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Abstract

Contained below are two sets of program notes. The first set, §1, is what would actually
be printed in the program of a concert featuring Heat Death. The second set,§2, is a detailed
analysis of the work. The content of §2 is intended to be viewed at the curious leisure of a listener
who chooses to follow the link provided in §1 for a detailed understanding of the compositional
process.

1 Printed in the Program

Imagine Entropy! It increases endlessly and explains why order easily leads to chaos and not the
other way around. Ultimately, the universe will go from what is now, a relatively low entropy state
to a maximal entropy state. In this maximal entropy state, all of the stars will be dead, the galaxies
spread apart, and the temperature of everything will be very near absolute zero. This is the heat
death of the universe, a prevailing theory about the ultimate fate of the cosmos. This piece, then, is
the heat death of an imaginary sonic universe formed in your mind. For an analytical discussion of
the piece and a recording, please visit my soundcloud page at www.soundcloud.com/evan11235813
or scan this:

Waveform of Heat Death

QR-code that links to www.soundcloud.com/evan11235813
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2 Analytical Program Notes

Heat Death is the purest attempt I have yet to make in accomplishing my goal of creating science-
music. Science-music requires creating a piece of music that transcends the idea of representation
by articulating, through carefully chosen mapping techniques (as discussed in §2.2), actual physical
phenomena. For a more detailed discussion about what science-music is and how it relates to
my music (Heat Death in particular), please watch my TEDxGoodenough College Talk titled The
Composition of the Cosmos.1 The best way to understand what Heat Death is, within the context
of science-music, is to explore the physics that generate the form, and then to discuss the techniques
of actually mapping the physics to music.

2.1 The Physics and the Form

As is very briefly discussed in §1, the heat death is a prevailing theory about how the universe will
end. In essence, it is the inevitable conclusion of the Second Law of Thermodynamics

dS

dT
= Ṡi (2.1.1)

where Ṡi is the rate of the sum of all of the entropy production in the universe and Ṡi ≥ 0. Because
the rate of creation of entropy is always positive, eventually the universe will reach a maximum
entropy state. This state is the heat death, where, because S = Smax and dS/dT = 0, there is no
more energy to do any work with. The universe effectively runs out of the energy required to put
into order any sort of information, process, or object. In the heat death, there is nothing but a very
cold haze of isotropic radiation everywhere.

Of course, this all sounds very dire and it is tempting to imagine composing a piece where the
emotional implications of the heat death are explored. However, I am interested in exploring the
sonic implications of the processes that govern the heat death being applied to musical variables.
The specific method of applying these processes to musical variables is discussed in §2.2, however,
what these processes are, and why they were chosen will be discussed here.

To develop the form of Heat Death, it was necessary to consider the boundary conditions of
the universe now and after the heat death. Now, the entropy of the universe S0 is relatively low,
and the temperature T0 is relatively high.2 In the heat death, the entropy is at a maximum,
Smax, and the temperature is at its minimum, Tmin → 0K.3 Because dS/dT > 0 for non-reversible
processes, we know that the movement from S0 to Smax is continuous.4 Similarly, we know that
the temperature drops continuously as well. Musically, this means that the form of Heat Death,
in order to accurately model the physical processes it means to model, must have all the musical
variables mapped onto from temperature always decreasing, and all the musical variables mapped
onto from entropy always increasing. The way in which these variables increase and decrease should
be governed by relationships that represent a physical model of the process creating the heat death.

The processes that govern the evolution of the universe and lead to the heat death are very
complicated, and for the sake of the compositional process, I chose to use simple models from
thermodynamics to derive the physical relationships. These relationships worked out to being

T (t) ∝ 1

t
(2.1.2a)

S(t) ∝ ln(t). (2.1.2b)

1A link to this talk can be found on my soundcloud page: www.soundcloud.com/evan11235813. LATEXis awesome!
2For the purposes of the composition of this piece, it is not necessary to have actual values for these variables,

which is convenient because they are not easily quantified.
3Of course, the temperature never reaches absolute zero, but in the heat death, it is predicted to get asymptotically

close.
4Eq. 2.1.1 is true in all cases, but all physically real cases involves processes that are not strictly reversible,

therefore the inequality Ṡi ≥ 0 can simply be written as Ṡi > 0, which for ease simply gives us dS/dT > 0.
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Here, we can see that both of these equations satisfy the requirements set out in the boundary
conditions, e.g. that limt→∞ T (t) = 0 and limt→∞ S(t) = ∞. Of course, these limits are never
reached physically, but both curves behave as expected along the way.5 With these functions in
hand, the next step in the composition of Heat Death was to map these functions onto musical
variables.

2.2 Techniques of Mapping

In general, to control musical variables using mathematical tools, it is necessary to understand the
conceptual nature of the both the physical source, and the musical product. For instance, when
attempting to answer the question ‘which parts of the musical experience that I control are best
able to model the variation predicted by the temperature curve?’ , one must understand the nature
of both the music and the physics. The choices I made for mapping the relationships in Eqs. 2.1.2
can be found in Table 2.2.1.

Physical Relationship Musical Variable
Dynamic Intensity

Temperature → Event Timing
Average Pitch
Duration of Still

Entropy → Frequency of Still
Pitch Range

Table 2.2.1: The conceptual mappings of physical variables to musical variables in Heat Death

In Table 2.2.1, the entropy maps to the properties of Stills. Stills are areas where the rhythmic
discourse stops and the ensemble sits in stasis. The Stills happen independently of the event timings
calculated by the temperature mappings. To map the relationships in Eqs. 2.1.2 to the variables
in Table 2.2.1, I decided to use a common variable for all of musical elements. It was important
for this variable to not be the time at which an event occurs, so that I could calculate event times
independently.

Using the event number n as the independent variable, it was easy to develop equations that
satisfy the mappings and have adjustable constants. The time of each event not occurring in a Still
was governed by

t(n) = tdur

( n
N

)α
+R0

( n
N

)β
Rand(−1, 1) (2.2.1)

where tdur = 480 seconds is the characteristic duration, N = 108 is the characteristic total number of
events, α = 1.618 is the characteristic exponent, R0 = 161 seconds is the characteristic random-part
scale, β = 1.618 is the characteristic random-part exponent, and Rand(−1, 1) is a random-number
generator that produces values between -1 and 1. The timings for the events for each instrument
are shown graphically in Fig. 2.2.1.

As the event number n increases, the amount of randomness in the timing of each event increases,
corresponding to a universe where the entropy (and thus chaos) is increasing. Also, one might expect
to see the curve decreasing in value, however, it takes it shape because in order for the event density
to decrease with temperature, the difference in time between two adjacent events must increase.
Similarly, the equation governing the dynamics, where the mapping requires lower dynamics for
lower temperatures, is

D(t(n)) = dD0 −D1 ln(t(n) + 12)e (2.2.2)

5Taking the time derivative of Eqs. 2.1.2 tells us about the rate in which they change. For temperature, Ṫ ∝ −t2
meaning that as time increases, the temperature always decreases, but the rate it decreases is constantly getting
slower. Similarly for entropy, Ṡ ∝ t−1, so even though the entropy is always increasing, the rate at which it increases
is always getting slower.
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Figure 2.2.1: Event Timings generated by Eq. 2.2.1.

where m ≥ 1 is the Still index, D0 = 68 is the characteristic dynamic offset and D1 = 11 is the
characteristic dynamics scale. Here, the equation is dependent on the time of the events t(n), and
not there event number n, meaning that the dynamic values are not randomized in time. The values
Eq. 2.2.2 produces are rounded up to the nearest integer, and the range goes from a maximum
dynamic Dmax = 18(ffff with an accent) to Dmin = 1 (pppp without an accent).

The pitches are governed by the permutation of a scale derived from the characteristic harmony of
the piece, which is transposed through common-tone modulations between each Still. The permuta-
tions of the scale are based on the event number n, so that as the event timings become randomized,
the scale becomes non-linear. The modulations of each chord is governed by the pitch-boundaries
determined by the entropy mapping. This was approximated using two equations, one for the upper
boundary and one for the lower boundary. These equations are

PH(m) = PH2 m
2 − PH1 m+ PH0 (2.2.3a)

PL(m) = PL0 − ln(m) (2.2.3b)

where PH2 = 1/11, PH1 = 10/11, and PH0 = 7.5 are the characteristic high-boundary pitch constants
and PL0 = 4.93 is the characteristic low-boundary pitch constant. The values Eqs. 2.2.3 generate
are in the form of decimal octaves that are converted to pitches using scientific pitch notation (e.g.
C0, C1, . . . ).

The Stills were calculated after the rhythmic discourse governed by Eq. 2.2.1 was completed.
The best explanation for the existence of the Stills within the science-music context is that they

represents areas in the Heat Death universe where the heat death has already occurred. I consider
the Stills to be areas of maximal entropy, and artistically, they are areas of relative compositional
freedom. Each Still m is governed by two equations, one giving the location along the n-axis of

each Still, and the other giving the duration of each Still in beats B. The equations are

n(m) =
n0
m

(2.2.4a)

B(m) = m+ 3. (2.2.4b)
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where n0 = 25.5 is the characteristic number scale and the value of 3 was chosen purely based on
æsthetic reasons. The Stills were inserted according to Eqs. 2.2.4 via the n-axis. To do this, the
time in the piece where each Still was inserted was calculated using Eq. 2.2.1 with R0 = 0 (the
smooth line shown in Fig. 2.2.1).

The main compositional freedom in this piece was in the original choice of harmonic language,
as well as the way the chords related to each other, and the orchestration of the Stills. The instru-
mentation of the piece, Clarinet in B[, Accordion, Violin, Viola, and Cello offered a variety of short
and sustained sonic combinations. The accordion is a wonderful instrument and blends beautifully,
both in staccato sections (non-Stills) and in the sustained, Still sections. The exigence for most
of the compositional material in Heat Death came from a workshop with the CHROMA ensemble
where a number of variations on the Still material were explored. These variations, along with a
preliminary working-out of the non-Still music gave me enough confidence to move ahead with the
full compositional task. This task was completed on 9 January, 2014 and revised on 27 January, 2014
for the premiere on 30 January, 2014 by the CHROMA ensemble in the David Josefowitz Recital
Hall at the Royal Academy of Music in London, UK.

2.3 A Brief, Concluding Remark

As a final note, I feel it is important to emphasize how little of an understanding of everything
covered in §2 is to the listening experience. The reason the program note presented in §1 fails
to mention any of the detail covered in §2 is that the most important experience that should be
achieved by a performance of Heat Death is that it becomes indistinguishable from the listener’s
own understanding, however basic, of the heat death of the universe. I am proud of the tools I have
developed to make this piece, and I hope that I can continue to improve them in order to achieve a
more perfect science-music. However, like when admiring great architecture where we do not need
to know what kind of scaffolding was used to put the building together, I hope that the discourse of
sounds in Heat Death are able to speak for themselves. I have presented the tools and methods of
composition here as a means of further understanding them myself, and as a way to share my rather
scientific way of engaging with composition. Thank you for your interest if it has taken you this far
into these notes, and I sincerely hope that Heat Death awakens within you, if only for a moment, a
sense of the greatness of the universe.
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