elements. Perhaps the best example of whistling in hard rock, if not metal, is the start of Guns N’ Roses’ “Patience.”21 Axl Rose opens with a whistled A[image: ] (A-sharp) note.22 Here’s what my version of that whistled note looks like, recorded (as ever) with Audacity and observed over the course of 10 milliseconds:
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It’s worth comparing this waveform with the graph a few pages back of that E note at the start of “Sanitarium” as played on guitar. Go ahead, do it. The frequency is different—the E at the start of “Sanitarium” is a much lower pitch than the A[image: ] note whistled by Axl Rose (and that’s why the timescales on the corresponding graphs are different)—but a significantly more important difference is that the shape of the waveform is much simpler. The whistled note depicted above looks almost exactly like a “textbook” wave; it varies smoothly in a way that’s straight out of Wave Physics 101. A physicist looking at the sample of that whistled note would say that it’s very close in form to a pure sine wave. On the other hand, the opening note of “Sanitarium,” whether played on guitar or piano, looks far more complicated.

I casually threw in the term “sine wave” there, but what in the name of Dio is a sine wave? Sine waves pop up everywhere in nature/science/the universe because they’re the natural solution to the mathematical equations that describe the motion of so many objects. I know that this may bring back long-repressed memories of trig class for many of you, for which I apologize, but we’re going to have to take a look at the mathematical machinery underpinning a sine wave. This is of key importance because, among its many other fascinating properties, the humble sine wave is the cornerstone of Fourier’s approach to analyzing patterns (of any form). To continue our quest to connect the likes of Quiet Riot and Queensrÿche with the quantum, we’ll need to spend some time looking at the maths and the science of sines.
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1 Words by Neil Peart. Music by Geddy Lee, Alex Lifeson, and Neil Peart. © 1980 Core Music Publishing. All Rights Reserved. Used by Permission of Alfred Music.

2 Just like physics, metal has a language and lexicon all its own. I’ve already slipped into the jargon, so let me briefly explain some of these terms for the uninitiated. A guitar “chugs” when the strings are muted with the palm of the hand; a cymbal is “choked” when it’s grabbed to mute the sound; “artificial harmonics” are a way of making a guitar squeal by effectively pinching a string (hence the alternative term “pinch harmonics”); “mosh pits” are . . . areas near the stage that intrepid fans enter at their own risk. We’ll come back to mosh pits.

3 Astoundingly, with their 1984 album Slide It In, the ’Snake managed to out-Tap Spinal Tap—no mean feat.

4 Opinion is divided as to whether Rush has ever been a heavy metal band. I’m a major fan of the Toronto trio and it will take a lot to convince me that Rush wasn’t metal up until at least their sixth album. Let’s consider the evidence: (1) Blues-based heavy riffs? Tick. (2) Virtuoso guitar solos? Tick. (3) Vocals in the stratosphere? Tick. (4) Long, flowing kimonos . . . Errmm. Okay, maybe not the kimonos. But otherwise, metal. Very metal.

5 In the United Kingdom and Ireland, we say “maths.” In the United States, it’s “math.” Potato, po-tah-toe. For authenticity’s sake, I will stick to my native dialect.

6 But most definitely not those I worked with on this book.

7 One Guardian author quite agrees. See Ian Winwood’s March 2007 post, “Why metal fans are brainier”: www.theguardian.com/music/musicblog/2007/mar/21/whymetalfansarebrainier.

8 Eugene Wigner, a Hungarian-American theoretical physicist who, among many other achievements, made far-reaching contributions to the development of quantum mechanics and played a key role in the Manhattan Project, wrote an influential (and, in some circles, somewhat contentious) paper entitled “The Unreasonable Effectiveness of Mathematics in the Physical Sciences,” published in Communications on Pure and Applied Mathematics back in 1960. (At the time of this writing, a pdf of the paper is available online and is easily locatable via a search for the title, or see Wigner, Eugene. “The Unreasonable Effectiveness of Mathematics in the Physical Sciences.” Communications on Pure and Applied Mathematics 13 [1960]: 1–14).

9 Yes, I know Tool did something similar with their 2001 album, Lateralus. See “Tau of Phi.” YouTube video 3:13. Numberphile, November 19, 2012. www.youtube.com/watch?v=aiibxmqXV9M.

10 It’s here: “Golden Ratio Song.” YouTube video, 3:07. Numberphile, July 13, 2012. www.youtube.com/watch?v=nBgQPSUTWVM.

11 The vast majority of my colleagues, including, in particular, PhD and early career researchers, are firmly of the opinion that YouTube comments sections represent nothing more than the condensed collective stupidity of humanity. The wonderful xkcd wholeheartedly agrees: xkcd.com/202/.

12 The extent to which the brain processes the raw audio signals it receives via the ears is best demonstrated by this fascinating “audio illusion” from the Franklin Institute in Philadelphia: “An Audio Illusion—Your Brain.” YouTube video, 0:52. Posted by DailyPunjabiMedia, July 4, 2014. www.youtube.com/watch?v=tG9HSvNPVKQ.

13 These go under the name of scanning probe microscopes (SPMs) and form the bedrock of the type of research we do in our group at the University of Nottingham—we’ll talk much more about these later. However, while imaging single molecules on a solid surface has been possible for decades, it’s another matter entirely to attempt to see individual molecules in the air around us.

14 . . . for an acoustic guitar. The conversion of “wave on a string” to “ear-piercing metal guitar solo” is more complicated for an electric guitar, involving conversion of a mechanical wave to an electrical wave and vice versa. Actually, it’s complicated even for an acoustic guitar. The string vibration alone would not produce a very loud note. The body of the guitar is designed so that it resonates with the vibrating string. This leads to many more air molecules getting shunted back and forth, producing a much louder sound. Resonance will be a recurring theme throughout this book.

15 I thoroughly recommend Audacity—it’s a great piece of (free, at the time of this writing) software for recording, manipulating, and mixing sound samples, and I’ve used it a great deal not only for this book but throughout my undergraduate lectures and videos.

16 Don’t worry about the distinction between volume and amplitude—it’s a subtlety we can ignore for the purposes of this book.

17 A brief note of explanation about milliseconds and decimal places: 0.001 seconds is 1 millisecond (i.e., a thousandth of a second), 0.01 seconds is 10 milliseconds, and 0.1 seconds is 100 milliseconds. The zeroes after the “1” are often left out but in professional science we tend to include them to demonstrate the precision of a measurement. So, 0.1 = 0.10 = 0.100 = 0.1000 = 100 milliseconds. Here, I’m not going to bother with trailing zeroes unless entirely necessary. It’s a bit neater that way.

18 Don’t worry if you have no experience reading standard musical notation. You’re in good company—the vast majority of rock musicians don’t read music either. And you’re not going to need to be able to read music to understand any of this book.

19 I thoroughly recommend Peter’s In the Dark blog (telescoper.wordpress.com) for entertaining and informative posts on topics spanning jazz to the large-scale structure of the universe.

20 Mathematics is a language, and, as with any language, it can be translated into other forms. We might lose something in translation, but we can get the core ideas across.

21 Another example from the hard rock canon, albeit in full-on-syrupy-power-ballad mode, is Scorpions’ “Wind of Change.” That particular track is outside the remit of this book, however, purely on grounds of taste and decency. (I have some standards.) Queensrÿche, who, in their prime, many would class as key exponents of prog metal, have also included whistling in both “The Lady Wore Black” and “I Will Remember.”

22 This, too, is somewhat of a “Potato, po-tah-toe” thing. If you want to plumb the depths of their nerdery, gather your musician friends sometime and ask whether a certain note is a B[image: ] or an A[image: ]. (They are the same, in frequency; the definition generally depends on the key the song is in.) As the guitars are likely tuned down half a step on that recording, one friend has ventured that Axl is whistling over a Gb major pentatonic scale—an appropriately metal name for a scale if ever there was one.


Chapter 2

BANGING A DIFFERENT DRUM

To me, drum soloing is like doing a marathon

and solving equations at the same time.

—Neil Peart1


In order to explain a sine wave, I’m going to switch to an instrument we’ve not yet considered—the drums—and to a component of that instrument especially important in metal music, namely the bass drum beater. Double bass (DB) drumming is an integral component of so much of metal, ranging from the superhuman DB pummeling that powers death/black metal to the slightly less frantic, though nonetheless extremely effective, syncopated patterns driving the likes of Megadeth, Judas Priest, and Machine Head. And the core of DB dynamics is the spring-loaded motion of the bass drum pedal.

If we grab the drum beater and release it, it’ll bob to and fro due to the action of the spring—as can be seen in the following superimposed frame(s), taken from a video of the motion of the beater. The beater is effectively a pendulum, rocking back and forth at its natural or resonant frequency. Make the spring stiffer, or use a heavier (or lighter) beater, and this frequency will change accordingly.

[image: ]

The energy we stored in the spring when we pulled back the drum beater (potential energy) is converted to energy of motion (kinetic energy). If we lived in the idealized conceptual world of spherical cows and frictionless surfaces that physicists so like to inhabit, this motion would continue indefinitely. With no damping—that is, no dissipation of energy (and we’ll have lots to say about energy throughout this book2)—the beater would swing forward and backward, always returning to the same position at which we kicked off the oscillation, until the end of time. In the real world, however, the beater gradually comes to a stop—due to friction in the pedal, the (small amount of) heat energy generated in the spring as it is alternately compressed and stretched, and even, to a certain extent, resistance from the surrounding air.

This conversion of “stored” potential energy to the kinetic energy that drives motion happens all the time in the world around us. Here’s a very simple experiment to demonstrate potential-to-kinetic energy in your home. Walk over to your music collection, select a CD or DVD (or, if you’re lucky enough to own vinyl, a record) that you’re not especially proud to own—we all have those albums—and hold it at arm’s length. Now, drop it.3

Before you dropped the album, it had what we call gravitational potential energy, simply by virtue of your holding it at a (small) height above the Earth’s surface. We can even work out how much potential energy it had through a very simple formula (which you might recognize from secondary/high school science classes):

Epot = mgh

In this formula m represents the mass of the CD and its case (about 85 g in total), g is the value of the acceleration due to the gravitational force (which is [very] roughly 10 meters per second per second4), and h is the height of the CD above the floor (let’s say 1.5 meters).5 Plug in the numbers and we find that the value of Epot is about 1.3 joules. (A joule, abbreviated J, is a measure of energy in physics.) Okay, fine, you might say, but how much energy does that actually represent in terms of anything I encounter on a day-to-day basis?

When attempting to place an amount of energy in an everyday context, scientists will often turn to the iconic Mars bar for their base unit, using the value of the nutritional energy available in a Mars bar to make a comparison with other less “tangible” forms of energy. Despite the multiplicity of forms of energy out there, all can be represented in terms of joules. But your CD’s 1.3 J of gravitational potential is an exceptionally tiny amount compared to the 964,000 joules (or 230 kilocalories;6 one calorie is the same as 4.2 joules) provided by a Mars bar.7 Moreover, 964 kilojoules is only the “nutritional” energy value. If we could somehow directly capture the mass of the Mars bar as its associated energy, according to Einstein’s famous E = mc2, then we’d have a whopping 4,600,000,000,000,000 joules, or in scientific notation, 4.6 × 1015. (In Einstein’s formula, m represents the mass of the object, and c is the speed of light. The speed of light is very fast indeed, about a billion kilometers an hour—or about 670 million miles per hour in old money—so even a small mass is associated with a very large amount of energy.8)

Now, 1.3 J of energy is peanuts compared to this. Heck, even calling it peanuts overstates the case; the nutritional energy content of a single peanut is about 3 “calories”—3 kilocalories in proper units, which is about 12,500 joules. (The peanuts comparison does, however, allow me to crowbar in a reference to the wonderful heavy metal Peanuts video available on YouTube—at least at the time of writing.9 If you haven’t seen it, I strongly suggest that you put this book down right now and go take a look. Charlie Brown, Snoopy, and the rest of the Peanuts gang enthusiastically rocking out to some metal madness will definitely brighten up your day.) Before I wander too far off topic (into the wildly contentious area of nut-influenced metal; trust me, we really don’t want to go there), the point of the Mars-and-peanuts diversion was simply to flag that there are many forms of energy and that we can readily convert between them. Now, let’s get back to that beater.

The motion of the drum beater is a great example of the cyclic conversion of potential energy (stored by the spring) to kinetic energy (the beater in motion), and back again. At the extremes of the swing of the beater it’s all potential energy and no kinetic energy, while at the center point, when the beater is vertical, the situation is reversed and it’s all kinetic energy. The word “kinetic” has its origins in the Greek kinētikos, which means “of motion.” You therefore might not be surprised to find that kinetic energy and speed are closely related. In fact, the relationship between the two is very simple:

Ekin = ½ mv2

Ekin represents the amount of kinetic energy, m is the mass of the object (in this case, the drum beater), and v is the speed at which it is moving.10

Although the equation is indeed simple and straightforward to use—multiply the mass by the velocity squared and divide by two—there’s something there that you might find puzzling. Namely, why do we use the square of the velocity, v2, and not just the velocity, v, to work out how much kinetic energy we have? If you’re bemused by this, I’ve got two things to say. First, it’s good that you are! No, really, it is. You’re thinking like a scientist: skeptical, critical, not wanting to take statements at face value. And secondly, you’re not at all alone in being perplexed by this—it was a source of great confusion and debate among scientists for many years both in the early days of what we now call physics and during the development of calculus. (Look up the Wikipedia page on “vis viva,” for example.) In the appendix, I explain just why it’s v2, rather than v, but for now, all you need to understand is that although the kinetic energy of an object depends on its speed, the relationship isn’t linear. Double the speed and the kinetic energy doesn’t just increase by a factor of two, it goes up fourfold.

The equation for the potential energy associated with the spring of the drum pedal, which we’ll call Epot, is also rather straightforward:

Epot = ½ kx2

Here, k represents the stiffness of the spring and x is how much we’ve compressed or stretched the spring. As you might expect, the stiffer the spring, the more energy that can be stored. That’s just because we have to put in more work to compress (or stretch) that spring in the first place. (We can’t beat the first law of thermodynamics: energy is conserved.) But note that, just like the dependence of kinetic energy on velocity, the potential energy scales with the square of the distance by which we’ve compressed or stretched the spring.

So, at this point we’ve established that our beater has potential energy and kinetic energy, and that one form of energy will be converted to the other. Now let’s ask what type of motion this interconversion of energy will produce. You might correctly guess that it’ll be cyclic, but just what trajectory will the beater follow? The answer is at the very core of everything we’ll do in this book, and it’s the basic ingredient of Fourier’s approach to analyzing patterns.

We could continue to explore this from a purely theoretical perspective (and, indeed, in the appendix on “The Maths of Metal,” I discuss how we can derive a formula for the motion of the beater from a consideration of the energy flow). But I’m a dyed-in-the-wool experimentalist; data is everything. So let’s do the experiment. It’s more fun that way in any case.

Let There Be Drums. And There Was Drums . . .11

In order to track the motion of the drum beater with some degree of accuracy, I set up a simple tabletop experiment in my office. Although far from the state of the art in motion-detection technology, this Heath Robinson approach proved more than good enough to measure the trajectory of our drum beater.12 I first stuck a small mirror onto the end of the beater. Then I bounced the beam from a laser pointer off that mirror onto the wall, set the beater in motion, and filmed the resulting movement of the laser spot. The setup looked like this:

[image: ]

[image: ]  You can see the experiment in action on the Uncertainty to 11 YouTube channel: https://www.youtube.com/watch?v=1mqITu-uU90.

We’ll identify the drum beater’s position as its angular position—in this case, the angle between it and the vertical axis. Here’s what we get when we plot the position of the beater at different instants of time . . .

[image: ]

You may well recognize the shape formed by the data points. But what we really want to know is how we can quantify that shape—how can we write a formula that describes that shape? Or, in more mathematical language, what function does the pattern of dots represent? Can we find a mathematical way of relating the position of the beater over time that accurately represents the data we have?

This is physics in action—this is how we physicists analyze data. I should stress that, as an experimental physicist, empirical data are, and always will be, sacrosanct to me. As Richard Feynman put it so well:13

    If it disagrees with experiment it is wrong. In that simple statement is the key to science. It does not make any difference how beautiful your guess is. It does not make any difference how smart you are, who made the guess, or what his name is14—if it disagrees with experiment it is wrong. That is all there is to it.

So let’s do this analysis like good physicists. As Feynman suggests, we’ll guess a mathematical function and see if that function does a good job of matching the pattern we see in our observation of the drum beater. We’re looking for a function that represents the value of the position of the drum beater, which we’ll call θ, in line with physics tradition15, that we should expect at a particular time, which we’ll call t. We write this as θ (t) (in other words, “angular position as a function of time”).

Here’s an example of just about the simplest type of function we could try:

θ (t) = 30°

This means that we’re guessing that the angle is a constant; that at any moment of time, the beater will be found at an angle of 30 degrees. We could also write this as:

θ (t) = θc

Here we’ve replaced the 30 degrees with θc, representing the fact that the angle remains constant—that’s what the little subscript c stands for. Of course, we could guess values other than 30 degrees for that constant angle, perhaps depending on our experimental setup. That’s why the expression θc is useful—we can set the variable to whatever value is appropriate.

However, this function is clearly a very silly guess indeed because it flies in the face of our experimental observations. (Though physicists are not always immune from making silly guesses in their work.) The beater is clearly moving, not remaining at a fixed angle! So that mathematical function is really a dreadful failure at capturing the beater’s motion. What could we try next? Maybe we could suggest that the beater’s position changes proportionally to the amount of time that has passed? We might try assuming further that it’s a direct proportionality; that after, for example, twice the amount of time has passed, the angle has also increased by a factor of two. This would be what mathematicians, engineers, and scientists call a linear function, because if we were to make a graph of the angle vs. time, it would be a straight line.

Yet the graph of the beater’s motion is clearly not a straight line, so that really doesn’t get us much further, does it? We can see that the beater is swinging back and forth—it’s regularly changing its direction. Therefore we can rule out a linear function as a good description of the dynamics of the drum beater; the angle of the beater to the vertical axis can’t just increase continually—nor, for that matter, can it decrease continually. We need a function in which it will increase, then decrease, increase, then decrease, in a periodic manner. In other words, we can rule out all functions that don’t oscillate.16 We are seeking a mathematical description that takes into account that the beater moves regularly back and forth.

Now we’re getting to the crux of the matter. There really aren’t many mathematical functions that fit the bill when it comes to accurately capturing the motion of the beater, because there aren’t many that oscillate in the way we need. We can speed things up a bit by asking a computer to find the best possible curve to represent our data. This process, called fitting, is used extensively in science to compare experimental results with predictions from theory, checking data generated by a mathematical/computer model against real-world measurements.

Here are the measurements of the position of the drum beater again, this time with what’s called the “best fit” curve superimposed as a solid line . . .

[image: ]

The curve that the computer has fitted corresponds to a mathematical function. And, as you may have guessed, in this case that function is a sine wave. As the beater moves back and forth, it traces out a sine curve.

Mathematically, we can describe the motion of the beater as follows:17

θ(t) = A sin (ωt)

The function above is the core building block of Fourier’s methods; it’s at the very heart of the connections between metal and physics (and a wide variety of other phenomena as well). There are a couple of new terms (namely, A, ω, and sin) to explain here, but for those of you worrying that this book is going to turn into an undergraduate physics textbook, rest easy—it’s really not going to get much more mathematical than this. (And for those of you who prefer the maths in all its gory detail, there’s always the appendix.)

Let’s break down the mathematical language of that function and explain it in English. First of all, on the left-hand side of the equal sign we have θ(t). You already know what that means: the angle the beater makes with the vertical (its angular position) depends on (is a function of) time. But it’s the right-hand side of the equation that tells us just how the beater’s position depends on time. The “sin” is shorthand for “sine.” (Yes, I know that just dropping one letter doesn’t really shorten the word a great deal, but I didn’t make the rules for mathematical nomenclature.) We can see that this sine function does a very good job of mathematically representing the periodic motion of the beater. And, indeed, sines pop up all the time when periodic motion is analyzed. But why?

First, let’s explain what’s meant by the sine of an angle with a suitably metalized example. Imagine the world’s largest Marshall stack, as shown below. You’re standing 30 meters back from the stage, and to see the top of the stack you need to strain your neck muscles (which have already taken a hammering from decades of head-banging) and look up at an angle of 60 degrees. The sine function is a ratio we can use to find distances when we have an angle, or an angle when we have distances. It is what allows you to calculate the height of the stack without having to ask a roadie for a tape measure (and a very tall ladder).

[image: ]

This type of basic trigonometry, for that’s what it is, is reflected everywhere in the world around us—architects, engineers, scientists, and builders all exploit trigonometry, either consciously or unconsciously, in what they do. (It’s worth noting that Pythagoras—whose [self-titled] theorem suggests he had more than a passing familiarity with triangles and angles himself—played a major role in establishing just where on a guitar the frets ought to be placed.)

The sine function, in essence, is a way of translating between distance, or position, and angle. To hammer this home, let’s assume that the humongous Marshall stack we considered above is part of the backline for a suitably bombastic metal band, Metallizer,18 playing their hometown arena. As in most arenas, the seats are laid out in blocks with rows designated by letters, and seats within those rows labeled with numbers. Let’s say that you’re seated in Row C, Seat 5, as shown below. We can represent your position in that block in two ways: with your x and y coordinates (where x is along the horizontal and y is along the vertical in the floor plan), or using the “as the crow flies” distance between your seat and the entrance to the block—which we call r in the sketch below19—along with your angular position.

[image: ]

Translating between the two is what physicists call a switch of coordinate system. We’ve moved from a Cartesian (grid-like, or x-y) representation to what’s known as a polar (r, θ) description of position.20 And that type of switch is often essential—or, at the very least, extremely helpful—when tackling problems in physics, including that drum beater motion we’re considering.

But back to the question at hand: we asked why the sine function pops up so often when analyzing periodic motion. To see the connection between the trigonometry of sines and periodicity, we’re going to focus on the circle pit that breaks out when Metallizer are giving it their all midset.21 (We’re assuming that there’s a standing-only area, as well as the seated blocks, otherwise it could get very messy indeed.) If we run in a circle, we eventually come back to where we started, so there’s an inherent periodicity to our motion: round and round (as that ’80s hair-metal classic goes). To keep things simple, let’s consider the motion of just one of Metallizer’s fans in the pit; let’s also assume that she manages to make it around without bumping into other moshers—i.e., her path is unimpeded—and that her motion is a perfect circle.

The sketch on the next page shows how the trigonometry and periodicity of the sine function are entwined. The mosher—let’s call her Marsha—starts at an angle of 0 degrees, and we’ve subsequently shown her at 45-degree intervals around the edge of the pit. We can use the sine function to work out her position along the y axis (just as in the seating plan example on the previous page). We set the center of the circle as (0,0); y positions north of this are positive, and y positions south of the center are negative. Similarly, the sine function switches from a positive to negative value when the angle increases above 180 degrees.

Of course, just as Marsha the Mosher cycles through different positions, and different angles, to return back to where she started, so too must the sine function show this cyclic behavior. The sine of an angle has a value ranging from −1 to +1. This is clearly seen in the sketch, where the circle pit has been divided up into octants (and quadrants). If we look just at the quadrants, we see that at an angle of 0 degrees, the sine function has a value of 0; at 90 degrees, it’s +1; at 180 degrees, we’re back to 0 again; at 270 degrees the sine function is −1; and after one full revolution we’re back to a sine of 0. Then the entire cycle repeats; round and round the mosher goes.

[image: ]

We’re all very used to thinking of angles in terms of degrees; in the metal sphere (or should that be the metallosphere?), Def Leppard’s “in the round” stage show for their Hysteria tour was touted as the first “full 360-degree experience,” and many bands have been described as pulling off a “180-degree turn” when their music radically changes direction. But when you think about it, having 360 degrees comprise a full revolution is rather arbitrary. Why not 666 degrees, or 2,112 degrees, or any other randomly chosen number?

We can, in fact, trace the origin of the 360-degree figure back to the Babylonians—it’s purely a historical artifact. But there’s a much more mathematical (and, indeed, much more natural) way to define an angle that is used throughout science, maths, and engineering, and that doesn’t rely on some arbitrary number of degrees in a circle. It’s the radian. Our mosher friend traverses an angle of one radian when the distance she has run around the circle pit is the
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