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1. Physics of Music.

     When I first came to UW in 1980, I found Ken Young presiding over an indescript hole in the basement of the old Physics building which functioned as the "Physics of Music Laboratory", "equipped" with 19-century acoustical instruments (Figure 1). He was enthusiastically teaching PHYS207: how strings vibrate, how do you measure reverberation time of a hall, … . I recently found a tape with a record of Ken's activities: he is going from room to room, measuring reverberation time by clapping two wooden sticks together.

     Ken was concerned about acoustics in our new building, too, and he spent much time on advocating better noise control and improvements in auditorium acoustics. In general, he emphasized the "Physics" in "Physics of Music", and indeed: there is much good Physics in Physics of Music. In my own research, I am interested in topics such as:

    correlations between the subjective and objective attributes of musical sound, 

    investigations of the absolute pitch perception, 

    advanced methods of signal analysis / synthesis, 

    quantification of aspects of musical performance, 

    physical underpinnings of consonance / dissonance / harmony, 

    and last but not least: the Physics of the Pipe Organ.

     Let me give you one example of an interesting phenomenon, from this most-mechanical branch of Musical Acoustics: the Physics of Pipe Organs. The sound of a pipe organ is simple enough for meaningful analyses and simulations to be possible, yet complex enough for work to be interesting and for results to be non-trivial. The mechanism of a large pipe organ is complicated, but the principle is simple (Figure 2): by far, most of the pipes are inside the organ case, arranged in a two-dimensional matrix. Row upon row of pipes of different pitch but of the same "timbre" sit on compressed-air supply channels, and (in a 'stop-channel' design) pulling a given "stop" admits air into a given channel. For a given pipe to actually sound, the valve in its foot must be opened by organist pressing the appropriate key. So e.g. with a "8' flute stop" pulled and the G4 key pressed, all 8' flute pipes get compressed air beneath them, and the valves on all G4 pipes are opened, but only the G4 8' flute pipe will sound … The complexity of the organ sound is achieved by the many possible combination of stops on the 2-5 Manuals and a full pedalboard … 

     This simple picture gets complicated by several interesting non-linear effects. To start with, the very fact that the pipe organ sound is strictly harmonic, in spite of the not-quite-harmonic structure of the spectrum of each pipe, is highly non-trivial and remarkable. Similar non-linearity plays a role in the phenomenon of cross-talk between different pipes. An example of this, with numbers rounded up to make the case simpler: pipes 1 and 2 are nominally tuned to 1000 Hz each, but in fact, pipe 1 sounds at 1000 Hz and pipe 2 sounds at 1001 Hz when played solo. When you play both pipes at the same time, instead of the expected beating at 1 Hz they instantly drive each other to a common frequency, and that frequency is 1002 Hz! Many parameters are relevant to this effect, the most important being the mutual position of the two pipes. It is not difficult to imagine that these effects, applied on the full organ playing many notes with many stops pulled, will result in a complicated sound far from simple linear superposition. 

    Effects like these are often detrimental to the quality of the resulting sound, and have to be minimized by organ builders. But sometimes, a  little mistuning or other irregularity is desirable, and in fact essential. It is a permanent topic of my interest, assigned to my students at all levels, to investigate:

       What is the role of imperfection necessary to achieve the perception of perfection?

From here, there is just a step to a question which I asked at a recent Music PhD examination: 

                                   What is the role of sound in music? 

Not only the candidate, but also my fellow faculty committee members were somewhat puzzled by this inquiry …

2. Kepler's Harmony of the World.

     By consideration such as the above we are lead to understanding that there is more to the relationship between Physics and Music than just Physics of Music. In fact, a book which I recommend to all classes I teach is Godel Escher Bach  by Hofstadter [1] - a masterful, and still not equaled, synthesis of Mathematics, Science in general, Art and Music in particular, and English. Ever since Pythagoras took the first steps towards mathematization of human experience, Music has served as powerful inspiration and motivation, and as a source of countless metaphors and analogies. 

     In our first example, we should recall that Johannes Kepler labored in Prague, for 5 years with hardly time to sleep, on endless calculations and recalculation of the orbit of Mars where simple Copernican circular model was in disagreement with the new, precise data by Tycho de Brahe.  His eventual triumph with ellipse and three Kepler laws was an important ingredient in Newton's discovery of the universal law of gravity. The motivation which enabled Kepler to persist in this effort (which is somewhat difficult to even imagine - without computers, without calculators, not even a slide rule ….) was a quasi-mythical idea of The Harmony of the World, or Music of the Spheres  ….

     In passing, it is interesting to note that while Giordano Bruno was burnt at stake in 1600, and Galileo found guilty of heresy in 1633, Kepler writes in 1619 [2]: 

    ..First, therefore, readers should take it as absolutely settled today among all astronomers that all the planets go round the Sun, with the exception of the Moon, which alone has the Earth as its center …. .

And since I am into recommending good books to read, I must mention another book which I recommend to all classes I teach: it is The Sleepwalkers  by Arthur Koestler [3] - a literally breathtaking account of how scientific discoveries are made, illustrated the stories of Pythagoras, Kepler and Galileo.

3. LISA and the Gravitational Symphony of the Universe.

    Skipping four centuries, we find the power of musical metaphor undiminished. In the most beautiful (and largest) experiment I have ever seen, NASA and ESA will launch 3 satellites in an orbit of the Sun. This will be the Laser Interferometer Space Antenna: LISA [4]. The distances between the satellites will be some 3 million miles. Changes of that distance will be monitored, to a precision of one-tenth of an atomic diameter (!), by laser interferometry, to detect arrival of gravitational wave. In a mechanism analogous to our ability to localize source of sound, the experiment will be able to localize the direction as well as the distance of the signal origin (Figure 3). It is mind-boggling to realize that - if everything goes well - the experiment will first discover the gravitational waves, then proceed to use them as a tool to "observe" deep into space and time, as far as the edge of the observable Universe, and as early as 0.000 000 000 1 seconds after the Big Bang!

     Musical metaphor for LISA is almost unavoidable:

     "Stereo Recording of the Gravitational Symphony of the Universe".

(complete with "orchestra" and "soloists" … - see Figure 4). 

4. Princeton String Quartet.

     And the power of Music touches Physics theory, too. In the String Theory, all different "fundamental" particles are thought to correspond to different modes of vibration of a tiny string, in a beautiful analogy to different notes produced on a real string of a violoncello. In the early days of string theory, Princeton had particularly strong group consisting of Professors Gross, Harvey, Martinec and Rohm. It is a joke only a music-loving physicist can fully appreciate that this group became known as the Princeton String Quartet.

5. Music as Physicist's Playground.

     So we see that there is indeed much more to Physics and Music than just Physics of Music, and Ken Young appreciated this very well. He sang with a beautiful, firm voice, and he played cello, and this brings me to my final Theme. When I teach Introductory Quantum Mechanics  I tell my students that "particle in one-dimensional box" is a nice playground, to exercise large variety of skills and fundamental concepts, without even having to solve the Schrodinger equation.

   In the same sense, but much more generally, Music is a beautiful and inspiring playground for a physicist. By studying the physical aspects of musical sound production, propagation and perception, we don’t attempt to remove the mystery which surrounds the creative aspects of musical experience. Rather, by eliminating the "false puzzles", we allow full light to shine on the true, inexplicable mysteries of Music. At the same time, Music is eminently suitable for "humanizing" the sometimes dry, impersonal research. And lately I found good use for Music in brightening subjects and topics which otherwise might be a little too depressing, so that when I discuss the weighty issues of Science and Society [5] I usually entitle the lecture: Science, and Music, with Exuberance and Humility, and play some Bach at the end.
     I am an organist, but Ken played the cello, so let us conclude with a movement from Bach's Suites for an unaccompanied Violoncello [6].

6. Conclusion:

More than 10 years ago I wrote [7]:

Indeed, the 20th century has transformed physics back to where and how it started: Natural Philosophy, contemplating, with a mixture of humility and exuberance, all the facets of Nature.

I can only add: Music plays a significant  role in excellent adventure!
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Figure Captions: (Figures coming up soon …)
Fig. 1: Typical equipment in use for teaching Physics of Music at UW in 1981.

Fig. 2: Arrangement of pipes inside the pipe organ.

Fig. 3: Simulated signal after 1 year of LISA operation.

Fig. 4: LISA as a "stereo recording of the gravitational symphony of the Universe"

