a journal of mathematics

Hexatonic systems and dual groups
in mathematical music theory

Cameron Berry and Thomas M. Fiore

:-msp

2018 vol. 11, no. 2



INVOLVE 11:2(2018)
dx.doi.org/10.2140/involve.2018.11.253

Hexatonic systems and dual groups
in mathematical music theory

Cameron Berry and Thomas M. Fiore

(Communicated by Joseph A. Gallian)

Motivated by the music-theoretical work of Richard Cohn and David Clampitt on
late-nineteenth century harmony, we mathematically prove that the PL-group of a
hexatonic cycle is dual (in the sense of Lewin) to its 7/I-stabilizer. Our points of
departure are Cohn’s notions of maximal smoothness and hexatonic cycle, and
the symmetry group of the 12-gon; we do not make use of the duality between the
T/I-group and PLR-group. We also discuss how some ideas in the present paper
could be used in the proof of T/I-PLR duality by Crans, Fiore, and Satyendra
(Amer. Math. Monthly 116:6 (2009), 479-495).

1. Introduction: hexatonic cycles and associated dual groups

Why did late nineteenth century composers, such as Franck, Liszt, Mahler, and
Wagner, continue to favor consonant triads over other tone collections, while
simultaneously moving away from the diatonic scale and classical tonality?

Richard Cohn [1996] proposed an answer, independent of acoustic consonance:
major and minor triads are preferred because they can form maximally smooth
cycles. Consider for instance the following sequence of consonant triads, called a
hexatonic cycle by Cohn:

Eb,eb,B,b,G, g, EDb. 1)

We have indicated major chords with capital letters and minor chords with lowercase
letters. Although the motion from a major chord to its parallel minor, e.g., Eb to eb,
B to b, and G to g, is distinctly nondiatonic, this sequence has cogent properties
of importance to late-Romantic composers, as axiomatized in Cohn’s notion of
maximally smooth cycle [1996, page 15]:
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e Itis a cycle in the sense that the first and last chords are the same but all others
are different. A cycle is required to contain more than three chords.

o All of the chords are in one “set class’; in this case each chord is a consonant
triad.

o Every transition is maximally smooth in the sense that two notes stay the same
while the third moves by the smallest possible interval: a semitone.

Cohn considered movement along this sequence transformationally as an action
by a cyclic group of order 6. Additionally, David Clampitt [1998] considered
movement along this sequence via P and L, and also via certain rotations and
reflections. As usual, we denote by P the “parallel” transformation that sends a
major or minor chord to its parallel minor or major chord, respectively. We denote
by L the “leading tone exchange” transformation, which moves the root of a major
chord down a semitone and the fifth of a minor chord up a semitone, so the L sends
consonant triads eb to B, and b to G, and g to Eb. The hexatonic cycle (1) is then
positioned in the network

L

with alternating P and L transformations between the nodes.

Wagner’s Grail motive in Parsifal can be interpreted in terms of network (2),
as proposed by David Clampitt [1998]. A small part of Clampitt’s analysis of
the first four chords is pictured in Figure 1. Clampitt includes the final Db chord,
which lies outside of the hexatonic cycle (1), in his interpretation via a conjugation-
modulation applied to a certain subsystem. A third interpretation, in addition to the
cyclic one of Cohn [1996, Example 5] and the PL-interpretation in Figure 1, was
also proposed by Clampitt, this time in terms of the transpositions and inversions
{Ty, Ty, Tg, 1, Is, Iy}. Clampitt observes that this group and the PL-group form dual
groups in the sense of Lewin [1987], via their actions on the hexatonic set of chords
in (1). The perceptual basis of all three groups is explained in [Clampitt 1998].

The contribution of the present article is to directly prove that the PL-group
and the group {7y, T4, T3, 11, Is, Is} in Clampitt’s article are dual groups acting
on (1). Our points of departure are the hexatonic cycle (1), the standard action of
the dihedral group of order 24 on the 12-gon, and the Orbit-Stabilizer Theorem.
We do not use the duality of the 7'/1-group and PLR-group. Some arguments in
Section 3 are similar to arguments of Crans, Fiore, and Satyendra [Crans et al.
2009], but there are important differences; see Remark 3.10.

Just how special are the consonant triads with regard to the maximal smoothness
property? According to [Cohn 1996], only six categories of tone collections support
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Figure 1. Top: Grail motive from Wagner, Parsifal, Act 3, measures
1098-1100, reproduced from [Clampitt 1998, Example 1]. Bottom:
First four chords of the Grail motive in a hexatonic PL-network of
Clampitt. Notice that the bottom arrow is the composite of the three
top arrows, and goes in the opposite direction of the bottom arrow
of diagram (2).

maximally smooth cycles: singletons, consonant triads, pentatonic sets, diatonic
sets, complements of consonant triads, and 11-note sets. Clearly the singletons
and 11-note sets do not give musically significant cycles. The pentatonic sets
and the diatonic sets each support only one long cycle, which exhausts all 12 of
their respective exemplars. The consonant triads and their complements, on the
other hand, support short cycles that do not exhaust all of their transpositions and
inversions. The maximally smooth cycles of consonant triads are enumerated as
sets as follows:

{Eb, eb, B, b, G, g}, (3)
{E,e, C,c, Ab,ab}, 4)
{F, f,Ct, ct, A, a}, (5)

(Ft, f#, D,d, Bb, bb}. (6)

These are the four hexatonic cycles of Cohn [1996, page 17]. They (and their
reverses and complements) are the only short maximally smooth cycles that exist
in the Western chromatic scale.

2. Mathematical and musical preliminaries: standard dihedral group action
on consonant triads and the Orbit-Stabilizer Theorem

We quickly recall the standard preliminaries about consonant triads, transposition,
inversion, P, L, and the Orbit-Stabilizer Theorem. A good introduction to this very
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major triads minor triads
C=1(0,4,7) 0,8,5)=f
Ct=Db=(1,5,8) (1,9,6) = fi=gb
D=(2,6,9 |{2,10,7)=¢
Dit=Eb=(3,7,10) | (3,11,8) =g =ab
E=(48,11)| 4,0,9)=a
F=(5,9,00 | (51,10) =att =bb
Fi=Gb=1(6,10,1) | (6,2,11)=b
G=(7,11,2) | (7,3,0)=c
Git=Ab= (8,0, 3) (8,4,1) =ctf =db
A=(9,1,4) 9,5,2)=d
At =Bb=(10,2,5) | (10,6,3) =dft =eb
B={(11,3,6) | (11,7,4)=¢

Table 1. The set of consonant triads, denoted Triads, as displayed
on page 483 of [Crans et al. 2009].

well-known background material is [Crans et al. 2009]. Since this background has
been treated in many places, we merely rapidly introduce the notation and indicate
a few sources.

Consonant triads. We encode pitch classes using the standard Z, model, where
C =0, Cg=Db=1, and so on, up to B = 11. Via this bijection we freely refer to
elements of Z1, as pitch classes. Major chords are indicated as ordered 3-tuples in
Zy, of the form (x, x +4, x +7), where x ranges through Z,,. Minor chords are
indicated as 3-tuples (x + 7, x + 3, x) with x € Z;,. We choose these orderings to
make simple formulas for P and L; this is not a restriction for applications, as the
framework was extended in [Fiore et al. 2013a] to allow any orderings. We call
the set of 24 major and minor triads Triads, this is the set of consonant triads. The
letter names are indicated in Table 1.

Transposition and inversion, and P and L. The 12-tone operations transposition
T, :Zy» — Zy, and inversion I, : 71 — Z1, are given by

T,x)=x+n and I,(x)=—x+n

for n € Z1,. These 24 operations are the symmetries of the regular 12-gon, when
we consider O through 11 as arranged on the face of a clock. In the music-theory
tradition, this group is called the 7'/I-group (the *“/” does not indicate any kind of
quotient). The unique reflection of the 12-gon which interchanges m and n is I;,,,
as can be verified by direct computation.
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Many composers, for instance Schoenberg, Berg, and Webern, utilized these
mod 12 transpositions and inversions. These functions and their compositional uses
have been thoroughly explored by composers, music theorists, and mathematicians;
see for example [Babbitt 1955; Forte 1973; Fripertinger and Lackner 2015; Hook
2007; Hook and Peck 2015; McCartin 1998; Mead 2015; Morris 1987; 1991; 2001;
2015; Rahn 1987]. Indeed, the three recent papers [Fripertinger and Lackner 2015;
Mead 2015; Morris 2015] together contain over 100 references.

We consider these bijective functions on Z; also as bijective functions on Triads
via their componentwise evaluation on consonant triads:

Tw(x1,x2,x3) =(Tyx1, Tyx2, Tyx3) and I, (xy, x2,x3) = (I, x1, Lyx2, I,x3). (7)

Also on the set Triads of consonant triads (with the indicated ordering), but not
on the level of individual pitch classes, we have the bijective functions P and L
defined by

P(x1,x2, x3) = Ly, 45y (X1, X2, x3) and  L(xy, x2, x3) = L,y (X1, X2, X3). (8)

As remarked above, P stands for “parallel” and L stands for “leading tone ex-
change”.
We consider T, I,, P, and L as elements of the symmetric group Sym(Triads).

Proposition 2.1. The bijections P and L commute with T,, and I, as elements of
the symmetric group Sym(Triads).

Proof. This is a straightforward computation using equations (7) and (8). This
computation has been discussed in broader contexts in [Fiore et al. 2013b] and
[Fiore and Satyendra 2005]. U

Orbit-Stabilizer Theorem. Suppose S is a set with a left group action by a group G
(all group actions in this paper are left group actions). Recall that the orbit of an
element Y € § is

orbitof Y :={gY | g € G}.

The stabilizer group of an element Y € S is
Gy ={geG|gYr=Y}.

Theorem 2.2 (Orbit-Stabilizer Theorem). Let G be a group with an action on a
set S. Neither G nor § is assumed to be finite. Then the assignment

G/Gy — orbitof Y,
8Gy — gY,
is a bijection. In particular, if G is finite, then each orbit is finite, and

|G|/|Gy| = |orbit of Y. )
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Simple transitivity. A group action of a group G on a set § is said to be simply
transitive if for any Y, Z € S there is a unique g € G such that gY = Z. Informally,
we also say the group G is simply transitive if the sole action under consideration
is simply transitive.

Proposition 2.3. (1) An action of a group G on a set S is simply transitive if and
only if it is transitive and every stabilizer Gy is trivial.

(2) Suppose G is a finite group that acts on a set S. Then G is simply transitive if
and only if any two of the following three hold:

(a) G is transitive.
(b) Every stabilizer Gy is trivial.
(¢) G and S have the same cardinality.
In this case, the third condition also holds.

Another way to read this “if and only if " statement is: assuming G is finite
and any one of the conditions holds, G is simply transitive if and only if another
one of the conditions holds.

(3) Suppose a (not necessarily finite) group Hy acts simply transitively on a set S,
and a subgroup Hj of H| acts transitively on S via its subaction. Then H| = H,.

Proof. (1) If the action is simply transitive, then it acts transitively and for each
Y € S, there is only one g € G with gY =Y, and hence each Gy is trivial.

Suppose G acts transitively and for every Y € S, the group Gy is trivial. Suppose
Y,Z € S and g1, g € G satisty g1Y = Z and go0Y = Z. Then Y = gglz and
g;lle =Y, s0 g;lgl € Gy = {e}, and finally g; = g».

(2) We first prove that any two of the conditions implies the third and implies
simple transitivity.

(a)(b) = (¢): G is simply transitive by (1), and equation (9) says |G|/1 =S|, so
|G| = |S] and (c) holds.

(b)(c) = (a): Equation (9) says |S| =|G|/1 = |orbit of Y|, so S = orbit of Y, and
G is transitive and (a) holds, so G is simply transitive by (1).

(a)(c) = (b): Equation (9) says |G|/|Gy| = |G|, so |Gy| =1 and (b) holds, and
G is simply transitive by (1).

Now that we have shown any two of the conditions implies the third and simple
transitivity, we want to see that simply transitivity implies all three conditions.
From (1), simple transitivity implies (a) and (b), and we have already seen (a) and
(b) imply (c).

(3) Suppose H; properly contains Hj, and h| € Hi\H,. Fix a Y € S and define

Z := h Y. Then by the transitivity of H», there is an s, € H, such that Z = h,Y.
But by the simple transitivity of Hj, we must have & = h;, a contradiction.  [J
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3. Main theorem: Hexatonic Duality

We next review the notion of dual groups, and then turn to the main result,
Theorem 3.9 on hexatonic duality. Recall that subgroups G and H of Sym(S)
are dual in the sense of Lewin [1987, page 253] if each acts simply transitively on §
and each is the centralizer of the other.! Recall the centralizer of G in Sym(S) is

C(G)={o € Sym(S) | og = go for all g € G}.

Before turning to the main result, we prove two simultaneous redundancies in
the notion of dual groups: instead of requiring the two groups to centralize each
other, it is sufficient to merely require that they commute, and instead of requiring
H to act simply transitively, it is sufficient to merely require H acts transitively.

Proposition 3.1. Let S be a (not necessarily finite) set. Suppose G < Sym(S) acts
simply transitively on S and H < Sym(S) acts transitively on S. Suppose G and H
commute in the sense that gh = hg forall g € G and h € H. Then G and H are
dual groups. In particular, H also acts simply transitively and G and H centralize
one another.

Proof. We would like to first conclude from the simple transitivity of G, the
transitivity of H, and the commutativity of G and H, that the centralizer C(G) acts
simply transitively on S.

We claim C(G) acts simply transitively on S. It acts transitively, as C(G) 2 H
and H acts transitively. So, it suffices by Proposition 2.3(1) to prove that, for each
s € S, the only element of C(G) that fixes s is the identity. Let o be an element of
C(G) that fixes s, and g any element of G. Then,

os=s = g(os)=g(s) = (go)s=(gs) = (0g)s=(gs) = o(gs)=(gs).

Lewin [1987, page 253] gave a more general situation that gives rise to examples of dual groups
in the sense defined above, though he did not formally make this definition. He starts with a group
G, there called STRANS, assumed to act simply transitively on a set S, and then makes three claims
without proof: (1) the centralizer C(G) in Sym(S) acts simply transitively on S (the centralizer
C(G) is called STRANS' there); (2) the double centralizer C(C(G)) is contained in G, so actually
C(C(G)) = G; and (3) the two generalized interval systems with transposition groups G and C(G)
respectively have interval-preserving transformation groups, precisely C(G) and G respectively. See
Proposition 3.2 for a proof of statements (1) and (2). Statement (3) is a consequence of the first
two statements in combination with COMM-SIMP duality, which was stated on page 101 of [Lewin
1995] and partially proved in [Lewin 1987, Theorem 3.4.10]. For a review of COMM-SIMP duality
and another proof, see [Fiore and Satyendra 2005, Section 2 and Appendix]. For the equivalence
of generalized interval systems and simply transitive group actions, see pages 157-159 of Lewin’s
monograph. The equivalence on the level of categories was proved by Fiore, Noll and Satyendra
[Fiore et al. 2013b, page 10]. The undergraduate research project of Sternberg [2006] worked out
some of the details of Lewin’s simply transitive group action associated to a generalized interval
system and investigated the Fugue in F from Hindemith’s Ludus Tonalis.
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So, not only does o fix s, but o also fixes (gs) for every g € G. That is to say,
o =1Idg, and C(G) acts simply transitively on S.

Now we have the transitive subgroup H contained in the simply transitive group
C(G) by the assumed commutativity, so by Proposition 2.3(3), H = C(G), and H
also acts simply transitively.

To obtain C(H) = G, we use the newly achieved simple transitivity of H and
repeat the argument with the roles of G and H reversed. ([

We may now use a result of Dixon and Mortimer to prove a statement of Lewin
[1987, page 253], as suggested by Julian Hook, Robert Peck, and Thomas Noll.
Parts (1) and (2) of the following proposition were stated by Lewin.

Proposition 3.2. Let S be a (not necessarily finite) set. Suppose G < Sym(S) acts
simply transitively on S. Then:

(1) The centralizer C(G) in Sym(S) acts simply transitively on S.
(2) The centralizer of the centralizer C(C(G)) is equal to G.
(3) Define H := C(G). Then G and H are dual groups.

Proof. (1) This follows immediately from [Dixon and Mortimer 1996, Theo-
rem 4.2A(i) and (ii), page 109]. There semiregular means point stabilizers are
trivial and regular means simply transitive.

(2) Since C(G) is simply transitive, we can apply Dixon and Mortimer’s result to
C(G) to get that the double centralizer C(C(G)) simply transitive. But C(C(G))
contains the simply transitive group G, so C(C(G)) = G by Proposition 2.3(3).

(3) This follows directly from the preceding two by definition. U

We now turn to the discussion of our main result.
Let Hex be the set of chords in the hexatonic cycle (1) and Hex the set of
underlying pitch classes of its chords; that is,

Hex := {Eb,eb, B,b, G, g}, Hex:={2,3,6,7,10, 11}.

Our goal is to prove that the restriction of the PL-group to Hex and the restriction
of {Ty, T4, Ts, 11, Is, Io} to Hex are dual groups, and that each is dihedral of order 6.
The strategy is to separately prove the unrestricted groups act simply transitively
and are dihedral, and then finally to show that the restricted groups centralize each
other. We begin with a characterization of the consonant triads contained in Hex.

Lemma 3.3. The only consonant triads of Table 1 contained in Hex as subsets are
the elements of Hex.

Proof. We first identify the available perfect fifths in Hex (pairs with difference 7),
and then check if the corresponding major/minor thirds are in Hex.
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Figure 2. The solid circles represent the subset Hex of Z;,. The
symmetry of the subset makes apparent that the only rotations
which preserve Hex are Ty, 14, and Tg. The geometric locations of
the solid circles also imply that the reflections across the dashed
lines are the only reflections which preserve Hex.

The only pairs of the form (x, x +7) are (3, 10), (7, 2), and (11, 6), and we see
that x +4 is contained in Hex in each case; that is, 7, 11, and 3 are in Hex. Thus
we have the three major chords Eb, G, and B, and no others.

The only pairs of the form (x +7, x) = (y, y+5) are (2, 7), (6, 11), and (10, 3),
and we see that x + 3 = y + 8 is contained in Hex in each case; that is, 10, 2, and 6
are in Hex. Thus we have the three minor chords g, b, and eb, and no others. [

Proposition 3.4. (1) The only elements of the T/I-group that preserve Hex as a
set are {Ty, Ty, Ty, 1, Is, 19}, so they form a group, which we will denote by H.

22) H :={Ty, T4, T3, 11, Is, 19} is dihedral of order 6.

Proof. (1) If an element of the T/I-group preserves Hex as a set, then it must
also preserve the collection Hex of underlying pitch classes as a set. Geometric
inspection of the plot of Hex in Figure 2 reveals that the only rotations that preserve
Hex are Ty, Ty, and Tg.

Again looking at Figure 2, we see that the three reflections which interchange
2+ 30r6<« 7or 10 < 11 preserve Hex. By a comment on page 256, these are

Dhiys=1Is, Isx7=11, ILot1n1 = Io.

No other reflections preserve Hex, as we can see geometrically from its limited
reflection symmetry.
Since H :={Ty, Ty, T3, 11, Is, Iy} is a setwise stabilizer of Hex, it is a group.
From Lemma 3.3 we see that {7y, T4, T3, I, I5, Ig} must also stabilize the chord
collection Hex as a set. No other transpositions or inversions stabilize Hex by the
argument at the outset of this proof.
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(2) The only noncommutative group of order 6 is the symmetric group on three
elements, denoted Sym(3), which is isomorphic to the dihedral group of order 6.
The group under consideration is noncommutative, because 74/ (x) = —x 45 while
L Ty(x) = —x — 3. U

Proposition 3.5. The setwise stabilizer H acts simply transitively on Hex.

Proof. The H-orbit of EDb is all of Hex, as the following diagram shows.

We have |H| = 6 = |orbit of Y| so the Orbit-Stabilizer Theorem
|H|/|Hy| = |orbit of Y|
implies |Hy| = 1. See Proposition 2.3(2). O

Next we can investigate the subgroup of Sym(Triads) generated by P and L,
which is called the PL-group.

Proposition 3.6. The subgroup (P, L) of Sym(Triads) is dihedral of order 6.

Proof. We first observe that P and L are involutions; that is, P2 = Idyyiaqs and
L? = Idyjags. A musical justification comes from the definitions of “parallel” and
“leading tone exchange”. Direct computations of P2 and L? using the formulas
in (8) provide a mathematical justification.

Since P and L are involutions, every nontrivial element of (P, L) can be ex-
pressed as an alternating word in the letters P and L. The six functions Idyags,
P, LP, PLP, LPLP,and PLPLP are all distinct by evaluating at Eb using the
following diagram from the Introduction.

L

From diagram (10) we also see that (L P)3(Eb) = Eb, and for any Y € {Eb, B, G},
(LP)3(Y)=Y. Similarly, by reading the diagram backwards (recall P and L are
involutions), we see (LP)3>(Y) =Y for any minor triad Y € {eb, b, g}. We have
similar PL-diagrams and considerations for the cycles in (4), (5), and (6), and
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therefore (L P)> = Idryaas 0N the entire set Triads of consonant triads. Another way
to see that (L P)? = Idrsags is to combine the observation (L P)3(Eb) = Eb from
diagram (10) with Proposition 2.1 and the fact that Triads is the 7'/I-orbit of Eb.

We next show via a word-theoretic argument that (P, L) consists only of the
six functions Idyyags, P, LP, PLP, LPLP, and PLPL P discussed above. From
(L P)? = Idtyjags, We express PL in terms of L P. Namely,

(LP)*=Idras = (LP)*(PL)=(PL) = (LP)*=

Consider any alternating word in P and L. If the rightmost letter is P, then we
can use (L P)3 = Idryads to achieve an equality with one of the six functions we
already have. If the rightmost letter is L, then we replace each PL by (L P)?* and
use L2 = Idygags if LL results on the far left. Then we have an equal function
with rightmost letter P, which we can then reduce to one of the six above using
(L P)3 = Idyiags, as we did in the first case of rightmost letter P. Thus (P, L) =
{IdTyjags, P, LP, PLP, LPLP, PLPLP}.

This group is noncommutative, as P L # L P; hence it is isomorphic to Sym(3),
the only noncommutative group of order 6. But Sym(3) is dihedral of order 6.

Instead of the previous paragraph, we can show (P, L) is dihedral of order 6
using a presentation. Let r := L and s := L P; then sS=e, t?=¢,and rst = s L.
The dihedral group of order 6 is the largest group with elements s and ¢ such that
s3=e, t? =e, and tst = s~ . But we observed from diagram (10) that (P, L) has
at least six distinct elements. Hence, (P, L) is dihedral of order 6. U

Proposition 3.7. The PL-group (P, L) acts simply transitively on Hex.

Proof. From diagram (10) we see that (P, L) acts transitively on Hex. Since (P, L)
and Hex have the same cardinality, the Orbit-Stabilizer Theorem implies that every
stabilizer must be trivial. See Proposition 2.3(2). U

Lemma 3.8. Let S be a set and suppose G < Sym(S). Suppose G acts simply
transitively on an orbit S, and G is the restriction of G to the orbit S. Then the
restriction homomorphism G — G is an isomorphism, and G also acts simply
transitively.

Proof. Suppose g € G has restriction g with g5 =5 for all § € S. Then g also has
gs =35 forall 5 € S, so g =Idg by simple transitivity, and the kernel of the surjective
homomorphism G — G is trivial. The transitivity of G is clear: for any 5,7 € §
there exists g € G such that g5 =17, so also g5 = 7 with g € G. The uniqueness of
g € G is also clear: if i € G also satisfies 45 = 7, then so do g and &, so g = h by
the simple transitivity of G acting on S, so § = h. U

Theorem 3.9 (Hexatonic Duality). The restrictions of the PL-group and the group
H = {Ty, T4, Ty, 11, Is, I} to Hex are dual groups in Sym(Hex), and both are
dihedral of order 6.
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Proof. Let G be the restriction of the PL-group to Hex, and let H be the restriction
of H ={Ty, Ty, Ty, 11, Is, Iy} to Hex.

We already know that G and H are dihedral of order 6 by Propositions 3.4
and 3.6 and Lemma 3.8.

We also already know that G and H each act simply transitively on Hex by
Propositions 3.5 and 3.6 and Lemma 3.8. We even already know that the groups
G and H commute by Proposition 2.1. Finally, Proposition 3.1 guarantees that G
and H centralize one another. ]

Remark 3.10 (Comparison with the proof strategy of Crans, Fiore, and Satyendra).
There are several differences between the proof strategy of hexatonic duality in the
present Theorem 3.9 and the proof strategy of 7/I-PLR duality in Theorem 6.1
of [Crans et al. 2009]. In the present paper, we first proved that the concerned
groups act simply transitively, and determined their structure, and only then showed
that the groups exactly centralize each other. In [Crans et al. 2009], on the other
hand, the determination of the size of the PLR-group was postponed until after
the centralizer C(7'/1) was seen to act simply, i.e., that each stabilizer C(T/I)y is
trivial. Then, from these trivial stabilizers, the Orbit-Stabilizer Theorem, the earlier
observation that 24 < |PLR-group|, and the consequence

24 < |PLR-group| < |C(T/I)| < |orbitof Y| <24

on page 492, the authors of [Crans et al. 2009] simultaneously conclude that the
PLR-group has 24 elements and is the centralizer of T/1.

A slight simplification of the aforementioned inequality would be an argument
like the one in the present paper: observe that the PLR-group acts transitively on
the 24 consonant triads because of the Cohn LR-sequence, recalled on page 487 of
[Crans et al. 2009]; then C(T/I) must act transitively as it contains the PLR-group,
and then the Orbit-Stabilizer Theorem and the trivial stabilizers imply that |C (T/1)|
must be 24, so the PLR-group also has 24 elements. Also, instead of postponing
the proof that the PLR-group has exactly 24 elements from Theorem 5.1 of [Crans
et al. 2009] until the aforementioned inequality in Theorem 6.1, one could do a
word-theoretic argument in Theorem 5.1 to see that the PLR-group has exactly
24 elements, similar to the present argument in Proposition 3.6.

Remark 3.11. For an explicit computation of the four hexatonic cycles as orbits of
the PL-group, see [Oshita 2009], which was also an undergraduate research project
with the second author of the present article. That preprint includes a sketch that
(P, L) = Sym(3).

Remark 3.12 (Alternative derivation using the Sub Dual Group Theorem). Hexa-
tonic Duality, Theorem 3.9, can also be proved using the Sub Dual Group Theorem
of Fiore and Noll [2011, Theorem 3.1], if one assumes already the duality of the
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k kHex kHk~! = dual group to PL-group on kHex
IdTriads {Eb7 ebaBa b’ Gv g} H:{TO’ T49 T8511$15’ 19}

Ti {E,e,C,c, Ab, ab} {To, Ty, Ty, I3, I7, 111}

1 {F, f,Ct,ctl, A, a} {To, Ty, T3, Is, 1o, I}

T3 {Ft, fi, D,d, Bb, bb} {To, Ty, Ty, I, Iy, I3}

Table 2. The four hexatonic cycles as PL-orbits and the respective
dual groups determined as conjugations of H via the Sub Dual
Group Theorem of Fiore and Noll.

T/I-group and PLR-group (maximal smoothness is not discussed in that paper).
In Section 3.1 of the same paper, they apply the Sub Dual Group Theorem to the
construction of dual groups on the hexatonic cycles. The method is to select G
to be the PL-group, select so = Eb, and compute Sy := Gosgp = Hex, and then the
dual group will consist of the restriction of those elements of the 7/I-group that
map Eb into Sp.

Notice that in the present paper, on the other hand, we first determined which
transpositions and inversions preserve Hex in Proposition 3.4, and then proved
duality, whereas the application of the Sub Dual Group Theorem of Fiore and Noll
starts with the PL-group and determines from it the dual group as (the restrictions
of) those elements of the 7/I-group that map Eb into Sy. Notice also, in the present
paper we determined that the PL-group and its dual H are dihedral of order 6,
but that the Sub Dual Group Theorem of Fiore and Noll does not specify which
group structure is present. In any case, Clampitt [1998] explicitly wrote down all
6 elements of each group in permutation cycle notation.

The present paper is complementary to the work [Fiore and Noll 2011] in that
we work very closely with the specific details of the groups and sets involved to
determine one pair of dual groups in an illustrative way, rather than appealing to a
computationally and conceptually convenient theorem. Fiore and Noll, however,
also use their Corollary 3.3 to compute the other hexatonic duals via conjugation,
as summarized in Table 2.

The application of the Sub Dual Group Theorem to construct dual groups on
octatonic systems is also treated in [Fiore and Noll 2011], and utilized in [Fiore
et al. 2013b].

Remark 3.13 (Other sources on group actions). Music-theoretical group actions
on chords have been considered by many, many authors over the past century. In
addition to the selected references of Babbitt, Forte, and Morris above, we also
mention the expansive and influential work of Mazzola [1985; 1990; 2002] and
numerous collaborators. Moreover, issue 42:2 of the Journal of Music Theory from
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1998 is illuminating obligatory reading on groups in neo-Riemannian theory. That
issue contains Clampitt’s article [1998], which is the inspiration for the present
paper. Clough’s article [1998] in that issue illustrates the dihedral group of order 6
and its recombinations with certain centralizer elements in terms of two concentric
equilateral triangles (but it does not treat hexatonic systems and duality). The
dihedral group of order 6 is a warm-up for his treatment of recombinations of the
Schritt-Wechsel group with the T/I-group, which are both dihedral of order 24.
Peck’s article [2010] studies centralizers where the requirement of simple transitivity
is relaxed in various ways, covering many examples from music theory. Peck
determines the structure of centralizers in several cases.

Remark 3.14 (Discussion of local diatonic containment of hexatonic cycles). No
hexatonic cycle is contained entirely in a single diatonic set, as one can see from
any of the cycles (3)—(6). However, one can consider a sequence of diatonic sets
that changes along with the hexatonic cycle and contains each respective triad, as
in [Douthett 2008, Table 4.7]. After transposing and reversing Douthett’s table, we
see a sequence of diatonic sets such that each diatonic set contains the respective
triad of (3).

triad Eb eb B b G g

in scale | Eb-major Db-major B-major A-major G-major F-major

This sequence of diatonic sets (indicated via major scales) descends by a whole
step each time, so is as evenly distributed as possible.

Other diatonic set sequences also contain the hexatonic cycle, though unfortu-
nately there is no maximally smooth cycle of diatonic sets that does the job (recall
that the diatonic sets can only form a cycle of length 12). But it is possible to have
a maximally smooth sequence of diatonic sets that covers four hexatonic triads. We
list all possible diatonic sets containing the respective hexatonic chords.?

triad Eb eb | B b |G g

Eb G| B D| G Bb

in major scales | Bb Db | Fg A | D F
Ab B | E G|C Eb

ZRecall that major chords only occur with roots on major scale degrees 1, 4, and 5, so we determine
in the table the scales containing a given major triad by considering the root, a perfect fourth below the
root, and a perfect fifth below the root. Minor chords can only occur with roots on major scale degrees
2, 3, and 6, so we determine in the table the scales containing a given minor triad by considering
a major sixth below the root, a whole step below the root, and a major third below the root. This
inconsistent major/minor ordering allows us to see (at vertical dividing lines) all three maximally
smooth transitions from diatonic sets containing a given a minor triad to a diatonic set containing its
subsequent major in a hexatonic cycle.
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Vertical dividing lines indicate maximally smooth transitions between consecutive
diatonic sets. As indicated by these dividing lines, the transition from a minor
triad to its subsequent major in a hexatonic cycle via L is contained in three
maximally smooth transitions of diatonic sets. On the other hand, the transition
from a major triad to its subsequent minor in a hexatonic cycle via P is contained
in only one maximally smooth transition of diatonic sets, as indicated by the bold
letters. Altogether, we can trace three maximally smooth chains of four major scales
that contain part of the hexatonic cycle (3):

B—E—-A-D,
G—-C—F — Bb,
Eb— Ab— Db — Fi.

Local containment of hexatonic cycles in diatonic chains has ramifications for
music analysis. Jason Yust [2013; 2015] proposed to include diatonic contexts
into analyses involving PL-cycles or PR-cycles, and he provides analytical tools to
do so.

4. Conclusion

We began this article with Cohn’s proposal that the maximal smoothness of con-
sonant triads is a key factor for their privileged status in late-nineteenth century
music. Indeed, consonant triads and their complements are the only tone collections
that accommodate short maximally smooth cycles. The four maximally smooth
cycles of consonant triads, the so-called hexatonic cycles of Cohn, can be described
transformationally as alternating applications of the neo-Riemannian “parallel” and
“leading tone exchange” transformations. Cohn interpreted Wagner’s Grail motive in
terms of a cyclic group action on the hexatonic cycle Hex, whereas Clampitt used the
PL-group and the transposition-inversion subgroup we called H in Proposition 3.4.
In the present article, we proved the Lewinian duality between these latter two
groups, which was discussed by Clampitt [1998].

For perspective, we mention that simply transitive group actions correspond to the
generalized interval systems of Lewin; see the very influential original source [Lewin
1987], or see [Fiore et al. 2013b, Section 2] for an explanation of some aspects. Dual
groups correspond to dual generalized interval systems: the transpositions of one
system are the interval-preserving bijections of the other. Clampitt [1998] explained
the coherent perceptual basis of the three generalized interval systems associated
to the three group actions on Hex by Cohn’s cyclic group, the PL-group, and the
H group. He employed the coherence of generalized interval systems to incorporate
the final Db of the Grail motive into his interpretation via a conjugation-modulation
of a subsystem.



268 CAMERON BERRY AND THOMAS M. FIORE

Acknowledgements

This paper is the extension of an undergraduate research project of student Cameron
Berry with Professor Thomas Fiore at the University of Michigan-Dearborn. Berry
thanks Professor Fiore for all of the time he spent assisting and encouraging him
during the Winter 2014 semester. We both thank Mahesh Agarwal for a suggestion
to use a word-theoretic argument in Theorem 5.1 of [Crans et al. 2009], which we
implemented in the present Proposition 3.6. We thank Thomas Noll for proposing
and discussing the extended Remark 3.14 with us. Fiore thanks Robert Peck, Julian
Hook, David Clampitt, and Thomas Noll for a brief email correspondence that
lead to Proposition 2.3(3), Proposition 2.3(2), and Proposition 3.2, and positively
impacted Proposition 3.1. Fiore thanks Ramon Satyendra for introducing him to
hexatonic cycles and generalized interval systems back in 2004.

Both authors thank the two anonymous referees for their constructive suggestions.
These led to the improvement of the manuscript.

Thomas Fiore was supported by a Rackham Faculty Research Grant of the
University of Michigan. He also thanks the Humboldt Foundation for support during
his 2015-2016 sabbatical at the Universitit Regensburg, which was sponsored by a
Humboldt Research Fellowship for Experienced Researchers. Significant progress
on this project was completed during the fellowship.

References

[Babbitt 1955] M. Babbitt, “Some aspects of twelve-tone composition”, Score IMA Mag. 12 (June
1955), 53-61.

[Clampitt 1998] D. Clampitt, “Alternative interpretations of some measures from Parsifal”, J. Music
Theory 42:2 (1998), 321-334.

[Clough 1998] J. Clough, “A rudimentary geometric model for contextual transposition and inversion”,
J. Music Theory 42:2 (1998), 297-306.

[Cohn 1996] R. Cohn, “Maximally smooth cycles, hexatonic systems, and the analysis of late-
Romantic triadic progressions”, Music Analysis 15:1 (1996), 9-40.

[Crans et al. 2009] A. S. Crans, T. M. Fiore, and R. Satyendra, “Musical actions of dihedral groups”,
Amer. Math. Monthly 116:6 (2009), 479-495. MR Zbl

[Dixon and Mortimer 1996] J. D. Dixon and B. Mortimer, Permutation groups, Graduate Texts in
Mathematics 163, Springer, New York, 1996. MR Zbl

[Douthett 2008] J. Douthett, “Filtered point-symmetry and dynamical voice leading”, pp. 72—106 in
Music theory and mathematics: chords, collections, and transformations, edited by J. Douthett et al.,
Eastman Studies in Music 50, Univ. Rochester Press, 2008.

[Fiore and Noll 2011] T. M. Fiore and T. Noll, “Commuting groups and the topos of triads”, pp. 69-83
in Mathematics and computation in music (Paris, June, 2011), edited by C. Agon et al., Lecture
Notes in Comput. Sci. 6726, Springer, Heidelberg, 2011. MR Zbl

[Fiore and Satyendra 2005] T. M. Fiore and R. Satyendra, “Generalized contextual groups”, Music
Theory Online 11:3 (2005), art. id. 11.3.1.


http://213.185.182.229/library/index.php/publications/show/5891
http://dx.doi.org/10.2307/843882
http://dx.doi.org/10.2307/843880
http://dx.doi.org/10.2307/854168
http://dx.doi.org/10.2307/854168
https://www.maa.org/sites/default/files/pdf/upload_library/22/Hasse/Crans2011.pdf
http://msp.org/idx/mr/2519488
http://msp.org/idx/zbl/1229.00013
http://dx.doi.org/10.1007/978-1-4612-0731-3
http://msp.org/idx/mr/1409812
http://msp.org/idx/zbl/0951.20001
http://dx.doi.org/10.1007/978-3-642-21590-2_6
http://msp.org/idx/mr/2830991
http://msp.org/idx/zbl/1335.00121
http://www.mtosmt.org/issues/mto.05.11.3/mto.05.11.3.fiore_satyendra.pdf

HEXATONIC SYSTEMS AND DUAL GROUPS IN MATHEMATICAL MUSIC THEORY 269

[Fiore et al. 2013a] T. M. Fiore, T. Noll, and R. Satyendra, “Incorporating voice permutations into
the theory of neo-Riemannian groups and Lewinian duality”, pp. 100-114 in Mathematics and
computation in music (Montreal, June, 2013), edited by J. Yust et al., Lecture Notes in Comput. Sci.
7937, Springer, Heidelberg, 2013. MR Zbl

[Fiore et al. 2013b] T. M. Fiore, T. Noll, and R. Satyendra, “Morphisms of generalized interval
systems and PR-groups”, J. Math. Music 7:1 (2013), 3-27. MR Zbl

[Forte 1973] A. Forte, The structure of atonal music, Yale Univ. Press, New Haven, CT, 1973.

[Fripertinger and Lackner 2015] H. Fripertinger and P. Lackner, “Tone rows and tropes”, J. Math.
Music 9:2 (2015), 111-172. MR Zbl

[Hook 2007] J. Hook, “Why are there twenty-nine tetrachords? A tutorial on combinatorics and
enumeration in music theory”, Music Theory Online 13:4 (2007), art. id. 13.4.1.

[Hook and Peck 2015] J. Hook and R. Peck, “Introduction to the special issue on tone rows and
tropes”, J. Math. Music 9:2 (2015), 109-110.

[Lewin 1987] D. Lewin, Generalized musical intervals and transformations, Yale Univ. Press, New
Haven, CT, 1987.

[Lewin 1995] D. Lewin, “Generalized interval systems for Babbitt’s lists, and for Schoenberg’s String
Trio”, Music Theory Spectrum 17:1 (1995), 81-118.

[Mazzola 1985] G. Mazzola, Gruppen und Kategorien in der Musik: Entwurf einer mathematischen
Musiktheorie, Research and Exposition in Mathematics 10, Heldermann Verlag, Berlin, 1985. MR
Zbl

[Mazzola 1990] G. Mazzola, Geometrie der Tone: Elemente der mathematischen Musiktheorie,
Birkhiuser, Basel, 1990. Zbl

[Mazzola 2002] G. Mazzola, The topos of music, Birkhduser, Basel, 2002. MR Zbl

[McCartin 1998] B. J. McCartin, “Prelude to musical geometry”, College Math. J. 29:5 (1998),
354-370. MR Zbl

[Mead 2015] A. Mead, “Remarks on “Tone rows and tropes” by Harald Fripertinger and Peter
Lackner”, J. Math. Music 9:2 (2015), 173-178. MR

[Morris 1987] R. Morris, Composition with pitch-classes: a theory of compositional design, Yale
Univ. Press, New Haven, CT, 1987.

[Morris 1991] R. Morris, Class notes for atonal music theory, Frog Peak Music, Hanover, NH, 1991.

[Morris 2001] R. Morris, Class notes for advanced atonal music theory, Frog Peak Music, Lebanon,
NH, 2001.

[Morris 2015] R. Morris, “Review of “Tone rows and tropes” by Harald Fripertinger and Peter
Lackner”, J. Math. Music 9:2 (2015), 179-195. MR

[Oshita 2009] K. Oshita, “The hexatonic systems under neo-Riemannian theory: an exploration of the
mathematical analysis of music”, REU project, Department of Mathematics, University of Chicago,
2009, available at http: //tinyurl.com /oshita.

[Peck 2010] R. Peck, “Generalized commuting groups”, J. Music Theory 54:2 (2010), 143-177.

[Rahn 1987] J. Rahn, Basic atonal theory, Schirmer, New York, 1987.

[Sternberg 2006] J. Sternberg, “Conceptualizing music through mathematics and the generalized
interval system”, REU project, Department of Mathematics, University of Chicago, 2006, available
at http: //tinyurl.com /sternbergreu.

[Yust 2013] J. Yust, “Tonal prisms: iterated quantization in chromatic tonality and Ravel’s ‘Ondine’”,
J. Math. Music 7:2 (2013), 145-165. MR Zbl

[Yust 2015] J. Yust, “Distorted continuity: chromatic harmony, uniform sequences, and quantized
voice leadings”, Music Theory Spectrum 37:1 (2015), 120-143.


http://dx.doi.org/10.1007/978-3-642-39357-0_8
http://dx.doi.org/10.1007/978-3-642-39357-0_8
http://msp.org/idx/mr/3120150
http://msp.org/idx/zbl/1270.00029
http://dx.doi.org/10.1080/17459737.2013.785724
http://dx.doi.org/10.1080/17459737.2013.785724
http://msp.org/idx/mr/3053923
http://msp.org/idx/zbl/1327.00019
http://dx.doi.org/10.1080/17459737.2015.1070088
http://msp.org/idx/mr/3428882
http://msp.org/idx/zbl/1346.00046
http://www.mtosmt.org/issues/mto.07.13.4/mto.07.13.4.hook.html
http://www.mtosmt.org/issues/mto.07.13.4/mto.07.13.4.hook.html
http://dx.doi.org/10.1080/17459737.2015.1070086
http://dx.doi.org/10.1080/17459737.2015.1070086
http://dx.doi.org/10.2307/745765
http://dx.doi.org/10.2307/745765
http://msp.org/idx/mr/831934
http://msp.org/idx/zbl/0574.00016
http://msp.org/idx/zbl/0729.00008
http://dx.doi.org/10.1007/978-3-0348-8141-8
http://msp.org/idx/mr/1938949
http://msp.org/idx/zbl/1104.00003
http://dx.doi.org/10.2307/2687250
http://msp.org/idx/mr/1663203
http://msp.org/idx/zbl/0995.00502
http://dx.doi.org/10.1080/17459737.2015.1055112
http://dx.doi.org/10.1080/17459737.2015.1055112
http://msp.org/idx/mr/3428883
http://dx.doi.org/10.1080/17459737.2015.1068528
http://dx.doi.org/10.1080/17459737.2015.1068528
http://msp.org/idx/mr/3428884
http://tinyurl.com/oshita
http://tinyurl.com/oshita
http://dx.doi.org/10.1215/00222909-1214912
http://tinyurl.com/sternbergreu
http://tinyurl.com/sternbergreu
http://dx.doi.org/10.1080/17459737.2013.821634
http://msp.org/idx/mr/3173669
http://msp.org/idx/zbl/1327.00029
http://dx.doi.org/10.1093/mts/mtu020
http://dx.doi.org/10.1093/mts/mtu020

270 CAMERON BERRY AND THOMAS M. FIORE

Received: 2016-02-18 Revised: 2017-01-03 Accepted: 2017-01-24

berrycam@msu.edu Department of Mathematics, Michigan State University,
East Lansing, MI, United States

tmfiore@umich.edu Department of Mathematics and Statistics,
University of Michigan-Dearborn, Dearborn, M, United States

NWEF I - Mathematik, Universitit Regensburg, Regensburg,
Germany

mathematical sciences publishers :.msp


mailto:berrycam@msu.edu
mailto:tmfiore@umich.edu
http://msp.org

Colin Adams

John V. Baxley
Arthur T. Benjamin
Martin Bohner
Nigel Boston
Amarjit S. Budhiraja
Pietro Cerone
Scott Chapman
Joshua N. Cooper
Jem N. Corcoran
Toka Diagana
Michael Dorff
Sever S. Dragomir
Behrouz Emamizadeh
Joel Foisy

Errin W. Fulp
Joseph Gallian
Stephan R. Garcia
Anant Godbole
Ron Gould
Andrew Granville
Jerrold Griggs

Sat Gupta

Jim Haglund
Johnny Henderson
Jim Hoste

Natalia Hritonenko
Glenn H. Hurlbert
Charles R. Johnson
K. B. Kulasekera
Gerry Ladas

involve

msp.org/involve

INVOLVE YOUR STUDENTS IN RESEARCH

Involve showcases and encourages high-quality mathematical research involving students from all
academic levels. The editorial board consists of mathematical scientists committed to nurturing
student participation in research. Bridging the gap between the extremes of purely undergraduate
research journals and mainstream research journals, Involve provides a venue to mathematicians
wishing to encourage the creative involvement of students.

MANAGING EDITOR

Kenneth S. Berenhaut

BOARD OF EDITORS

Williams College, USA
Wake Forest University, NC, USA
Harvey Mudd College, USA

Missouri U of Science and Technology, USA

University of Wisconsin, USA

U of North Carolina, Chapel Hill, USA
La Trobe University, Australia

Sam Houston State University, USA
University of South Carolina, USA
University of Colorado, USA

Howard University, USA

Brigham Young University, USA
Victoria University, Australia

The Petroleum Institute, UAE

SUNY Potsdam, USA

Wake Forest University, USA
University of Minnesota Duluth, USA
Pomona College, USA

East Tennessee State University, USA
Emory University, USA

Université Montréal, Canada
University of South Carolina, USA

U of North Carolina, Greensboro, USA
University of Pennsylvania, USA
Baylor University, USA

Pitzer College, USA

Prairie View A&M University, USA
Arizona State University, USA
College of William and Mary, USA
Clemson University, USA

University of Rhode Island, USA

Suzanne Lenhart
Chi-Kwong Li
Robert B. Lund
Gaven J. Martin
Mary Meyer
Emil Minchev
Frank Morgan

Mohammad Sal Moslehian

Zuhair Nashed

Ken Ono

Timothy E. O’Brien
Joseph O’Rourke
Yuval Peres

Y.-F. S. Pétermann
Robert J. Plemmons
Carl B. Pomerance
Vadim Ponomarenko
Bjorn Poonen
James Propp
Jozeph H. Przytycki
Richard Rebarber
Robert W. Robinson
Filip Saidak

James A. Sellers
Andrew J. Sterge
Ann Trenk

Ravi Vakil

Antonia Vecchio
Ram U. Verma
John C. Wierman
Michael E. Zieve

PRODUCTION
Silvio Levy, Scientific Editor

Wake Forest University, USA

University of Tennessee, USA
College of William and Mary, USA
Clemson University, USA

Massey University, New Zealand
Colorado State University, USA
Ruse, Bulgaria

Williams College, USA

Ferdowsi University of Mashhad, Iran
University of Central Florida, USA
Emory University, USA

Loyola University Chicago, USA
Smith College, USA

Microsoft Research, USA

Université de Geneve, Switzerland
Wake Forest University, USA
Dartmouth College, USA

San Diego State University, USA

UC Berkeley, USA

U Mass Lowell, USA

George Washington University, USA
University of Nebraska, USA
University of Georgia, USA

U of North Carolina, Greensboro, USA
Penn State University, USA
Honorary Editor

Wellesley College, USA

Stanford University, USA

Consiglio Nazionale delle Ricerche, Italy
University of Toledo, USA
Johns Hopkins University, USA
University of Michigan, USA

Cover: Alex Scorpan

See inside back cover or msp.org/involve for submission instructions. The subscription price for 2018 is US $190/year for the electronic
version, and $250/year (4$35, if shipping outside the US) for print and electronic. Subscriptions, requests for back issues and changes of
subscriber address should be sent to MSP.

Involve (ISSN 1944-4184 electronic, 1944-4176 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o University of
California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and additional

mailing offices.

Involve peer review and production are managed by EditFLow® from Mathematical Sciences Publishers.

PUBLISHED BY

:l mathematical sciences publishers

nonprofit scientific publishing
http://msp.org/
© 2018 Mathematical Sciences Publishers


http://msp.org/involve
http://msp.org/involve
http://msp.org/
http://msp.org/

Finding cycles in the k-th power digraphs over the integers modulo a prime
GREG DRESDEN AND WENDA TU
Enumerating spherical n-links
MADELEINE BURKHART AND JOEL FOISY
Double bubbles in hyperbolic surfaces
WYATT BOYER, BRYAN BROWN, ALYSSA LOVING AND SARAH TAMMEN
What is odd about binary Parseval frames?
ZACHERY J. BAKER, BERNHARD G. BODMANN, MICAH G. BULLOCK,
SAMANTHA N. BRANUM AND JACOB E. MCLANEY
Numbers and the heights of their happiness
MAY MEI AND ANDREW READ-MCFARLAND
The truncated and supplemented Pascal matrix and applications
MICHAEL HUA, STEVEN B. DAMELIN, JEFFREY SUN AND MINGCHAO YU
Hexatonic systems and dual groups in mathematical music theory
CAMERON BERRY AND THOMAS M. FIORE
On computable classes of equidistant sets: finite focal sets
CSABA VINCZE, ADRIENN VARGA, MARK OLAH, LASZLO FORIAN AND
SANDOR LORINC
Zero divisor graphs of commutative graded rings
KATHERINE COOPER AND BRIAN JOHNSON
The behavior of a population interaction-diffusion equation in its subcritical regime
MITCHELL G. DAVIS, DAVID J. WOLLKIND, RICHARD A. CANGELOSI
AND BONNI J. KEALY-DICHONE
Forbidden subgraphs of coloring graphs
FRANCISCO ALVARADO, ASHLEY BUTTS, LAUREN FARQUHAR AND
HEATHER M. RUSSELL
Computing indicators of Radford algebras
Hao Hu, XINYI HU, LINHONG WANG AND XINGTING WANG
Unlinking numbers of links with crossing number 10
LAVINIA BULAI
On a connection between local rings and their associated graded algebras
JUSTIN HOFFMEIER AND JIYOON LEE

181

195

207

219

235

243

253

271

283

297

311

325

335

355


http://dx.doi.org/10.2140/involve.2018.11.181
http://dx.doi.org/10.2140/involve.2018.11.195
http://dx.doi.org/10.2140/involve.2018.11.207
http://dx.doi.org/10.2140/involve.2018.11.219
http://dx.doi.org/10.2140/involve.2018.11.235
http://dx.doi.org/10.2140/involve.2018.11.243
http://dx.doi.org/10.2140/involve.2018.11.253
http://dx.doi.org/10.2140/involve.2018.11.271
http://dx.doi.org/10.2140/involve.2018.11.283
http://dx.doi.org/10.2140/involve.2018.11.297
http://dx.doi.org/10.2140/involve.2018.11.311
http://dx.doi.org/10.2140/involve.2018.11.325
http://dx.doi.org/10.2140/involve.2018.11.335
http://dx.doi.org/10.2140/involve.2018.11.355

	1. Introduction: hexatonic cycles and associated dual groups
	2. Mathematical and musical preliminaries: standard dihedral group action on consonant triads and the Orbit-Stabilizer Theorem
	Consonant triads
	Transposition and inversion, and P and L
	Orbit-Stabilizer Theorem
	Simple transitivity

	3. Main theorem: Hexatonic Duality
	4. Conclusion
	Acknowledgements
	References
	
	

