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On the orbits of an orthogonal group action

Kyle Czarnecki, R. Michael Howe and Aaron McTavish

(Communicated by J6zef H. Przytycki)

Let G be the Lie group SO(n, R) x SO(n, R) and let V be the vector space of
n x n real matrices. An action of G on V is given by

(g, h)v:=g "oh, (g,h)eG, veV.

We consider the orbits of this group action and demonstrate a cross-section to
the orbits. We then determine the stabilizer for a typical element in this cross-
section and completely describe the fundamental group of an orbit of maximal
dimension.

1. Introduction

Let G be the Lie group SO(n, R) x SO(n, R) and let V be the vector space of n x n
real matrices. An action of G on V is given by

(g, h)v:=g'vh=g 'oh, (g,h)eG, veV,

where g’ denotes the matrix transpose of g and where the operation on the right is
matrix multiplication. This action is obviously smooth (having continuous deriva-
tives of all orders) since the matrix entries in (g, /).v are polynomial functions of
the matrix entries of g, & and v.

For each v € V we define the orbit of v, denoted by G.o C V, as the set

G.o:={(g,h)v|(g,h) e G}

For v, w € V the relation

v ~ w if v and w are in the same G-orbit
MSC2000: primary 22C05, 57S15; secondary 55Q52.
Keywords: representation theory, orbit, Lie group, homotopy group, Clifford algebra.
This research was conducted in part during the 2007 summer Undergraduate Research Experience in
Pure and Applied Mathematics at the University of Wisconsin—Eau Claire, supported by NSF-REU
grant DMS-0552350 and the Office of Research and Sponsored Programs (UW —Eau Claire).
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is an equivalence relation and so V is partitioned into G-orbits. We also define G,
the stabilizer of v, to be the those elements in G that fix v:

Gl) = {(g9 h) €eG | (g9 ]’l)l) :D}‘

For each v € V, G, is a closed (usually not normal) subgroup of G, and so is a Lie
group.

Let G/ G, denote the set of left cosets of G, in G. Since G, is a closed subgroup
of G, G/G, is a differentiable manifold and dimG /G, = dim G — dim G, where
dim indicates the dimension. Furthermore, G/G, is diffeomorphic to the orbit
G.. If G, is normal in G, then G/G, is a Lie group [Brocker and tom Dieck
1985, Sectionl.4].

A subset D of V is a cross-section to the orbits if every G-orbit intersects D.
That is, for each v € V there is an element (g, #) € G and an element d € D such
that (g, h).v =d. Some definitions of a cross-section are more restrictive, requiring
that each orbit intersect the cross-section exactly once.

In this paper we consider the orbits of this group action. In Section 2 we demon-
strate a cross-section of the orbits, and in Section 3 we determine the stabilizer for a
typical element in this cross-section. In Section 4 we discuss the orbits for the case
n = 2 and introduce generic orbits — those of maximal dimension — for arbitrary
n. Section 5 reviews some useful information about fundamental groups, covering
spaces, and the covering group Spin(n). Our main result is in Section 6 where
we connect these ideas in order to completely describe the fundamental group of
a generic orbit, and in Section 7 we work through an example that further exposes
the anatomy. We close with a few remarks in Section 8 regarding those orbits that
do not have maximal dimension.

2. Cross section to the orbits

In this section we show that the diagonal matrices with non-negative entries con-
stitute a cross-section to the group action.

Proposition 2.1. Let G = SO(n) x SO(n) and let V be the vector space of n X n
real matrices. Let G act on 'V via (g, h).v = g'vh. Then for each v € V there is a
(k1, k) € G such that (k1, k).0 =diagonal(dy, ..., d,), withd, >d,>--->d, > 0.

Proof. Let v € GL(n, R) where GL(n, R) is the (dense, open) subset of invertible
n x n matrices in V. Then v’v is a symmetric matrix with positive eigenvalues,
and hence is diagonalizable via conjugation by an element in SO(n, R). That is,
there is a k in SO(n, R) such that

k'v'vk =a,

where a = diagonal(ay, ..., a,) witha; >ay > --->a, > 0.
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Now let a~ /2 =diagonal(1/./ay, ..., 1//ay). If $, is the n x n identity matrix
we have

9, = aPaa?=q"1? [k"v'vk] a '? = (vka_l/z)’vka_l/z.
It follows that vka~'/? is in O (n, R). Let a'/? = diagonal(\/a, ...,  /a,). Then
a'? = 9,a"* = [a k" o' vka" V) a"? = a2k v ok
Thus, if k| = vka~'/2, we can write this as
(ki)' vk = (ki, k).o =a'/?,

where k; € O(n,R) and k € SO(n, R). If k; happens to be in SO(n, R) we are
done. If not, we can change the sign of one of the entries in a~'/? so that k; is
in SO(n, R), proving the result for any V in the dense subset of invertible n x n
matrices. Since our group action is continuous, the result holds for all v € V. We
could also modify the above proof slightly to account for those eigenvalues of v’v
that are equal to zero. U

3. The stabilizer of a representative element

Let I be an arbitrary group acting on a set X. If x and y are in the same I'-orbit,
then x = y.y for some y €T Itis a standard result that y ~'T',y = I'y, that is, the
stabilizers are isomorphic via conjugation. Therefore, it is sufficient to determine
the stabilizers of those elements that are in the cross section.

We start with a simple example that demonstrates the general idea for the situ-
ation that we are considering. Let d € V and (g, &) € G be given by

d 0 0
d=| 0 d;y 0 |, whered; >d, >0,
0 0 d
81,1 81,2 813 hit hip his
g=\ 81 82 &3 |, h=| hay1 hap hoj3
83,1 &32 833 h31 h3p hss

We may assume d; > d» since conjugation by a matrix such as

00 —1
01 0]esoB)
10 0

will reorder the entries in d.
If (g, h) stabilizes d then g'dh = d or equivalently, dh = gd, so we have
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dihi,1 dihip dihy3 dig1,1 dig1p drg13
dihy dihyp dihyz | = | dige1 dige2 daga3 |- (3-1)
dohsy dyhzp dohs 3 digs31 dig3p drg3

That is, the first entry in d acts on the first row of £, but acts on the first column of
g, etc. The rows of g and & are orthonormal (considered as vectors in R? with the
usual dot product), and we compare the squared length of the first row of dh with
the first row of gd in (3-1):

(dih11)* + (dih12)* 4 (dih13)” = (dig1,1)* + (di1g1.2)” + (d2g1,3)°.
Since first rows of both /& and g have length 1, we have
= (d1)* = (@)’ [(h1,)° + (1 2)* + (h13)°]
= (d181.1)* + (d1g12)* + (d2g13)* < (d)?,

since d > d;. But this is impossible unless g1 3 =0, and hence /1 3 =0. Comparing
the lengths of the second rows shows that g» 3 = h2 3 = 0, and applying this same
reasoning to the columns gives 731 = g3 1 =0and h3» = g3, =0.

We now have

dihy dihip 0 digi1 digip O
dihy dihyy 0 =| digo1 digzp O ,
0 0  dahss 0 0 drgss

which immediately implies that 7 = g. The condition that g'g = I gives us that
each of the block submatrices must be orthogonal, and of course g must have
determinant 1. Note that if we were to allow d> = 0 then g3 3 and /3 3 need not be
equal.

An inductive argument on the different eigenvalues of d proves the general case
and is not particularly enlightening, so we state the following result.

Proposition 3.1. Let G = SO(n) x SO(n) and let V be the vector space of n X n
real matrices. Let G act on 'V via (g, h).0o = g'vh. Let

d = diagonal(dy, ..., dy,...,dx,...,dy) €V
S1 Sk

withd) > dy > ... > dy > 0, and let G4 be the stabilizer of d in G. If dy > 0, then
Gi=1{(g,8):8€S5(0(s1) x -+ x O(s1))}-

That is, each g consists of block-diagonal matrices where each block is an s; X s;
orthogonal matrix and where s; is the multiplicity of the eigenvalue d; in d. The
“S” indicates that the product of the determinants of the blocks is 1. If dy = 0 then
G4 = (g, h) where g and h consist of block-diagonal matrices with each i-th block
in O(s;), and where g = h except for the k-th block.




ON THE ORBITS OF AN ORTHOGONAL GROUP ACTION 499

4. Orbits

A natural question is “What are these orbits like?”” From the introduction we know
that, for any element v € V, the orbit G.v is diffeomorphic to the coset space
G/G,, with dim G.0o = dim G — dim G,. Since any two elements in the same G-
orbit have isomorphic stabilizers, it will be sufficient to consider the orbits of those
representative elements d in the cross-section D. In particular, the dimension of
these orbits is completely determined by the multiplicity of the distinct eigenvalues
of d and is independent of their actual values.

Example: n = 2. In low-dimensional cases we can use computer graphics to get
an idea about the nature of these orbits, and we now illustrate this for the two-
dimensional Lie group G = SO(2) x SO(2). Figure 1 shows the orbit of d = ((1) 8),
with a cut-away view on the right. Note that, for n = 2, the orbit lies in Mat(2, R) =
R*, and each figure is a projection of this orbit onto R?. Since G is abelian, G4
is normal in G and so G/ Gy is an abelian Lie group which is compact since the
quotient map is continuous. Since G4 = {($2, $2), (—F2, —F»)} which is discrete,
the orbit G.d has dimension 2. We conclude that this orbit is diffeomorphic to the
2-torus embedded in R?, since this is the only two-dimensional compact abelian
Lie group. Notice that the graphics could be misleading, since we usually picture
the 2-torus in R* as resembling the surface of a donut.

Note that if an element d in the cross-section D has only one eigenvalue, then
the stabilizer G, is isomorphic to SO(2) and so the orbit G.d is one-dimensional
and is diffeomorphic to SO(2), that is, a circle.

Generic orbits. We now move on to consider the following special case of generic
orbits —those with maximal dimension—for arbitrary n. We will reserve the
symbol ¢ for a diagonal matrix in the cross-section D with n distinct eigenvalues.

Figure 1. An orbit for n = 2 projected onto R?. Right: cut-away
view of same orbit.
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That is, d =diagonal(d,, .. ., d,) withd; > d > - - - > d,, > 0. From Proposition 3.1
we have G5 = (g, g), where g = diagonal(%1, ..., £1) has an even number of
entries equal to —1. Since the stabilizer of J is discrete, the dimension of the
G-orbit of J is equal to the dimension of G.

Proposition 4.1. Let G = SO(n) x SO(n) and let V be the vector space of n X n
real matrices. Let G act on 'V via (g, h).v = g'vh. Let

0 = diagonal(dy, ds, ...,d,) €V

withdy > dp > --- > d,, > 0, and let G5 be the stabilizer of 6 in G. Then |G|, the
order of G, is =1

Proof. From Proposition 3.1, G consists of n copies of O (1) ==1 lying in SO(n),
so there must be an even number of entries equal to —1. Thus

n n n n
where k =n if n is even and k = n — 1 if n is odd. From the binomial theorem,

2 =141 +(1-1)"
L))+ 0= -+ =+ )
2[5+ () () (1)) 210 D

Again, what are these orbits like? Figure 2 shows a (projection of a) two-dimen-
sional slice of the orbit of d =diagonal(2, 1, 0) for the case n = 3. Could this be just
a torus in disguise, as was the case n = 2? One way to determine how interesting
the orbits are is to consider their fundamental groups.

N
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Figure 2. A section of an orbit for n = 3. Right: cut-away view
of same section.
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5. Fundamental groups, covering spaces and spin(n)

In order to make this exposition self-contained and to fix notation we review some
background material that will be familiar to many readers.

Review of the fundamental group and covering spaces. Let X be a topological
space and let [0, 1] C R be the closed unit interval. A path in X is a continuous
map f : [0, 1] - X. Two paths f and g from x; to x, are said to be homotopic if
one can be continuously deformed into the other. This is obviously an equivalence
relation, and we denote the equivalence class of f by [ f]. Of special interest will
be loops, or closed paths that start and end at a distinguished base point x € X,
and we can define a multiplication of loops by concatenation. That is, f - g means
first go around f and then go around g. This operation is associative and is well
defined when taking equivalence classes: [f]-[g] = [f - g]. The constant loop
ey : [0, 11 — X given by e, (¢) = x serves as the identity element for this operation
and the loop f~! is the loop f traversed in the opposite direction. We can then
define the first homotopy group or the fundamental group, denoted 7 (X, x), as
the group of (equivalence classes of) loops in X that start and end at x, along
with this multiplication. If x; and x, are connected by a path in X, then 7 (X, x1)
and 71 (X, x») are isomorphic. Homeomorphic topological spaces have isomorphic
fundamental groups, but the converse need not be true.

We will also require the notion of a covering. Let (X, x), (¥, y) be topological
spaces with base points x and y respectively. A map p : (Y,y) — (X,x) is a
covering map if

@ p(y) =x;
(ii) p is continuous and surjective;

(iii) for every xo € X there is an open neighborhood U,, C X so that p~!(U,,) is
a disjoint union of open sets {V,,} and so that for each a, the map p restricted
to V, is a homeomorphism of V,, onto Uy,.

We then say that (Y, y) is a covering space of (X, x) and refer the the covering
space along with the covering map as a cover of (X, x). We will also use the
standard results, roughly stated, that the composition of covers is a cover, and that
the cover of a product is the product of the respective covers.

Remark 5.1. A topological space with trivial fundamental group is called simply
connected. A covering space that is simply connected is called a universal covering
space. It is unique up to homeomorphism.

We will need the notion of /ifting a path from a space to a covering space.
Let p: (Y, y) — (X, x) be a covering map. Let f : [0, 1] > X be a path starting
at x. A lifting of f is a path f:[0, 1] — Y such that po f = f. For the cases we
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are considering, these lifts are unique up to homotopy. That is, let f be a path in
X beginning at x, and let f and g be two lifts of f both beginning at y. Then f is
homotopic to . In particular, f and g must end at the same point in Y.

Let p: (Y,y) — (X, x) be a covering map. A homeomorphism # : ¥ — Y
is called a deck transformation or covering transformation if p o h = p. Clearly
the collection of all such deck transformations is a group with the operation being
composition of maps.

We will use the following fact to determine 7 (G.d, ).

Theorem 5.2. [Massey 1991, Corollary 7.5] If (Y, y) is a universal covering space
of (X, x), the group of deck transformations of (Y, y) is isomorphic to ©1(X, x). If
p: (Y, y):— (X, x) is a covering map, then the order of w|(X, x) is equal to the
cardinality of the set p~' (x).

Now consider the map p; : G — G.J given by g — g.d. Since pl_l(é) =
{y € G|y.0 =0} = Gy is discrete, Theorem E4 of [Hall 2003] has the following
consequence.

Proposition 5.3. Let G = SO(n) x SO(n) and let 1 denote the identity element in
G. Let V be the vector space of n x n real matrices and let G act on V by

(g, h).v:=g'vh, (g,h)eG, veV.

If 6 € V is a diagonal matrix with n distinct eigenvalues, and if G.0 is the G-orbit
of 6, then the map p; : (G, 1) — (G.J, 0) given by g +— g.0 is a covering map.

Said another way, G is a fiber bundle over the orbit G.6 with projection map
(g, h) — (g, h).0 and discrete fiber Gy.

Spin(n). We now provide a brief review of the construction of the Lie group
Spin(n) and the covering map from Spin(n) to SO(n). This abridged description
should be sufficient for our purposes, but for a more complete discussion, see
[Brocker and tom Dieck 1985]. The presentation below borrows extensively from
the excellent exposition in [Simon 1996].

Consider the vector space R" with standard basis {ey, ..., e,}. We form C(n),
the Clifford algebra on R", by declaring that multiplication is associative, distribu-
tive over addition, and obeys the relations e;e; +eje; = —26;;. This is just a fancy
way of saying that the basis elements anti-commute and el.2 =—1.IfI =ijir...0
is a multiindex with 1 <i; <--- <if <nweseteg =1, wesete; =e¢;¢;,...¢,
and we set |I| = k. Then C(n) is an algebra with basis {e;} and it follows that the
dimension of C(n) is 2". We also have the subalgebra of even elements

C(n)even = {A € C(n) | A is a linear combination of ¢; with |I| even}.
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Examples. We have canonical isomorphisms:
e COO=ER;
e C(I)=ECviathemap e; i =+/—1;

e C(2) =H (the quaternion algebra) via the map e| — i, e — j and so ejer — k.
Here, i, j, and k are those elements in H with i> = j2 =k?> = —1and ij = k;

o we also have C(3)even = H via the map ejex — i, eje3 — J, S0
(ere2)(ere3) = ezez > k.

We can define Spin(n) to be the invertible elements S of C(1)even that (among
other things) leave the vector space W = R" invariant under conjugation:

sws~tcw.
Now consider the quadratic elements
_1
qij = 3¢€i¢j,
for 1 <i < j <n, and observe that they obey the same commutation relations as the
generators L;; of the Lie algebra so(n). Therefore these quadratic elements form a

Lie algebra isomorphic to so(n), and so to get the group Spin(n) we exponentiate
these quadratic elements:

1 1
Sij(t) :=exp(t qij) = 1 + (tqij) + 5(1%)2 + 5(“1:‘,/)3 +---
= cos(t/2) +sin(z/2)(2¢i;),

since qizj = —1. As t goes from 0 to 4z, S;;(t) gives a copy of U(1) in Spin(n)
which is homeomorphic to a circle in the plane spanned by 1 and 2g¢;;.

Now the elements A in Spin(n) act on R” by conjugation and this gives a rep-
resentation of Spin(n) on R". Consequently, we have a map

R : Spin(n) — SO(n, R)
defined by
Ae;A™! :iRji(A)ej. (5-1)
We now determine the matrix represelrzltlation of the group elements
S;j(t) == exp(tgi;) = cos(t/2) +sin(r/2)(e;e;) (5-2)

by determining the action on the basis vectors. First observe that e;e; commutes
with e, when k is equal to neither i nor j, so in this case

Sij()exS;; ' (1) = (cos(t/2) +sin(t/2) (eie)) ex (cos(t/2) — sin(t /2) (eie)) = ex.
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Now conjugating e; by S;;(t) we have

Sij(1)ei ;' (1) = (cos(1/2) +sin(1/2) (eie;) )e; (cos(t/2) — sin(t /2) (eie;))
= (cos(t/2) +sin(t/2)(eje;) ] e;
= (cos®(t/2) —sin*(t/2))e; — 2 cos(t/2) sin(t /2)e;

= cos(t)e; —sin(t)e;.
A similar computation applied to e; gives
Sij(t) ej S (1) = sin(t)e; 4 cos(t)e;.

Therefore, conjugation by S;;(t) = exp(fg;;) induces a rotation by an angle ¢ in the
e;, ¢ plane. Since these rotations generate SO(n), this map is surjective.

The following result is well known (see [Simon 1996, Sections VII.6—-VIL.7] or
[Brocker and tom Dieck 1985, Section 1.6].

Proposition 5.4. Spin(n) is simply connected. If A € Spin(n) and if R(A) is
the n x n matrix with entries Rj;(A) described in (5-1) above, then the map
R : (Spin(n), 1) = (SO(n, R), 1) is a twofold universal covering map and a homo-
morphism of Lie groups. The symbol 1 denotes the unit elements in the respective
groups.

6. The fundamental group of a generic orbit

We are now ready to determine the fundamental group for a generic orbit of max-
imum dimension. We will proceed by elaborating on some previously introduced
ideas and connecting them together in order to invoke Theorem 5.2.

As before, 6 € D denotes an element in the cross-section with 7 distinct eigen-
values. By Proposition 3.1, a typical element in its stabilizer G5 can be represented
by a diagonal matrix with each entry equal to 1, and where an even number of
entries are equal to —1. From now on, let I = iji---i; be a multiindex with
1<i;j <---<ir<n,kevenandset! =k/2. Let ST; be the element in G5 with
those entries that are equal to —1 indexed by /. For example, if n = 6,

—
=)

o O
|
—_
o O
eleNoeNel

STi103,5 =

o
coo L
co—o oo
|
L
—_—o oo oo

(]
[l el el
(e)

Using this notation, G5 = {(STy, STy) : |I| is even}.
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Let z = (1, ..., 1) and let SO;(7) be the matrix consisting of rotations by an
angle ¢; in the planes indexed pairwise by /. These pairs are of the form iy,,_1, i2.

For example, if I =1, 2, 3, 5 and 7 = (¢1, ;) then SO, (7) rotates by an angle 7,
in the 1, 2 plane and by an angle #, in the 3, 5 plane. For instance, if n = 6,

cost; sinty; O O O O
—sinty cost; O O O O

0 0O costp, O sintp O
SO23s =1 (o ’ 1 o2 0
0 0 —sintp 0 cost, O

o o0 0 0 0 1

Notice that SO 2.3 5(7) is equal to the matrix product SO 2(#;) SO3 5(t2). It should
be easy to see that

Lemma 6.1. ST7; =SO; (%=, ..., 7).

We next consider product of elements S;;(#) € Spin(n) and relate them to the
corresponding elements in SO(n).

Lemma 6.2. Let [ = ijiy - - - iy be a multiindex with k even and where
1 <ip <--+ <lIg.

Setl=k/2. Lett =(t1, ..., ;) and let SO (1) be the matrix consisting of rotations
by an angle t; in the planes indexed pairwise by 1. Let S; j(t) be defined as in
(5-2), and let S;(t) designate the product S;(t) = Si,i, (t1)Sizi, (t2) - - - Sip_ i, (t1)-
Let R : Spin(n) — SO(n) be the covering map given by Proposition 5.4. Then
R(S;(7)) =SO,(7).
Further, e; :== e; e;, - - - €j,, we have e; = S| (w, ..., 7).

Proof. Since the entries in the multiindex I are distinct, the designation SO;(z) =
SOi|iz---ik (T) = SOi|i2 (l]) SOi3i4 (Iz) e SOik—lik (ll) is unambiguous. Since the map
R is a representation, we have

R[S1(t)] = R[Si,i, (t1)]1 R[Sii, (22)]- - - R[S, i (1)1
= 80;,i,(t1) SO4;, (12) - - - SOy, (1) = SOy (7).

For the last assertion, note that (5-2) gives e;e; = S;;(x) for any i, j, since
cos(r/2) =0 and sin(z /2) = 1. Hence

€] = [eileiz][€i3ei4] e [eik_1eik] = Si]iz(”)si3i4(7r) e Sik_|ik (71') — Sl(ﬂ-a ey 77:):
as required. (I

This next result is proven similarly.
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Lemma 6.3. Denote by n+ an l-tuple 1™ = (%=, ..., £x) with an even number
of entries equal to —n and denote by ©~ an l-tuple t ~ = (x=x, ..., &x) with an
odd number of entries equal to —n. Let S;(t) and e; be as in the previous lemma.
Then S;(n*) =e; and S;(x ™) = —ej.

Finally, let 1 denote the unit element in G = Spin(n) x Spin(n) and let 1 denote
the unit element in G =SO(2, R) x SO(2, R). Then (G, 1) is the universal covering
space (in fact, a covering group) of (G, 1) and the map

p=RxR:(G,1)— (G,1)

is a fourfold covering map. Now recall the covering map p; : (G, 1) — (G.J,J)
from Proposition 5.3. It follows that the composition

P=pop:(G,1)— (G.J,0)
is a covering map and that G is the universal covering space of the orbit G.J.
Definition 6.4. E(n) = {£e;: |I|is even}.

Observe that E(n) is closed under multiplication since, if eje; = ex then |K| =
|I]+|J| when I and J are distinct indices, and the entries of K contract in pairs
when [ and J have repeated entries. For example, e > €2 3 = —e; 3. Since (e 1)_1 =
+ey, E(n) is a group under multiplication. A computation very similar to that in
Proposition 4.1 shows that | E (n)| = 2".

Definition 6.5. Consider the set E(Tl) ={(v, xv)|v € E(n)}. This is a subgroup of
G which is isomorphic to the group E (1) x Z, via the identifications (v, 1) — (v, v)
and (v, —1) — (v, —v) for v € E(n).

Proposition 6.6. P~1(5) = E(n).

Proof.

Pl(er,er)] = p1ol[R(er), R(er)l,

Lemma 6.3 = = p1 o [R(S;(x ™), R(S;(x )],

Lemma 6.2 = = p; o[SO;(z 1), SO;(z )],

Lemma 6.1 = = p; o [STy, ST;],

=0.
The proofs of the other cases such as P[(e;, —e;)] = 0 are similar and hence
E(n) € P71(0).
Now pl_l(é) ={(ST;, STy) : 1] is even} C G has order 2"~! (Proposition 4.1)

and p is a fourfold covering map G — G. Therefore the set P~ () has order 2"*!
which is equal to the order of EErT) ([
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The main result of this paper completely describes the fundamental group of a
generic orbit.

Theorem 6.7. Let G = SO(n) x SO(n) and let V be the vector space of n X n real
matrices. Let G acton'V via (g, h).0o = g'vh. Let  =diagonal(dy, dy, ...,d,) €V
withd, > dy > ... > d, >0, and let G.0 be the G-orbit of 6 in'V. Letey,...,e,
be the standard basis vectors in R" and let E(n) = {*e;, ...e;, | k is even} be the
group generated by the quadratic units e;ej, i < j in the Clifford algebra on R".
Then the fundamental group 1(G.9, d) is isomorphic to E(n) X Z,.

Proof. We will show that the group of deck transformations Aut(G, P) on the
universal coverlng (G,1)is 1som0rph1c to E (n) which is isomorphic to E (n) x Z».

For each w € E (n) and 5 € G define the left translation map £ : G—>G by

¥5(5) = s, the operation on the right-hand side being multiplication in G. Itis
a standard exercise that the set of all such translations L = {¥g | @ € E(?z/)} is a
group that is isomorphic to Ezn/) via the map @+ £z. Since G isaLie group, each
translation is continuous with a continuous inverse, hence a homeomorphism from
G to G. Furthermore, for each ¥ € E (n), the composition P o £5(0) = P(&@7) =6
so each &5 is a deck transformation and therefore L is a subgroup of Aut(G, P).
But Aut(G, P) has order 2"*! by Theorem 5.2, and since both these groups have
the same order, they must be equal. By Theorem 5.2 again we have 71(G.d, 6) =
Aut(G, P) = L= E(n) = E(n) x Za. O

7. An illustration

We conclude with an example for n = 6 that further illustrates the previous con-
structions. The element

S3,5(t) = expl(t/2)ezes] = cos(t/2) + sin(t /2)ezes

in Spin(6) defined in (5-2) is homeomorphic to a circle lying in the plane spanned
by 1 and ezes in the Clifford algebra C(6), and which projects onto the rotation
SO35(t) in SO(6) via the representation R. Consider the path f 110,47 ] — G
given by 1 > (835(1), S35(2)).

Since f is homeomorphlc to a circle and G is a simply connected coverlng
group, [f] is trivial in 7 (G, 1). Now as r goes from O to 7=, we get a path f[o,”]
from (1, 1) to (ezes, ezes) in G that projects down via P toaloop f:[0, 7] — G.0
given by f (1) = (SO35(t), SO35(t)).0. By uniqueness of path lifting, f cannot
be homotopic to the trivial loop since f[o x] 1s not trivial in G. Slmllarly, as t goes
from 7 to 27, we get a path f[,, 27 from (ezes, ezes) to (—1, —1) in G that also
projects down to the loop f in the orbit G.J. Not until ¢ travels the entire distance
[0, 47] do we obtain the product f* in G.§ that lifts to the (trivial) loop f in G.
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Thus, [ f]* is trivial in 71 (G.J, 6). We chart here the information as the path f is
projected onto G and then G.J for the successive landmark values of ¢.

t f(@) p((S35(1), $3.5(1)))  P(S35(1), S3.5(1))
0 1,1) (%6, 96) 5
4 (e3es, ezes) (8T35, ST 5) 0
2 (-1, 1) (96, 96) 5
3 | (—eses, —ezes) (8T35, ST3.5) 0
4z (1,1 (%, %) 0

As in the previous discussion regarding deck transformations in the proof of
Theorem 6.7, we can translate the loop f via left multiplication by the element
(e1e2, e1e2) € E(n). This gives us the loop g: [0, 47 ]1— G given by ¢ — (v(¢), v(¢))
where

V(1) = ejea[cos(t/2) + sin((t/2))ezes] = cos(t/2)e1er + sin(t /2)e ez ezes.

This is a loop starting at eje, which lies in the plane spanned by eje; and ejesezes
in the Clifford algebra C(6).
We check that
v H(t) = [— cos(t/2)eres + sin(t/2) e erezes]

and that conjugating the basis vectors e¢; € R® by v(¢) produces the map R which
takes v (¢) to the rotation

-10 O O 0 O
0-1 0 0 O O
0 O cost O sint O
R () = 00 0 1 0 0 € SO(6)
0 O —sint 0 cost O
00 O 0 0 1

As above, the projection P maps g[o,] to the loop g(z) = R(v(z)).d in the orbit
G.d and [g]* is trivial. Here is part of this information for the path g:

t g(1) p(g(1))) P(g(1)))
0 (e1e2, e1e2) (ST1,2, ST 2) 0
™ (e1erezes, erereses)  (STi35,S5T123,5) 0
2r (—erez, —ere2) (ST, ST12) o
3 | (—ejezezes, —ejezezes) (STi 23,5, 5T12,3,5) 0

By considering the loops in the orbit G.J that lift to the path from

(1, 1) — (e1e2, e1e2) — (e1ezezes, ejezezes)
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in G we see that g and f cannot be homotopic, so [g] and [ f] are distinct elements
in 7,(G.9, J).

8. Final remarks on the general case

Determining the first homotopy group for the orbits in the more general case, when
the representative element d in the cross-section contains eigenvalues with multi-
plicities greater than 1, does not lend itself to such direct construction since the
map G — G.d is not a covering map.
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Symbolic computation of degree-three covariants
for a binary form

Thomas R. Hagedorn and Glen M. Wilson

(Communicated by Scott Chapman)

We use elementary linear algebra to explicitly calculate a basis for, and the di-
mension of, the space of degree-three covariants for a binary form of arbitrary
degree. We also give an explicit basis for the subspace of covariants comple-
mentary to the space of degree-three reducible covariants.

The study of invariant functions was one of the main influences on the devel-
opment of modern algebra. Consider the following simple example. The group
G = Z acts on R by addition: g-x = g + x. We define a G-invariant function
to be a real-valued function f(x) on R such that f o g = f forall g € G. In
other words, f(x) = f(g + x) for all g € Z, x € R. The invariant functions are
precisely the real-valued functions with period one. Hence, geometric information,
such as periodicity, can be recovered by studying functions with certain algebraic
properties.

In Section 1, we introduce the concepts of an invariant and covariant function
for a binary form Q(x, y). The problem of determining the complete set of these
functions was widely worked on during the late nineteenth century. Gordan [1868]
proved that the ring of invariants (and the ring of covariants) for a degree-n bi-
nary form is finitely generated. A milestone in the history of modern algebra was
Hilbert’s nonconstructive proof [1890] of the following fundamental theorem.

Theorem [Hilbert 1890]. The ring of invariants (and the ring of covariants) for a
degree-n homogeneous polynomial in m variables is finitely generated.

Hilbert’s theorem says that all invariants (resp. covariants) for a homogeneous
polynomial can be expressed as polynomials in a certain finite set of invariants
(resp. covariants). Hilbert [1893] subsequently gave a constructive proof of this
theorem. The minimal size of the generating set is only known for a few values of
(m, n). When m =2, this number has been determined for n < 8 [Bedratyuk 2009;
Bedratyuk and Bedratyuk 2008].

MSC2000: 13A50, 15A72, 16W22.
Keywords: theory of covariants, invariant theory, symbolic method, binary forms.
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Let € ;, denote the complex vector space of covariants of degree d, order & for a
degree-n binary form (see Section 1 for a definition). Cayley and Sylvester proved a
classical combinatorial formula for dim €} , [Sturmfels 2008, p. 153]. Algorithms
for calculating a basis for 6} , are known, but in principle they have only been
carried out in a few cases. In general, for a degree-n form in m variables, the most
comprehensive treatment is due to Howe [1994], who has given an algorithm for
calculating the set of invariants of degree d < 6.

Here we study the case when d = 3 and use an elementary argument involving
matrix algebra to give an explicit basis for €5 , in Theorem 6.1. While our result
may not be new, we do not find it in the literature and it corrects the incorrect
description of €% , in [Hilbert 1993, p. 62] (see the Historical remark in Section
6). As a corollary, we obtain an explicit form for the Cayley—Sylvester formula in
this case. Finally, let Redj ;, denote the subspace of ‘65 ;, consisting of reducible co-
variants (those that are polynomials in lower-degree c,ovariants). In Corollary 6.4,
we provide an explicit basis for the subspace in ‘€5 ;, complementary to Redg’ ;- Our
argument is a variant of the classical straightening algorithm in invariant theory.

In the first two sections of this paper, we define the invariants and covariants of a
binary form and review the classical symbolic method. There has been a wealth of
excellent introductions to invariant theory recently written [Dolgachev 2003; Kraft
and Weyman 1999; Olver 1999; Procesi 2007; Sturmfels 2008] and we refer the
reader to them for a more comprehensive introduction to the subject. In the paper’s
next two sections, we introduce the combinatorial concepts of J(-and U-matrices,
and establish the relationship with € ,. Finally, in Sections 5 and 6, we carry out
calculations to determine an explicit basis for %g‘ .

1. Basic notions

We review the basic definitions of invariants and covariants found, for example, in
[Dolgachev 2003; Kraft and Weyman 1999; Olver 1999]. A binary form Q(x, y)
of degree n is a homogeneous polynomial

Q(X,Y)=aoxn+(7)01)6"71)74----4—( )an—lxynil"i'anyn- (D
We let V,, denote the complex vector space of all binary forms of degree n with
complex coefficients. The matrix group SL,(C) acts on v € C? by matrix multipli-
cation g - v = go and induces an action on

(C** = {Linear functions & : C> — C}

n
n—1

by (g-h)(v) =h(g~'v). In this context, we regard x, y as the coordinate functions
on C2. Thus x, y € (C?)* and (C?>)* =Cx & Cy. If

g=(0) esna.
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the explicit action of g on x, y is given by g-x =dx — by, g-y = —cx + ay.
Defining g - (x¢y?) = (g - x)*(g - y)?, the SL,(C)-action naturally extends to a
SL,(C)-action on V,. Equivalently, the SL,(C)-action on (C?)* extends to the

tensor product @?_, (C?)*, and preserves the subspace Sym"C? = V,,.

Remark 1.1. V, is the unique (up to isomorphism) irreducible representation of
SL,(C) of dimension n.

Polynomial functions. Invariants and covariants for a binary form of degree n are
specific examples of polynomial maps.

Definition 1.2. Let W = @le Vy,. A function f : W — C is a polynomial map

_____
n—i,,l

such that for all binary forms Q; € V,,, expressed as Q;(x,y) = Z?’:O ajjx""'y

as in (1), we have
F(Q1,.... Q) = flay).

The polynomial f is uniquely determined and we identify f with f . Let P(W)y
denote the set of all degree-d polynomial maps on W. We say f has multidegree

d=(di,....do) If
fW 01, Q) =1t f(Q1,..., Q) forallt; eC, Q; € Vy,,
and we let P(W)q denote the set of all such functions.

Example 1.3. Letk=1,n; =1, and f(xo, x1) =x0x1. Then f defined by f (agx+
ary) = f(ag, a1) = apa, is a polynomial map of degree 2 on W = V. The function
f(aox +ai1y) = |ap| is not a polynomial map.

More generally, consider a function f : W — Vj,. Since {x", x"~1y, ... y"}is
a basis for V}, there are functions f; : W — C such that
f=fx"+ Ax" Ty 4o oy 4 fiy" )

Definition 1.4. A map f: W — V}, is a polynomial map of degree d if f; € P(W)y
for each of the functions f; in (2). We let P(W )4, denote the set of all polynomial
maps on W — V, of degree d. An analogous definition applies if “degree d” is
replaced by “multidegree d”.

Invariants and covariants.

Definition 1.5. A SL;(C)-invariant f : V,, — C of degree d for a binary form of
degree n is a polynomial map f € P(V,)q such that

f(g-Q)=f(Q)  forallg € SLy(C)and Q € V.



514 THOMAS R. HAGEDORN AND GLEN M. WILSON

Example 1.6. The first example of an invariant was discovered by Gauss in his
study of binary quadratic forms. Let Q(x, y) = aox”+2a;xy+a,y? and define the
discriminant A (Q) = a%—aoag. Ifg=(%"%),wehave (g-Q)= box*+2b1xy+byy?,
where

b() = a0d2 — 2a1Cd + azcz,

b1 = —agbd 4 a1 (ad + bc) — apac,

by = a0b2 —2ajab + aya®.
A is a degree-two SL, (C)-invariant of a binary quadratic form, as a straightforward
calculation shows A(g-Q)= A(Q). It can be shown thatif f is a degree-d invariant
of a binary quadratic form, then d is even and f is a multiple of A%/,

Classically, the interest in invariants was to use them to identify geometric
properties of projective curves preserved under SL;(C) transformations. However,
invariants are not general enough to specify all such properties. The more general
notion of covariants is needed to identify these properties.

Definition 1.7. A SL,(C)-covariant f of degree d and order h for a form of degree
n is a polynomial function f € P(Vy,)q,n such that

flg-Q)=¢g-f(Q)  forallg € SLy(C), Q € V,.

Let €(V,) denote the vector space of all covariants for a form of degree n, and let
(Gz,h = 6€(Vy1)a,n denote the space of those of degree d and order h.

Example 1.8. (i) An invariant is a covariant of order & = 0.

(i) The simplest example of a covariant is the function f : V,, — V, of degree
1, order n, defined by f(Q) = Q. f € 6], is a covariant as the condition

f(g-0)=g- f(Q) is trivially satisfied.
(iii) A more important covariant is the Hessian function. For Q(x, y) € V,,, define

the Hessian H : V,, — V;,_4 by
020 %0 (a2Q )2

H =
(©) o0x2 oy? 0x0y

The Hessian has the property that H(Q) = 0 precisely when Q is the nth
power of a linear form. It is a covariant of degree 2 and order 2n — 4.

More generally, we have the following definition of a covariant. This definition
is only used in the next section.

Definition 1.9. Ler W = @f-;l Vp,- A covariant of degree d, order h for W is a
Sfunction f € P(W)g4.p satisfying

fg- Q=g -f(Q) forallgeSLy(C)and Q e W.
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We let € (W) denote the set of all covariants for W. A covariant f € €(W) of order
h is said to have multidegree d if f € P(W)q . We let €(W)a, (resp. €(W)a,n)
denote the sets of covariants in € of order h and degree d (resp. multidegree d).

2. The symbolic method

To prove our results, we will use the classical symbolic method. We review it
here. Classically, the legitimacy of the symbolic method was questioned, but it has
since been justified [Kung and Rota 1984; Dolgachev 2003]. We now introduce
the symbolic method, following the presentation in [Kraft and Weyman 1999] and
adopting their notations.

Symbolic method for ¢(L7). Let J={1, ..., k}. Letxu, x. fora,b,ceJ,a#Db,
denote independent variables and define the polynomial ring

Symy, = Clxup, xcla, b, c € J,a # b].
Let P € Sym; be a monomial and write

p= T e T

a,bel celJ

The order ord P and weight wt P = (wt, P),cs are defined by

0rdP=Zac, wt, P =Z(iab+iba)+0a'
ceJ beJ

We note that the symmetric group S naturally acts on Sym, by

o (xab) = Xg(a)o (b)» o(x;)= Xo(c)-

Definition 2.1. Letl\,l; € L = Vy and let l; = a;ox + a;1y. Define

_|410 an
] = to |’
Let L/ = P, L and let ] = (I,) € L’. L’ can be identified with L*, where

k = |J|. We denote the maps [ > [l,[;] and [ — [, by the classical notation (ab)
and c,, respectively. We have (ab), c, € 6(L”).

Theorem 2.2 (First fundamental theorem). The ring C(L’) is generated by all
elements of the forms (ab) and cy, fora, b, c € J, and a # b.

Define the map y : Sym, — 6(L’) by
X (xap) = (ab), X (xc) =cx,

and extend it in the natural way to monomials and all of Sym,.
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Corollary 2.3. y : Sym, — 6(L”) is a surjective homomorphism of algebras. x
sends a monomial P of order h and weight w to a covariant y (P) of order h and
multidegree w.

Let a =ker y. Then
Sym, /a = @G(L7). (3)

We now describe the elements of a. For all distinct a, b, ¢, d € J, we have

(ab) + (ba) =0, (ab)cx + (ca)by + (be)ax =0,
(ab)(cd) + (ad)(bc) — (ac)(bd) = 0.

Traditionally, these equations are called syzygies of the first, second, and third
type. These syzygies motivate the definition of three subideals of a.

ap = (xXap +Xpa la #b € J),
a2 = (XapXe + XcaXp + XpeXg | distinct a, b, c € J),

a3 = (XapXed + XadXbe — XacXpg | distinct a, b, c,d € J).

The second fundamental theorem (or invariant theorem) for SL, states that these
three syzygies generate all the relationships among the covariants ¢(L”).

Theorem 2.4 (Second fundamental theorem). Let a=ker y. Then a=a;+a,+as.

Notation. (i) Sym, is bigraded by weight and order. Let Sym, , , C Sym, be
those elements with weight w and order 4. Then Sym; = @, , Symy ,, -
The ideal a is also bigraded and we let a,, , = a N Symy_,, ;.

ii) When the weight is w = (n, ..., n), we write w = (n)* as shorthand.
( g

Classical symbolic description of %2’ » Equation (3) describes @(L") in terms of
the symbolic algebra. Classically, these same symbols were also used to denote
covariants in <€>Z » (= €(V,)r,n). We now present this alternate symbolic method
and relate the two notations.

Let Q(x, y) be a degree n binary form with coefficients a; as in (1). For each

n—i i

a € J, let a4, a,1 be indeterminates with the property that a,, %1 = qa;, for

i=0,...,n. Leta, =a,0x +a,y and define
b) — 0a0 Cal| _
(ab) = = 0lq00p1 — 01 0p0-
Gpo Gpl

Using these definitions, for a monomial P =[], xi‘,‘;” [1. xZ € Symy ¢,y 5> the

expression

w(P)= [ J(@by* [ ]z “

a#b c
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is a well-defined degree-h binary form whose coefficients are homogeneous degree
k polynomials in the a;. Moreover, the function Q — w(P) can be seen to be a
covariant in 6} ;. Let y (P) denote this covariant. We note that x (P) € @(L”)
and y (P) € €} ;, are different types of covariants, but the symbolic representation
of y (P) from the previous subsection equals the symbolic representation y (P).

Example 2.5. Let P=x2, € Symy (5)2 o. In the notation just introduced, the symbol
(ab)? for the binary quadratic form Q of (1) represents

2 2 2 2 ) 2
(ab)” = (aq0ap1 — 0a10p0)” = 0005 — 20.400a1 06001 + 05100 = 2(aoaz — ay).

Thus y (P) is the covariant Q — 2(agay — alz). Its symbolic representation (ab)?
is the same as that of y (P) = (ab)* € €(L?).

The two symbolic methods are linked by the following proposition.

Proposition 2.6 [Kraft and Weyman 1999]. There is a surjective homomorphism
of vector spaces

A 6L )y — 6,
such that the composition A o y : Symy i,y , — €}, is surjective with kernel

I = a(n)k,h —+ <P —c-P:P S Symkj(n)k’h>.

If P € Symy (,y ;, is a monomial, then A(x(P)) = w(P). Moreover, A sends
a symbolic covariant in 6(L”) to the covariant in 6y, with the same symbolic
representation.

Corollary 2.7. The map P+ y (P) induces an isomorphism Symy /1 =6} ;.
This result enables the easy classification of covariants with small degree.

Example 2.8 (Covariants of degree 1). Let J = {a}. By the corollary, ‘(%']’ »=0
when h # n. When h = n, €7 is generated by v (x;) = ay. As I =agy , =0,
<€’1’n is the one-dimensional space generated by g = a’. g is the trivial covariant
with the property g(Q) = Q for any degree n binary form Q.

Example 2.9 (Covariants of degree 2). Let J = {a, b}. We will show that

1 ifhiseven,h <2n,and h=2n mod 4

dim €, , = ]
’ 0 otherwise.

In the former case, 6, , is generated by g = (ab)"*h/zai'/zbf/z. When h = 2n,
this is the covariant g such that g(Q) = Q. By the corollary, the vector space
€}, 1s generated by the images w (m) of the monomials m = xfzxé’lexé’_c. Since
xgl — (—1)”x{’2 € a, we only need consider m = xfzxfxg_c. Since m has weight
(n)?,a+c=n=a+ (h—c) and h = 2c. Thus if 4 is odd, €, =10} If his

even, let & = 2c. Then %7 , is at most a one-dimensional space generated by the
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image of m = x{, “x{x5. For thls space to be nontrivial, we must also have ¢ < n.

If o = (12), m — o (m) = (x]; — x5, “)x{x§ € I. Substituting for x5,
(1= (=1)"")x]; “x{x5 € I.

Hence, when n —c is odd, m € I and y (m) = 0. Finally, we show that m ¢ I when
h =2c, h <2n and n — c is even. Suppose that m € I. Then the definition of /
shows that

x(5 xixs = (xpp+x20) f +[P—a(P)], (5

where f € Sym,, ¢ = (12), and we can assume P is a linear combination of

monomials of the form x{,x} " ’xcxé Then

2i 2
P—o(P)=x{ xEZa,(xmm) [xé’lc fexy T l]'

Now (5) is an identity in Sym,, so letting x; = —xj2, we obtain an identity in

Clx1, x2, x12]. But since n — ¢ is even, we obtain x}, “x{x§ = 0, in Sym,, which

gives a contradiction. Hence m ¢ I and 67 , is one-dimensional in this case.

We now define the map Observe that the proof of Theorem 6.1 uses only the
statements of Proposition 2.6 and Corollary 2.7. Consider f € ¢(L’ Yy .- By
Theorem 2.2, f =D, cp P, where

P= H(ab)l“" Hci“,

a#b ceJ

and wt P = n, ord P = h. We will define A(P) for each monomial P. Then we
can extend the domain of A to all of ¢(L”’ )(nyt,n Dy defining

A(f) =D cpA(P).

P

It remains to define A(P) € 6} ;. We will do so by defining A(P)(g) € Vi, for
g € V,. Among the many possibilities, fix a choice of integers /la,-b,-, o €10, 1},
fora,b,ce J,i, j,l €{l,...,n} such that

lea,-bj +op; = I, Z/la,-bj +o4 =1, z/la,-bj = Aab> Zo'q = 0Oc-
i J ij !

Since g is a complex polynomial of degree n in two variables, it factors as g =
g1...8n. Define

A(P)(g) = v)k Z( [T teei guiit™ [] 8;711))

(Ta)ael a#be-] cel
,€8, 1<i,j<n 1<i<n
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Because of the summation over 7, € S,,, A(P)(g) is independent of the choices of
Aab;s 0> and g;. Itis clear that A(P) € P (Vy)x,n. More work shows A(P) €6} ;.

Example 2.10. We illustrate the map A. Consider P = (ab)? € €(L?*). We have
k =2 and ord P = 0. Then A,, = 2 is the only nonzero exponent among the
Acd, 0c. Choose A4, = Agp, = 1 as the only nonzero exponents in (6). Let
g = apx? + 2a1xy + azy* = ag(x — a1y)(x — a2y) and let g; = ap(x — a1y),
g>=x —ayy. Then
A(P)(8) = (181 811[82 821+ [81 821[82 811 + [82 811[81 821 + [82 £21[81 81])
=1 (g1 821182 811+ [82 81181 821) = —3ag (a1 — az)?
= 2(apar — ay),
and A(P) e %% o- This calculation also shows that A(y (xgb)) = w(xgb) by Example
2.5, which illustrates the second half of Proposition 2.6.

3. F-matrices and U-matrices

In the previous section, we used Corollary 2.7 to classify the covariants of degrees
one and two by computing €} , = Symy_ )« /1. For larger degrees, the combina-
torics in analyzing I are more difficult. In this section, we introduce #-matrices
and U-matrices to simplify the analysis and then use them in the next section to
classify the covariants of degree 3. Our goal is to define easily computed maps

0 A
Symy 3.5 = H3 , > Uz,
with ker (Ao @) = I. Then we will be able to explicitly compute ‘65’ n-

xc¢ in Sym, we associate a k X k

* . _ )vab
¥-matrices. To a monomial P = [[ x/i" [[.c,

integral matrix 0(P) = (6;;) by *7®
0;; = U
o ifi=j.
When P € Symy )k ,, 0(P) will be an #-matrix of type (n, k, h).

Definition 3.1. Fix integers k,n > 0, h > 0. A k x k-matrix B = (b;;) is an ¥-
matrix of type (n, k, h) if the coefficients b;; are nonnegative integers satisfying

Zk bj; = h and for each i,

j=1
k k
Zbij +ij,' —b;; =n.
=1 =1

We define 3 , to be the set of all matrices B of type (n,k, h).
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Example 3.2. Let P = (ab)(bc)aycy € Syms. Then (P) = (é é (f) € ?76%’2.

Definition 3.3. Let HY , be the complex vector space generated by the basis ele-
ments [H], for H € 3 .

If H, H, € %Z,h, then 2[H] —3[H2] € Hz,h. We note that 2[ H;] is not the matrix
obtained by multiplying the entries of H; by 2. We can extend the map 6 to a map
o : Symk,(n)k,h — HZ,/’I by

0(3 crP) = crlo(P)],
P P

where the sum is over monomials P.

The symmetric group Sy has a natural action on ¥ ,, and thus Hy ,, defined by
0 - A= (a;-13)5-1(j)), for A € %} ;. It follows formally that
Proposition 3.4. The map 0 : Symy ¢ —> Hj , is an Si-equivariant isomorphism
of C-vector spaces.

U-matrices. The following subset of #-matrices will be very useful.

Definition 3.5 (U-matrices). A U-matrix is an upper-triangular ¥-matrix (b;;)
whose diagonal elements form a nonincreasing sequence by; > by, > .... Let
WUy , e the set of all U-matrices in ¥ . Let Uy, be the subspace generated by
formal complex linear combinations of Wy, ,-matrices.

323\ . . 213\ .
Example 3.6. (8 (2) 411) is a U-matrix but (i 8 ?) is not.

The U7 ,-matrices can be easily parametrized. Whenn—h is odd, U3 , =&. When
n = h mod 2, we define

s r+(n—h)/2 h—s—r+m—h)/2
JMvs,r = J‘/Ls,r,h,n =10 h—s—r S+(I’l—h)/2 > (7
0 0 r

for integers r, s. We usually drop the /4, n indices as they are clear from the context.
We also define

Sun={(s,r) € 2| max(0, 5(h —n)) <r < 3h, 3(h—r) <s <h—2r}. (8)
Lemma 3.7. Let n, h be nonnegative integers. If n = h mod 2, then U3 , = {,r |
(s,7) € Spn}. Otherwise OIL’3”h =g.

Proof. Assumen=h mod 2. If (s, r) € Sy, thens > h—s—r >r and r—l—%(n—h) >
0. Hence (M;, € oug,h for all (s,r) € S, ,. Now suppose M = (b;;) € Ou’ih.
Let s = b1, r = b3z. The order condition then shows by = h —r —s. Now
s+bi+biz=n,r+biz+bys=n,and h—r—s+bia+by=nsince M € U3 .
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Solving these equations gives the formulas for by, b13, b23 found in J, . Hence,
M=Ms,e Ou;’,,, for some (s, ) € S,,_5. The bounds follow from s >h—s—r>r>0

and by > 0, proving the first assertion. When n # h mod 2, the formulas for
b2, by show that these terms cannot be integers if 7, s € Z. Hence U3 , = <&. U

Remark 3.8. If n < h/3, then U3 , = .

4. The map A

We,will now construct the maps ¢, A described at the beginning of Section 3.
A ‘276’3’ » — Ujs, will be a S3-invariant map and it will be used to construct a S3-
equivariant rnai) (Ao @) : Symy ()3 , — Uj . Recalling that I C Symg ,y3 , is
the kernel of A o y, we can then compute the image of / in Ug’, , under Ao@. In
Section 6, we will be able to use this result to explicitly classify the covariants in
€5, using Corollary 2.7. We begin with the following lemma that follows from
the calculation of the S3-orbits in %'3’ e

Lemma 4.1. Let M € % ,. Among the matrices A = (a;;) in the S3-orbit of M in
%g’ s there is a unique representative M satisfying three properties:

(@) a1l = axn > as;.

(b) If a1 = ax, then (a12, a3) is the largest choice in the lexicographical order-
ing among the possible choices for A.

(¢) If app = assz # ai1, then (ays, ai3) is the largest choice in the lexicographical
ordering among the possible A.

Example 4.2. If M = (i %8), then M = (33 i). It M = (%%6), then M =
410 104 021 014

(022).
112

Definition 4.3. Ler M = (m;;) € ¥} . We define ey = (—1)"21+ms14ms2,

mip myy+my mi3+msj .
M*=| 0 man myz+msp |, and M=¢ey[M*]c Ug,iw
0 0 ns3

where [M] represents the basis element represented by M. We define A(M) = M
and extend it to a map A : H’; n—> U3z, by

A( D cH[H])z > cnAH).

He%gqh He%g,h

Example 4.4. Let M = (413 ) € %%, Then A(M) = —[,] € UL,

1
3
312
Letting S3 act trivially on U3 ,, we have:
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Lemma 4.5. A : H; , — U5, is a surjective S3-equivariant homomorphism of
vector spaces.

Proof. If M € U3 ,, then A(M) = [M]. So the subspace in Hj , generated by [M],
for M € U3, surjectively maps onto Uj ;. (|

The composition map Ao 6 : Syms ()3 , — U3, is a surjective S3-equivariant
homomorphism of vector spaces. To analyze its kernel, we define the vector spaces

Ay, 3 =010 Syms )3 5

0 (1 += 02V SYMy ()3 1

I = I (P—0oc-P|Pce€ Sym3’(n)3’h) C Sym3’(n)3’h,
g:=(AcO)(I) C U5,

b= (Ao0)(ar; 1) C U5,

We begin by determining g.

Proposition 4.6. (a) A basis of g is given by {[ B}, with B = (b;;) € U3 j, and
(1) bi1 = by #bszand by =1 mod 2, or
(1) byy = b33 # by and by =1 mod 2, or
(iii) bll = bzz = b33 and b12 =1 mod 2.

(b) The induced map Ao 0 :Symjs 3 /11 — U3 ;, /g is an isomorphism of vector
spaces.

Proof of 4.6(a). Since Ao @ is S3-equivariant, g is generated by (6o A)(ay.()3,4)-
Now ay,(,)3 5 is generated by the images (xap+xpq) P, where P =[], xjg” [T, x*
is an order 4 monomial in Sym; with weight (n —1,n—1,n), (n—1,n,n—1), or
(n,n—1,n—1). Let M =6 (P). By the S3-equivariancy, we can assume M = (m)
with m1 > moy > ms3. If myp > myy > m33, then (Ao8)(x,p P) = —(AoB)(xpy P)
and

(Ao 0)((xap + xpa) P) = 0.

Now suppose m | =mp > my3 and (a, b) = (1, 2). By working through the various
cases, one finds that the only case when (Ao &) (x12P)+ (Ao8)(x2; P) # 0 occurs
when m 1, = my;. In this case, calculation shows (Ao 8)(x;2P) = (Ao &) (x21 P)
and

(Ao &)((x12+x21) P) = 2[B],

where B = (b;;) is a matrix described in case (i). In particular, bjp = 2miy + 1 is
odd. Similar calculations in the other cases establish the rest of (a). O

Proof of 4.6(b). By the definition of g, the map Ao# is well-defined. More-
over it is surjective as A o @ is surjective. To show it is injective, we need only
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show that ker A C 6(I;) as @ is an isomorphism. Let a € ker A and express
a =2 ey, culM]. We can rewrite o as a =3y cqn @, Where

ay= > culM].
Me%’}"h
A(M)=%[N]

Let A(ay) = by[N]. Then 0 = A(a) = >, by[N]. Since the elements [N], for
N e oug,h, form a basis of Ug’h, we have by =0, A(ay) =0 and ay € ker A. We
now fix N € U3, and show ay € 0(1).

For each Sg—(;rbit C in the set of M € ¥7  such that A(M) = £[N], let d¢c =
D meccu- LetMc e U3 ;, to be the unique rei)resentative of C specified by Lemma
4.1. Then

ay= . culMl=Y dclMcl+D D cm((M]—[Mc),
A(M)==%[N] C C MeC

where the sum is over the finite number of orbits C. Since A is constant on the
orbit C, we have

0=A(an) = chA([Mc])-
c
Taking the difference of the two equations, we have
an = ) de (Mcl— AMcD) + D D eu((M]—[Mcl).
c C MeC

The definition of A shows that [Mc] — A([Mc]) € 0(ay,(3,,) C 0(11). As the
second summand is formally in 8(1,), ay € 8(I;) and (b) is proved. O

Define ¢ : Uy , — €5, by ¢ = Aoy 00~!, where we restrict the domain of the
isomorphism 6~ tH3 ;, = Symy 3, to U3 .
Corollary 4.7. ¢ induces an isomorphism Uj ;, / (g + ) = €5 ;.
Proof. By Corollary 2.7, we have an isomorphism A o y : Symg ,y3 /1 = €3 .
Since k = 3, the syzygies of the first and second kind generate all the syzygies in
a. Hence I = I; + ay,(,)3,; and (Ao 0)(I) = g+ h. Using Proposition 4.6(b), it
follows that Ao induces an isomorphism Symj (,y3 /I — U3,/ (g +b). Putting

these isomorphisms together and noting that A is the identity on U3 ,, gives the
claimed isomorphism ¢. |

5. Calculation of g+ b

In this section, we explicitly calculate g + h. This calculation is then used in the
next section to calculate 6% ,. We begin by calculating g.

Proposition 5.1. (a) Ifn+h =0 mod 4, then g = {0}.
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() If n+h =2 mod 4 and a = max(0, (h —n)/2), then g is generated by
{Mp—2p) o <7 <h/3yU{[Mp—ry2r]:a <r <h/3,r=h (mod 2)}.

Proof of 5.1(a). Let n + h = 4t for some t. Now by Proposition 4.6, g is generated
by [M], with matrices M of three types: (i), (ii), and (iii). Suppose M has type (i).
Then r = h —2s and

—h —h h
n =h—2s+n2 :n—i-

is even, contradicting the definition of M. Similarly, assuming M has types (ii),
(iii) leads to contradictions. Hence, g = {0}.

r+

—25s =2(t —v)

Proof of 5.1(b). By Proposition 4.6, g is generated by [l ], where (i) s =h—r —s
or (i) h—r —s =r. Thus s = (h—r)/2 or h —2r. Each of the matrices .M, _,,,, for
max(0, (h—n)/2) <r <h/3,and Mp—r)2,r, for0<r <h/3andr=h (mod 2), is
in A% , . These matrices are distinct except when s =r =h—r —s, h=0 (mod 3),
andr =s = h/3. O

Unfortunately, it is not as simple to describe the generators of ). Instead, we can
determine the generators of (g+h)/g. Then by combining them with the generators
of g, we will have a set of generators for g 4 f. Recalling the definition of Jl; , in
(7), we define

mg = [Mg ] —[Mg—1 ]+ [Ms—1,41] € Ug,ho

for nonnegative integers r, s satisfying r +s < h.

Proposition 5.2. Let S, , be defined as in (8). Then (g + bh)/g is generated by
A(ms-‘rl,r)for all (S, r) € Sn—l,h—l-

Before proving Proposition 5.2, we need to establish some lemmas about the
functions €y, M*, M, M, and A(M ), defined in Definition 4.3.

Lemma 5.3. Foro € S3, M € ?(f’ih, €5 (M) = €EMEs (M*)-

Proof. Let M = (m;;). The lemma follows from straightforward calculation for
each o € S3. For example, when ¢ = (12), one has

€0 (M) = (_1)m12+m31+m32 — (_1)m21+m31+m32 (_1)m12+m21 = €MEs(M*)- O

Lemma 5.4. Suppose we are given o € S3, M € ¥3 ; with o (M)* = M*. Then
o (M) = sgn(o)"*M/2 M, where sgn is the nontrivial homomorphism sgn : S3 —
{£1).

Proof. We have M = €); M*. Then by Lemma 5.3,

O'(M) = EME,T(M*)O'(M)* = EJ(M*)M.
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If ¢ = 1, then the lemma trivially holds true. If ¢ # 1, then at least two of the
diagonal elements of M are equal. If ¢ = (12), then m; =my,. Since (6 (M*))2 =
(n+h)/2—mi1—mo = (n+h)/2mod?2, €;m+ = (— 1) +M/2 = son(o)**+/2 and
the lemma is established. Similar calculations establish the lemma for the other
choices of 0. O

Lemma 5.5. Assume n + h is even. If n +h = 0 mod 4 or the diagonal entries of
M € 33 ;, are distinct, then A(M) = ey A(M™). Otherwise, A(M) = £A(M?).

Proof. Let ¢ € $3 be such that ¢ (M) = M. We then have
o (M*) = €; o (M*)*
=ey€é; o (M)*  (by Lemma 5.3)
=eyA (M) .
Now if the diagonal elements of M are distinct, (M/\*/) = o (M*) and thus
A(M*) = M* =5 (M%) = ey A(M).

Now suppose the diagonal entries of M are not distinct. Then (/]\\4/*) =(o10)(M™),
where o) € S3 has the property that (o1(c (M)))* =0 (M)*. By Lemma 5.4,

A(M*) = (010)(M*) = sgn(a))"™/%¢ (M) = sgn(a1) "% ) A(M).
When n + 4/ =0 mod 4, sgn(al)(’”rh)/2 = 1; otherwise, it equals £=1. Hence, the
lemma is established. O

Proof of Proposition 5.2. By definition, f is generated by
(Ao O)((xjjxk + X jixi + xixj) P), )

where P € Sym; ;_; ,_; is a monomial. Since A is invariant under the action of
S3 on 35 ,, one can assume that §(P) = (9/(?’/) Then 6(P)* = My, -, with (s,r) €
Sn—1,n—1. It is also enough to consider the cases (i, j, k) = (1, 2, 3), (1, 3, 2). As-
sume (i, j, k) = (1, 2, 3). Then 0(xa3x1 P)* = lls1, and (0 (xa3x1 P))* = Mys 1,
by the assumption on P, so

(Ao 0)(x23x1P) = €p A(My1,,).

When n+h =0 mod 4, by Lemma 5.5, 0 (x31x2 P)* = My, O(x12x3 P)* = Mg 41,
and thus

(Ao0)(x31x2P) = —€ep A(My,,), (Ao0)(x12x3P) = €p A(My,r11).

Thus (9) equals €p A(mg41,). When (i, j, k) = (1, 3,2), one gets —ep A(mg41,,),
proving the lemma when n 4+ A = 0 mod 4. Now suppose n + i = 2 mod 4 and
consider x3;xp P. If the diagonal elements of @(x3;x, P) are distinct, we have
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(Ao &)(x31x2P) = —epA(My,) by Lemma 5.5. If they are not distinct, then
(Ao ) (x31x2P) = —ep A(M;,) in g/(g + b) as both sides are O by Proposition
5.1. The same logic shows (Ao 80)(x12x3P) = €p A(My,+1), establishing (9) and
proving the proposition when n +h =2 mod 4. (]
To make the generators of (g + h)/g explicit, we define the following elements
of Hj ,:
g r = [Ms,r] —(1+ (_1)(n+h)/2)[Ms—l,r],

Psr =1+ (=D "2l 14 LM 1],
for integers s, r > 0. In general, n, ., p, , will not be elements of U’3’> e
Proposition 5.6. (g+ b)/g is generated by the following elements of US
(a) my,, where max(0, (h—n)/2) <r <(h—4)/3,(h—r)/2+1<s<h—-2r—1.
(b) np—orr, where max(0, (h —n)/2) <r < (h—2)/3.
(©) P(h—r+1y2,r» where max(0, (h —n)/2) <r < (h—3)/3 andr =h+1 mod 2.
(d) [Mpy2)/3,—1y3), if h =1 mod 3.

Proof. By Proposition 5.2, b is generated by A (m; ), where (s —1,7) € S,—1.4—1.
It follows immediately that (s,r) € S, and My, € U3 ,. However, the terms
My—y,, M1 41 might not be in oug e S0 we need to do ’a case-by-case analysis.
Since (s —1,7) € Sy—1,h—1, we have s — 1 > h —s —r > r. We separately analyze
the cases when we have equality or strict inequality.

Case (a): Suppose s —1 > h—s—r >r. Then (s —1,r), s —1,r+1) € Spp,
and M1, Ms—1 41 in oug,h. Thus A(ms ) = ms,. We now prove the claimed
inequalities for s, r. From the assumptions, we have 2s > h —r +2 and h >
s + 2r + 1, giving the claimed conditions on s. Combining these equations, we
obtain A > (h—r)/2+2r+2 and h > 3r +4. Thus r < (h—4)/3. The lower bound
on r follows from (s — 1,7) € S,—1.4—1. Conversely, if s, r satisfies the bounds in
(a), then one can show thats —1>h—s—r>rand (s —1,r) € Sy—1.4-1.

Case (b): Suppose s —1 > h—s—r and h—s—r =r. Then (s — 1, r) is an element
of S, but (s —1,r +1) is not. Hence My_1,, € U} ,, but Ms_1 41 ¢US ,. Since
s = h — 2r, we have ’ ’

A(~/‘/Lsfl,r+1) = (_1)s_1+(n_h)/2[t/'/tsfl,r] = (_1)1+h+(n_h)/2[=/l/tsfl,r]:
and A(my,,)=ny, € U’;ﬁh. To establish the bounds, we see that s —1 > r+1. Then
Ir+l=r+r+@+)<r+h—-s—-r+G—-1)=h-1

and r < (h—2)/3. Conversely, if r satisfies the stated bounds in (b), and s = h —2r,
one can show that (s —1,r) € S,_1p_1ands—1>h—s—r=r.
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Case (c): Suppose s — 1 =h—s—randh—s—r >r. Then (s —1,r+ 1) is an
element of S, 5, but (s — 1, r) is not. Then Ms_1 ;41 € Oug’h, but Ms_1 , 9&’%;"}1. As
r =h+1—2s, r and h have different parities. Then

A1) = (=1) T2, ] = (=)=

and A(my ) = [14 (= D2l ]+ [Ms—1r41] = ps,r. Now h=2r =1 > a, 50
b=h+1-2s>h+1-2(h—2r—1) and r < (h—3)/3. Conversely, when the stated
conditions on r hold, one can show that (s, r) € S,_1 ,—1, Witha=(h —r +1)/2,
ands—1=h—s—r >b.

Case (d): Suppose s —1 =h—s—r=r. Thenh—1=3rand h =1 mod 3. In
this case, neither (s — 1,7) nor (s — 1,7 + 1) is in S, 5. Then

A1) = (1) FOD2L0 1= —(=1)@D2 1y, ],
and A(*/‘/Lsfl,r+l) = (_1)(n+h)/2[«/mvx,r]- Thus
A(mg,) = Ay, 1= [Mg1, ]+ M1, 41]) = (4 2(=D "2 L1

Regardless of whether n + h = 0,2 mod 4, [l ,] € h. Since s = (h 4 2)/3,
r = (h —1)/3, we obtain the result in (d) in the proposition. [l

6. Calculation of degree-three covariants

In this section, we determine an explicit basis for €5 ; in Theorem 6.1 and derive
the formulas for dim €% , in Table 1 as a corollary. We establish these results by
combining the calculation of g+ h from the previous section with Corollary 4.7 to
calculate €3 ;. To simplify the statement of the theorem, we use the map ¢: Uy , —
65 ), defined before Corollary 4.7. ¢ has the property that if M = (m;;) € U3,
then
$(IM)) = [ J@by™ [T,
a#b c

where we use the classical symbolic notation for €3 , (see page 516).

Theorem 6.1. Let n, h have the same parity. Then a basis of €5, is given as
follows.

(@) Ifn+h =1 mod 2, then <€’31,h = {0}.

(b) When n+h =0 mod 4, the elements ¢ ([M,—r)2,r1), where max (0, }%) <
r <h/3 andr =h mod 2, form a basis.

(c) Ifn+h =2 mod 4, the elements ¢ ([M—r+1)/2,71), where max (0, }%) <r<
(h—1)/3 andr =h+ 1 mod 2 form a basis.
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Example 6.2. When n = 10, 7 = 12, Theorem 6.1(c) states that {¢([ls1]),
@ ([Ms3])} is a basis of ‘6;?12. Using the classical symbolic notation (compare
Example 2.5), these covariants are (ac)*(bc)>a®hc, and (ab)?(ac)?(be) adbtc?

xX7xTx"

Proof of 6.1. By Corollary 4.7,

€5, =Us,/(g+h=U5,/9)/(g+b/9).

By Lemma 3.7, (a) is established. We now consider cases (b) and (c). By the
same lemma, the set

{[Ms,r] | (S, r) € Sn,h}

is a basis for U3 ,. We define an order on the basis elements .Il; , by defining
[My] > [My ]if (s,h—r —s,r) > (s',h—71',s',r) in the lexicographic order.
We will prove the proposition by ordering the generators of g + b, from largest
to smallest, by their largest terms (which will be distinct). Let a = dimUj ;, and
b = dim(g + b). By expressing the generators of g + b in terms of the [Jl; ,],
we obtain a b x a upper-triangular matrix o of relations. A basis of the quotient
space U3 ;, /(g + b) is then given by the cosets of [, ], for (s, r) corresponding
to nonpivot columns of «d. We now separately analyze the details of parts (b) and

().

(b) When n+h =0 mod 4, g =0 and we are reduced to calculating the quotient
space Uj , /h. Proposition 5.6 gives a basis for the vector space h and the leading
terms of each of the my ,, ng,, ps, specified in Proposition 5.6 are [Jls,]. We
note that by the proof of Proposition 5.6, the specified pairs (s, r) are distinct and
comprise all (s, r) € S, , with (s—1, r) € S,_1 ,—1. Hence the generators of Ug’,h/b
are the [Jl; ] for those pairs (s, r) € S, », with (s —1,7) & S,—1 4—1. The definition
of S,.» shows that such a pair (s, r) occurs precisely when 3|4 and r = h/3 or
when i —r is even and s = (h —r) /2. In the first case, let A = 3¢. Then r =t and
the condition on s shows s = ¢. As such, this situation is a subcase of the second
case. %g , 18 thus generated by the [l ], for (s, r) in the second case, and this is
what the proposition states.

(c) By Propositions 5.1 and 5.6, g + b is generated by [ ] where 2s = h —r or
2r = h —s, and by my », np_2.r, P(h—r+1)/2,r- Since n +h =2 mod 4, np_o,, =
[Mp—2r1, and pg—r41)2,r = [M(n—r—1y/2,r+1] and both of them are included in the
former set. The leading term of m , is [l ] and the corresponding (s, r) specified
in Proposition 5.6 are all those pairs (s, r) € S, , withs —1 > h—s —r > r. Since
(s,r) € Sp,p implies s > h —s —r >r, the generators of U’ih/(g+ h) are the [l ]
for which (s,r) € Syp, s —1=h—s—r, and h —s —r > r, which is what the
proposition claims. O
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When n > h:
n+h=0mod4 | n+h=2mod4
h even [6]+ [&]
h odd [T] (%]

When %h <n<h:

hmod3|n+h=0 (mod4) |n+h=2 (mod 4)
0 3n— h]+1 [3;1—12—2]+1
1 3n— h]+1 [3]171;!72
2 3n— h]+1 ['3?1/12]_'_1

Table 1. Formulas for dim C@’; e

Corollary 6.3. The dimension of the vector space ‘€% , is given by the formulas in
Table 1 when n, h have the same parity and n > h/3. Otherwise dim €3 , = 0.

Corollary 6.3 can also be derived via an explicit calculation using the classical
Cayley—Sylvester formula for calculating dim €} , [Sturmfels 2008, p. 153]. We
note that the case n = h appears twice in Table 1 with seemingly different formulas,
but calculation shows that the formulas agree.

Theorem 6.1 parametrizes all the covariants in €3 ,. We say f € €5, is a
reducible covariant if f can be written as a linear combination of products, gh of
covariants g, i with degree less than 3, deg g +degh =3, and ordg +ordh = h
Let Red; ;, be the subspace of %, generated by the reducible covariants. An
irreducible covariant f* € 65, is a covariant that is not reducible.

By Example 2.8, the onl& nonzero covariants of degree one are multiples of
(Ao x)(x{). By Example 2.9, the only nonzero degree-two covariants of order &
occur when 0 </ <2n and h =2n mod 4. In this case, they are given by multiples
of (Ao X)(x" (h/ 2) h/ 2/ 2) Thus, Redj , is a one-dimensional space precisely
when & > n and h + n =0 mod 4, in Wthh case it is generated by A, (1—n)/2-
Otherwise Redj ;, = {0}.

Corollary 6.4. If h < n or h+n %= 0 mod 4, then Red3 » = 10} and C@g‘,h con-
tains no reducible covariants. If h > n and h +n = 0 mod 4, then the covariants
¢ ([Mp—rys2,r1), where r = h mod 2 and (h—n)/2 <r < h/3, form a basis for the
subspace of €% 3., complementary to Red"

Proof. Only the second part remains to be shown. In this case, Redj ;, is gener-
ated by [M;,(1—n)2]. We can assume h < 3n as otherwise there are no nonzero
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covariants. If 4 = 3n, then (n, (h —n)/2) = (n, n), and [M,, (,—n)/2] is one of the
basis elements of €5 , given by Theorem 6.1. By deleting this basis element, the
remaining basis elements give a basis for the subspace of 63 ;, complementary to
Redj ;. Now let & = 3n — 4k, where k > 1. By using a syzygy of the second type,
we have

(Mo, (h—n) /2] = [Myy -2k ] = 2[ My 1 —2k ]

inU;,/(g+h). fk=1,(¢n—1,n—-2k)=((h—r)/2,r) for n = h — 2k, and
(M, (h—n)2] = [Mn—r)/2,-] is again one of the basis elements of C@’ih given by
Theorem 6.1. By excluding this basis element, we obtain the desired basis for
the complementary subspace. Now suppose k > 1. Then by applying the second
syzygy k — 1 additional times, we obtain in U3 , /(g + b)

k—1
[l 2] = 2[Mn e n—2i] + D €r [ M n—2ie ],

r=1

for some constants c,. Now by the ordering introduced in the proof of Theorem 6.1,
[My—k.n—2k] > [Mp—g n—2k+r] for 1 <r <k —1, and thus each [M,_ ,—2x+-] in the
summand can be expressed as a linear combination of [l; ,] given by Theorem 6.1
with [ M, ] < [My,— »—2k]. Let $ be the space generated by the [A,—) 2, ] speci-
fied in the Corollary. Each [,k ,—2k+-] in the summand can then be expressed as
a linear combination of elements in $. Thus the space generated by [Jl, ,—2x] and $
is also the space generated by [,k ,—2«] and $. Since (n —k,n —2k) = ('%, r)
for r = n — 2k, this is Cég’,h, by Theorem 6.1. Thus $ is the subspace of %g”h
complementary to Reds ;. O

Historical remark. We would like to note a correction to a claim in Hilbert’s
fundamental book on covariants [1993]. First, we define the weight w of a covariant
of degree d, order h, and degree-n form to be w = (dn — h)/2. When d = 3,

w=0GBn—h)/2=2n—(m+h)/2.
On [Hilbert 1993, p. 62], there appears the statement:

“Regarding the covariants of degree three, they all have odd weight p =
27 + 1 and are those which occur in the following expression, where
p=3,57,...,n,respectively n — 1:”

Hilbert then gives an explicit formula for a covariant f), of weight p. In total, the
claim is that all degree-three covariants have odd weight and that there is exactly
one nonreducible covariant of each odd weight 3 < p < n. It is clear, both from
the Cayley—Sylvester formula and from Theorem 6.1, that this is incorrect. From
Theorem 6.1, one sees that in general there are many covariants with a given even
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weight when n+h =0 mod 4. Similarly with n+/h =2 mod 4, there are generally
multiple covariants of a given odd weight.

Comparison with result of Kraft and Weyman. Kraft and Weyman [1999, Theo-
rem 6.7] establish a generating set for the covariants in €3 , with similarities to our
Theorem 6.1. We now briefly discuss the differences between these results. Using
the classical symbolic notation (see page 516), let

P = (ab)*(bc)P (ca)’ a* T PP e 6y,

be a covariant of order h = 3n — 2m, where m = a + f + y. We assume n >
max(a + f,a + 7, f+ 7). We define cat P := max(a, S, y ). Kraft and Weyman
prove:

Theorem 6.5 (Kraft and Weyman’s abc-Theorem). Assume n, h > 0.
(a) If n < h, then P is a linear combination of covariants
Q = (ab)! (be)Tay™ by e

with u +n=m, u > 2nand p > cat P.

(b) If h = n, then P belongs to the ideal $ C P(V,) generated by all covariants
of degree k <2 and order h < %n.

(c) If n = h, then P belongs to the ideal $ C P(V,) generated by all covariants
with degree k < 3 and order h < %n.

Since 6% , is generated by P, as a, 8,y vary, part (a) of Theorem 6.5 gives a
spanning’set for the vector space ‘€3, when n < h. However, this spanning set
is almost always linearly dependent and doesn’t give a basis for €5 ,. For ex-
ample, when n = 10, h = 12, part (a) shows that %%?12 is generated by the three
symbolic monomials Q corresponding to (u, #) = (6, 3), (7,2), and (8, 1) (the
covariant corresponding to (u, ) = (9, 0) is zero). However, dim C(%;?lz =2 by
Table 1, and Example 6.2 shows that the two monomials (ac)*(bc)3alh’c, and
(ab)*(ac)’(bc)’albic? form a basis for 610,

Similarly, parts (b), (c) of Theorem 6.5 show that the vector space of covariants
5 ;, 1s contained in the respective ideals &, § of the ring P (V},), but do not establish
a basis for ‘6’3’ - To see the difference, we consider the case when n =h = 3. Then
part (b) states that (633 is contained in the ideal $ of P(V3) (aring containing both
covariant and noncovariant functions) generated by reducible covariants. However,
by Corollary 6.4, we know that Redg’3 = {0} and C@gg is generated as a vector space
by a single irreducible covariant.
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Isometric composition operators acting on the
Chebyshev space

Thomas E. Goebeler, Jr. and Ashley L. Potter

(Communicated by David Larson)

Norms of certain composition operators are given in terms of their symbols in
some finite-dimensional setting. Then a family of isometric composition opera-
tors acting on certain vector spaces is identified.

1. Introduction

Much research has been done concerning composition operators over the last five
decades. However, this research has primarily focused on a host of standard ques-
tions about composition operators in the realm of complex functions. Recently the
first author has proposed a number of questions regarding composition operators in
the real function area for undergraduate student research supported by the Ursinus
College Summer Fellows Program [Doperak 2006; Gareau 2005; Kunaszuk 2006;
Potter 2007]. This topic offers accessibility for undergraduate research while pro-
viding fertile ground for genuinely new results.

This paper focuses on one particular real function space, the Chebyshev space,
T, where we explore norm-related ideas for composition operators, specifically
norms and isometries. The ultimate goal of this research is to find the norm of
a composition operator C, acting on the Chebyshev space in terms of its sym-
bol g. We begin by considering norms of composition operators in the infinite-
dimensional space, and move on to examine the topic in the finite-dimensional
space. After looking at the various finite-dimensional subspaces, we begin to look
at qualities that would lead to the symbol inducing an isometry.

2. Definitions

We set down some terminology and basic facts here. A composition operator C,
acts on functions f according to the rule C,(f) = fog. The function g is called the
symbol of the operator. Necessarily g must have range contained in the domain of

MSC2000: 47B33, 47B38.
Keywords: composition operator, norm, isometry.
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f for this to make sense. The typical assumptions are that C, has a vector space F
of functions as its domain, that the functions f € & and g have a common domain
D, and that g(D) C D.

To speak of an operator’s norm, it must first be known that the operator is
bounded on its domain space. The following definition is operational for any linear
operator, not just composition operators.

Definition 1. A linear operator A is bounded from a vector space V to another
vector space W provided there exists an M € R such that |[Af||w <M - || f|lv for
all f € V. This constant M in the inequality is referred to as a bound.

If an operator A : &% — % is known to be bounded, we can give it a norm (the
operator norm), defined as || A|| = SUp £ 40 HAS g/ Il f 1l -

The setting for the present work is a real function space. This is atypical of
composition operator research, which sees the majority of work done on complex
function spaces. We find this setting surprisingly rich, once we make some modifi-
cations to the questions we ask. The reader interested in more information regard-
ing composition operators on spaces of complex functions can consult [Cowen and
MacCluer 1995], which is widely regarded as the best resource for beginners in
the field.

For the purposes of this paper, we make the following real-function definition
of the Chebyshev space.

Definition 2. The Chebyshev space T is herein the completion of the set of all
continuous functions defined on the interval [—1, 1], taking on real values, and
obeying the following integral convergence condition:

! 1
2 2
171 = [ 17 eP s dr < o
-1 V1 —x2
There are many functions in the vector space T, including polynomials and
many other elementary functions. In fact, the monomials form a basis for 7.
Orthogonalizing the basis vectors {1, x, x2, .. .} with respect to the inner product

u(x)o(x) x
1

! 1

0= 0

leadsto 1, x, x°— %, ..., which are the Chebyshev polynomials (of the first kind).

However, the polynomials are most commonly normalized so that if v,, is the n-th

Chebyshev polynomial, v,(1) = 1. Doing so shows the first four are vy = 1, v; =
X, 0y =2x%*—1, v3 =4x3 —3x.

More information about the Chebyshev polynomials can be found in [Lebedev

1972]. Initially we seek a formula for the norm of C, in terms of a calculation

involving the symbol g, but as it will be shown, it seems likely that C, is unbounded

2
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on the Chebyshev space for all but a few symbols. We thus reconsider the ques-
tion of norm for the restriction of the composition operator to finite-dimensional
subspaces.

Definition 3. The finite dimensional subspace 7, of T is the subspace of T that
contains all polynomials of degree at most n. More concisely, we can say that
T, = Span{l, x, x2, ..., x"}.

To say f € T, means that f is a linear combination of the basis vectors, in other
words, f=co-14+c cxdcey x4 4,y x"

Since T, is finite-dimensional we know that C,, is automatically bounded, simply
by virtue of being linear. See [Horn and Johnson 1985]. This turns out to be a
crucial restriction that leads to both norm formulas and identification of isometric
composition operators. For more information regarding norms, see [Akhiezer and
Glazman 1993; Dunford and Schwartz 1958; Reed and Simon 1980].

3. Preliminary investigation

As is always the case when the domain and range spaces are the same and use the
same norm, the identity function g(x) = x induces a composition operator with
norm 1:

ICe(HI fogl Il
sup = = =
720 Ifll T

The next example suggests most composition operators will fail to be bounded

ICell =

on T. Consider the symbol g(x) = ax for |a| < 1. In the following, suppose
0 < a < 1. This condition is imposed to guarantee that range(g) C [—1, 1]. A
straightforward substitution (valid since g is an increasing absolutely continuous
function) leads us to

1 1
1Cax (P2 = /_ 1Cur ()P = / Lf (ax) P dx

a 1
[f(u)]z—zdx.

ButZZuforae(O, 1) so

\/1—(5)2 - N

Thus,
1 a 1
ICar(DIP 2 - / L0 s

—Uu
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If this lower bound is not convergent as an improper integral, the operator is
unbounded; therefore this case will be investigated further. Let

1

fa(x) = m

and observe that f, € T, as

/'f“m /

1 1
dx < o0
/—1 V1T—=x 1T+ x la—x]

is an improper integral with singularities as both endpoints of the interval of inte-
gration and at x =a. Note (Cuy (f,))(x) = fa(ax) =|a|~"/* |1 —x|~'/4. Therefore,

1
dx
V1—x2

Ia—XI

1 I |

\/——x W.f/l—x V1—x2

= L dx — 1 bl 1
Jal Jo1 J1=x J/1T=x J1+x SalJo1—x JT+x

The divergence is driven by the factor 1/(1 — x). We conclude that C,, is
unbounded for a € (0, 1), and, by symmetry, for a € (—1, 0). Note that the operator
C_, is bounded since C, is bounded and the integral and weight are symmetric
about 0. (For the reader with a background in Lebesgue spaces, notice also that
when a = 0, C,, amounts to being the operator of point-evaluation at 0. Since
our space is really the space Lz([—l, 1], dx/~/1—x?), that is, the completion
of the polynomials in the Chebyshev norm, Cy fails to make sense. Indeed, all
point-evaluation operators on such an L?-space are unbounded.)

A similar argument shows that when g(x) = ax + b, with range(g) € [—1, 1],
C, is again unbounded. Algebra shows the conditions on a and b are |a| < 1 and
|b| <1 — |a|. This means graph(g) C [—1, 1] x [—1, 1]; this Cartesian product
of intervals will be called the “box.” We include some examples to illustrate the
phrases “in the box” and “out of the box™ (Figure 1).

Again, a test function shows C, is unbounded: let f, 5(x) = 1//Ja +b— x|
and perform the norm calculation of Cx45(fa.p)-

dx

|Cax )P = / [ fula)?

dx = o0.

4. A change of venue

The unboundedness of operators with such elementary symbols leads us to restrict
the operator C, to finite-dimensional subspaces of T'.
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+6

Figure 1. g(x) in the box (top line); g(x) outside the box (bottom).

4.1. Ty = Ty. Inorder for C, to map T, back to T, g must be at most degree one
and thus g(x) = ax + b for some a, b € R. A concrete subcase would be T} — T,
and thus input functions are of the form ¢y + c¢;x while g(x) = ax +b. In order for
Cy : T, — T»,, g must be at most degree two, g(x) = ax*+bx+cfora,b,ceR.
A concrete subcase would be 77 — 7>, and thus again f € T} has the form co+cx

while g(x) = ax? 4+ bx +c.

Employing the definition of the norm of an operator we have

||Cg||2T1»T1 =S
f#

ICHIP _
o IfIP

ICs (NI

max —2
20 |Ifl

1 o+ cr(ax +b)2—= dx

max Vi—x?
1
cg+cis#0 [ (co+ 61)6)2«/11_7 dx
azc% + 2bzc% +4bcico+ 20(2)
max .
c(z)-‘rc%;éO C% + ZC(Z)

It is proper to replace the supremum with a maximum since we are working
on a finite dimensional space; details of this thought can be found in [Horn and
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Figure 2. Two views of the “ridge”.

Johnson 1985]. The quantity being maximized in the last line will be called the
norm quotient.

After finding partial derivatives, and solving for cj, critical lines are found.
These critical lines correspond to “ridges” of the norm quotient, see Figure 2,
rather than isolated maxima or minima.

The following critical lines were found:

co(a®+2b% — 1) £ cov/(a® +2b2 — 1)? + 8b2
B 2b '

After expanding and simplifying, the following formula is obtained:

C1

. V(@ +202—1)2 4862 +a> + 20 + 1
1Ce 7,1y, = 5 -

At this point an interesting question arises: how do these norms change when
viewing the operators successively 7o — 15, T35 > T3, ..., T, — Ty, ..., asn— 00?
In other words, can we determine for all symbols g the limit lim | Cgll7,-7,?

n—oo

4.2. Ty = T,. We restrict the domain of C, to polynomials of the form ¢y + c1x
and restrict the form of the symbol to ax?> + bx + c¢. Thus we are viewing the
operator as C, : T1 — T5. Throughout this section, we assume a # 0, or else this
reduces to the situation in Section 4.1, T} — Tj.

Before proceeding with the calculation of the norm, we will address the con-
straints on a, b, and ¢ for g(x) to stay within the [—1, 1] interval. By inspection,
|c] < 1 because otherwise g(x) would be outside the box, for then it would have
an intercept outside the box. Using the fact that |c| < 1, it becomes clear that
la + c| < 1. To see this, consider the endpoints. Evaluation of g at —1 yields
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—1<a—b+c<1.Evaluation of g at 1 yields —1 <a+ b+ c < 1. Adding these
inequalities gives us —2 < 2a + 2¢ < 2 which can be reduced to —1 <a+c <1
and thus |a +c¢| < 1.

By combining the previous constraints, it must be true that |a|] < 2. To put
constraints on b, in terms of a and c, there are two conditions:

e The values of ax? + bx + ¢ at the endpoints of the interval [—1, 1] cannot be
above or below the corners of the [—1, 1] x [—1, 1] box.

« If the vertex of ax® + bx + ¢ occurs for x € [—1, 1], it cannot be above the
upper boundary or below the lower boundary of the [—1, 1] x [—1, 1] box.

The endpoints concerning b will be addressed first:

g(=D=a—-b+c, g)y=a+b+c,
—1<a-b+c<l, —1l<a+b+c<l,
—l—-a—-c<-b<l—a-c, —l—a—-c<b<l—-a-c,
—l+@+ce)<b=<l+4+(a+o), —l—(a+c)<b=<l—(a+o).

For a + ¢ > 0, it is clear that
—l—(a+c)<—l+(@a+c)<b=<l—-(a+c)<1+(a+c).

Thus, —1+(@4+c)<b<l—-(a+c),or |b|<|l=(a+c)|. Fora+c <0,
following a similar approach, we arrive at |b| < |1 4+ (@ + ¢)|. Combining both
cases, the inequality limiting the values of b is

bl < |1—la+cl|.

The next condition for the bounds of b concerns the vertex location within the
[—1, 1] x[—1, 1] box. The vertex is where x = —2%. (Recall that we have assumed
a #0.) If the vertex is outside the box (|b| > 2|a|), we need only consider the values
of the symbol at x = =1, as above. However, if the vertex is in the box (|b| <2|a]),
further constraints must be imposed for graph(g) to be in the box.

To find the bounds on b when the vertex is inside the box, calculate:

b b \2 b b
g(—z) = a(—g) + (—z) te
We require |a (—b/2a)2+b (=b/2a)+c| <1, which simplifies to lc—b%/4a| < 1.
Algebra shows we therefore want —4(1 — c) < b?/a < 4(1 +¢).
This leads to two cases, depending upon the sign of a. If a > 0, the necessary
condition is —4a(1 — ¢) < b* < 4a(1 +¢), or, |b| < 2/a(1+c). If a < 0, the
necessary condition is 4a(1 4+ ¢) < b* < —4a(l —c), or, |b| < 2+/—a(l — o).
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Summarizing, for graph(g) to be in the box, we need

lel <1,
[ la+cl<1,

bl <|1—la+c|

b

and if |b| < 2]a|, also

b| <a(l+c), a>0,
|b| < /—a(l—c), a <0.

Now that the constraints on a, b, and ¢ for g(x) = ax? + bx + ¢ to stay within
the [—1, 1] x [—1, 1] box have been established, computing the actual norm of the
composition operator will be the next step.

With 0 £ f e Ty,

1
1

/ [co+ cl(ax2 + bx + c)]2— dx

-1 1—x2

IC(HI>
max

ICllF, 7, = SUp —2-o— =
$ih=T I £112

1 5 1
[co+x1xX])"—— dx
-1 1 —x?

3azc% +8aci(cc +co) +4(b%c; + 2(czc% + 2ccocy + c(z)))

= max
4(2c(2) + c%)

The quantity being maximized in the last line will be called the norm quotient.
After finding partial derivatives the following critical points are found:
co(Ba*+8ac+4b>+8c—4)
- 4a+8c
9a*+48a°c+8a>(3b>+14c+1)+64ac(b>+2c>+1)
CO\/ +16b*+32b%(2c>—1)+64c* +64c*+16
4a+-8c '

To attain a formula, the value for c; is substituted into the norm quotient. After
expanding and simplifying using a computer algebra system, the following formula
is obtained:

1

+

\/ 9a*+48a°c+8a*(3b*+14c+1)+64ac(b*+2c>+1)

5 +16b*+32b%(2c* = 1)+64c* +64c>+16
||Cg||T|—>T2 = 8

b, 3a’+4
—I-?—Fc +ac+ g

We can raise the companion question as to the norm of the operator when view-
ing it successively 7o - T4, T3 —> T¢, ..., Ty = Thy, ..., a8 1 — 00.
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4.3. T} — T;. Following the template of the previous section, we discover the
norm of a composition operator in the 7; — T3 subspace:

) 5a% + 12ac + 2(3b* 4 8bd + 4(c* +2d*> + 1))

+% (25a4 +120a’c + 4a(15b* + 40bd + 4(14c* + 5(2d* — 1))
+48ac(3b* + 8bd + 4(c? +2d*> — 1))
+4(9b* +48b°d + 8b* (3¢ + 14d* + 1) + 64bd (c* +2d* + 1))
+64(c* +2202d — 1)+ 4d* + 4d® + 1)) v

Likewise we can ask about norms viewing the operator 7, — Ty, T3 — To, ...,
T, — T3,,...,asn — o0.

There are more potentially interesting questions open to us as the number of
coefficients increases. Finding a norm formula for general symbols is the ultimate
goal.

5. Isometries

Definition 4. An isometry is a bijective map f : X — Y between two normed
spaces that preserves lengths, that is, || f(x)|ly = ||x||x, where || - ||x and || - ||y are
the norms associated with the spaces X and Y.

For our purposes, the isometry will be viewed as acting between two finite-
dimensional subspaces T, and T, of T. More precisely, C, will act as an isometry
when the norm of the input || || equals the norm of the output ||C,(f)Il, and thus
automatically [|Ce| = 1.

Theorem 5. When the symbol g(x) is a normalized Chebyshev polynomial in the
subspace T,,n > 0, the induced operator C, : Ty — T, is an isometry.

Proof. Let v,(x) be the Chebyshev polynomial (so the symbol g(x) is v,(x), the
polynomial of degree n) and f(x) any nonzero linear polynomial. Then

1 2 1
2 2 L leotcer (v, (x))] dx
(Gl = sup NGO _ W ounl? Sl on 7
/1l /1l f_1[6‘0+61X]2m dx
: 1
. 116+ 2¢00100 () + (02 ()] 7= dx
f_ll [6(2) +2coc1x + c%)ﬂ]\/]l_7 dx
! 1 1 1 1 I
= max S C%‘/l—_T dx +2c0c1 |- on(X) =7 dx + ot f_l(vn(X))zm dx

Zlet +2¢3]
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1

1

But 0 (x) ——— dx = 0 when 0 # n. So,
/_1 ()\/l—x2 *

2
ICy, I” = max

2,12
7tc0+§7rcl

%n (c% + 2c(2)) B
This calculation shows that the norm quotient is independent of the choice of cg
and cy, and thus [|C,, (/)| = I £l O

We were encouraged to look for more isometric composition operators and be-
gan with those acting from 77 — 73. With the previous theorem in mind, the first
general form of the symbol considered was g(x) = ax> 4 cx, since that is the form
of the Chebyshev polynomial of degree three. With 0 # f € T},

1
ICurrpes(DIP NI fo(axd + e Joileoteilax® +ex)P s dx

”f”2 ”f”2 f_ll[Co -i-C‘l)C]z\/ll_7 dx
_ 5(,126% + 12acc% + 8(C2C% + 20(2))
8(c% +2c(2)) .

To find what the values of @ and ¢ must be for C, to act as an isometry, we
forced this norm quotient to be 1. This leads to 25a% 4 40c? = 40, the equation of
an ellipse, which amounts to requiring

_ —3a++16—a?
= 1 )

We can conclude that any symbol of form g(x) = ax? + cx, with ¢ as in (5-1),
will act as an isometry in 77 — T3, assuming the symbol is admissible.

We continued this technique with the symbols g(x) = ax® +d, g(x) = ax® +
bx?>+cx, g(x) =ax3+cx+d, and g(x) = ax>+bx>+d, as well as other examples.
However, each time we found dependence on ¢ and ¢y, and thus C, could not act
isometrically on the whole subspace.

With the success of finding the isometry family for the symbol g (x) =ax34cx in
comparison to the lack of success with the examples explored above, we wondered
if this was the only form of g that could act as an isometry. We backtracked to the
general form g(x) = ax> + bx? + cx +d and constructed some test functions.

From Section 4.3 where we found ||Cq |7, 75, We began testing with various
functions f € Tj to find necessary conditions on the form of g for C, to be an
isometry. The first such functions are fj(x) =x+1and f,(x) =x — 1. Recall that

IC(NIP _
If12
Sazc%+ 12acc%+2(3b2c%+8bcl (dci+co) +4(c20%+2(d20%+2dcocl —1—03)))
8(2cf+c)

c

(5-1)
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We see that

ICe(x+ D7, 56+ 12ac +2(3b> + 8b(d + 1) + 4(c> +2(d +2d +1)))

llx 4+ 1117, 24
ICe(x = DIIF,  5a2 + 12ac +2(3b> +8b(d — 1) + 4(c> +2(d> — 2d + 1)))
Ix =113 24 ‘

For C, to qualify as an isometry, each norm quotient must be 1 and thus the
difference of the two norm quotients must be 0:
4b —8d

0=ICo(x + DIIF, — IColx + D7, = S

Thus ‘”’%8‘1 =0, or b =2d. Next we used f3(x) =x+ %, and fy(x) =x— }‘. The
norm quotients for f3(x) and f4(x) with b = 2d are

[Ce(x+ 1) 7, | 5a% 4 12ac +4(2c? + 1842 +8d + 1)
Ilx + 513, 12 ’

[Colr = D7, 50+ 12ac + 8¢ + 7242 — 164
Ilx — 513, 9 '

We set each new norm quotient equal to 1 and solved for d. In solving

ICe (x + D)7, = lx + 3117,

for d, we find
_ 2 _ 2 _
i = 2, V2/—45a% — 4(27ac +2(9¢ 13) 52
9 36
While for || Cy (x — 1|7, = [x — &[}7, we have
_ 2 2 _
i = 1 V2/=45a2 —=4(27ac +2(9¢ 10) 53

9 36

We are seeking coefficients for g that will induce an isometry. Thus a single choice
for d must serve for all test functions. The expressions for d above must therefore
be equal and their difference 0. We examined each of the four pairings and present
the most illuminating one, which turns out to be dfr =d, . Rearranging terms gives

V2/=45a% — 4(27ac +2(9¢2 — 13)) N V2\/—45a2 — 4(2Tac +2(9c2 —10)) _ 1
36 36 3
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which can be solved for ¢ by squaring both sides, isolating the product of radicals
on one side of the equation, squaring again, and simplifying. The solution is

—3a++16—a?
4 b

which is (5-1). When we substitute either expression for ¢ into (5-2), we find
di =0, —%. Likewise, using (5-3), we get d, =0, %.

Thus, for C, to be an isometry d must be 0, and since we already discovered
b = 2d, necessarily b = 0. Therefore for a symbol g to induce an isometry is for g
to be of the form g(x) = ax? 4 cx. This was the form first investigated at the start
of this subsection where we discovered the only family of the form g(x) =ax>+cx
is when c is as in (5-1). Therefore, the only family that enables g to induce as an
isometry from 7 to T3 is the one described above.

Now that we have specified the form of the symbol g, we must determine the
constraints on g to be in the [—1, 1] x [—1, 1] box. That is, we must make sure
there are symbols satisfying the condition for C, to be an isometry and which are

C =

themselves admissible.
There are two basic criteria for g(x) = ax> 4 cx to stay in the box:

« The values of ax>+cx at the endpoints of the interval [—1, 1] cannot be above
or below the corners of the [—1, 1] x [—1, 1] box (that is, the graph enters the
left side of the box and exits on the right, not the top or the bottom).

o If the local extrema of ax> +cx (if any) occur for x € [—1, 1], they cannot be

above the upper boundary or below the lower boundary of the [—1, 1]x[—1, 1]
box (that is, the graph does not penetrate the top or bottom of the box).

The endpoints will be considered first; we require at the left endpoint —1 <
—(a+c) <1, and at the right endpoint —1 < a + ¢ < 1. These requirements can
be summarized by |a + c¢| < 1. Graphically (with a as the horizontal axis and c as
the vertical axis), this is represented by a “strip” in the ac plane, between the lines
c=1—aand c = —1 —a. This is seen in Figure 3.

- //
%/

Figure 3. Strip of admissibility. The slanted shading indicates
regions of inadmissibility.

\s

N
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Figure 4. Regions of admissibility, when a and ¢ have the same
sign (left), and when a and ¢ have opposite signs, |c| > 3|a| (right).
The vertical shading indicates further investigation is needed.

Next, we consider the local extrema of g(x) = ax’ + cx which occur when
x? = —c/3a. Two cases arise: when a and ¢ have the same sign, and when a and
¢ have opposite signs. We consider the case when they have the same sign first.

If a and ¢ have the same sign, g’(x) will have no real roots and thus g has no
local extrema. Thus, in addition to the strip described above, quadrants I (a, ¢ > 0)
and III (a, ¢ <0) are part of the admissible region; see Figure 4, left.

If a and ¢ have opposite signs, g has local extrema. The roots of g’ are outside
the box if —c/3a > 1. This corresponds to the cones bounded by ¢ = +3a in the
ac plane; see Figure 4, right.

On the other hand, if —c/3a < 1, or |c| < 3|al, then |g(£y/=c/3a)| < 1 must
be true. Evaluation at the critical points requires that

—1<g(+y/—c/3a) < 1.
Without loss of generality, consider the case of ¢ negative. Now we are considering
—_~\3 _ —~\3/2 —
—1za(5) +efo =l = —1za(3) +ef/5is1 =
3a 3a 3a

a
L N e B e~ S

Next, we use this relation to solve for c:

—c=<(3V3a?? 5 —e<3()P W = ez -34S
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b
b
o
o
[
=

Figure 5. Cubic with cones, a and ¢ of opposite signs, |c| < 3|a|.
The vertical shading indicates regions of inadmissibility.

Similarly, when ¢ > 0, we have
c <3(—a/4)'3.

The corresponding region is shown in Figure 5. Keep in mind that the cubic is
relevant only outside the cones.

The combinations of the previous four regions is seen in Figure 6, which repre-
sents the total admissible area for g(x).

Lastly, we consider the graph of ¢ in terms of a from the condition to be an
isometry (5-1). Graphing both the positive and negative roots reveals an ellipse,
seen in Figure 7. This ellipse represents all the possibilities of g(x) within the
family. The parts that lie in the admissible region are shown with heavy printing.
The positive and negative Chebyshev polynomials are at the extreme ends the major
axis of the ellipse, sitting as isolated points. This means there exists a nontrivial
family of isometries acting from 7 to T3, represented by the continuous arc of the
ellipse in the admissible region, along with the isometries identified by Theorem
5, represented by isolated points at the major vertices of the ellipse. Not only have
these been identified, but these are the totality of all possible composition isome-
tries between these subspaces. This is a very satisfying answer to the question.

N
.

o

Figure 6. Total region of admissibility for g(x) (unshaded).
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fors

.

Figure 7. Admissible isometry-inducing symbols.

A

6. Conclusion

Some simple formulas for computing norms of composition operators on finite-
dimensional subspaces of the Chebyshev space show some direction for future lines
of investigation. We raised the more specific question of isometric composition
operators, especially in the case of 77 — 73. This revealed a family of operators
whose symbols’ coefficients vary over a continuum and a pair of isolated symbols
corresponding to the Chebyshev polynomials of order 3. The geometric connection
to a norm question was surprising and pleasing.
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Markov partitions for hyperbolic sets
Todd Fisher and Himal Rathnakumara

(Communicated by Kenneth S. Berenhaut)

We show that if f is a diffeomorphism of a manifold to itself, A is a mixing
(or transitive) hyperbolic set, and V is a neighborhood of A, then there exists a
mixing (or transitive) hyperbolic set A with a Markov partition such that A C
A C V. We also show that in the topologically mixing case the set A will have
a unique measure of maximal entropy.

1. Introduction

A dynamical system consists of a space and a rule to dictate the evolution of the
points in the space. In particular, a discrete dynamical system (X, f) consists of
a topological space X and a map f : X — X. The nth iterate of f, denoted f”,
is defined as the map f composed n times, where n € N. If f is a bijection, then
its inverse f~! exists and we can form the nth iterate of f~! by composition,
f:X—-X.

We assume in this paper that the maps associated with dynamical systems are
homeomorphisms so that f~! exists and £~ is well-defined. In the study of dy-
namical systems it is important to look at the overall effect of the rule for individual
points in the space. In this analysis we look at orbits of points in the space where
the orbit of a point x € X is defined as

Ox)={f"x)e X :neZ}.

Throughout the paper we let M be a compact, smooth, boundaryless manifold
and denote the set of diffeomorphisms from M to itself by Diff(M). A set X is
invariant under f if f(X) = X. Invariant sets play an important role in dynamical
systems and often allow one to decompose a space into invariant “indecomposable”
sets. A compact set A C M that is invariant under f € Diff(M) is a hyperbolic set

MSC2000: 37A35, 37D05, 37D15.
Keywords: Markov partitions, hyperbolic, entropy, specification, finitely presented.
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if there exists a splitting of the tangent space T f = E* @ E° and positive constants
C > 1 and 4 < 1 such that for any point x € A and any n € N we have

IDfvoll < CA"|lv]l  forov e EY,
IDf o]l < CA"|lv]| forv € EY.

Hyperbolic sets were introduced by Smale and Anosov in the 1960s. The com-
pactness of the manifold together with the expansion and contraction in the tangent
bundle allows for complicated and interesting orbit structures. Additionally, hyper-
bolic sets are structurally stable, or in other words, the dynamics of a hyperbolic
set are preserved under perturbations.

One of the main tools in studying hyperbolic sets is the use of a Markov partition
introduced by Adler and Weiss for hyperbolic toral automorphisms of the 2-torus
[Adler and Weiss 1967]. Markov partitions are defined in Section 2. It was shown
in [Fisher 2006] that if f € Diff(M), A is a hyperbolic set for f, and V is a neigh-
borhood of £, then there exists a hyperbolic set A for f such that A C A C V and
A has a Markov partition. For a Markov partition there is a canonically associated
symbolic space called a subshift of finite type. (For the definition of a subshift of
finite type see Section 2.)

Often one is interested in studying hyperbolic sets that satisfy additional prop-
erties. Two such properties are topological mixing and transitivity. A dynamical
system (X, f) is topologically mixing if for any open sets U and V there exists
some N € N such that f"(U)NV # & for all n > N. A dynamical system (X, f)
is transitive if there exists a point x € X such that the forward orbit of x,

07 (x) = {f"(x) : neN},

is dense in X. A standard result about transitivity is the following: if X is a locally
compact Hausdorff space, then (X, f) is topologically transitive if and only if for
any open sets U and V in X there exists some n € N such that f"(U) NV # &
[Brin and Stuck 2002, page 31].

The main result of the present work is that we can strengthen the result on

Markov partitions in [Fisher 2006] with respect to topological mixing and transi-
tivity.
Theorem 1.1. If A is a topologically mixing hyperbolic set for f € Diff(M) and V
is a neighborhood of A, then there exists a hyperbolic set A for f containing A and
contained in V such that (A, f) has a Markov partition coming from an associated
mixing subshift of finite type. Furthermore, if A is transitive, then (A, f) has a
Markov partition coming from an associated transitive subshift of finite type.

We note that a standard result is that if the subshift of finite type is mixing
(or transitive) and associated to a Markov partition for a hyperbolic set, then the
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hyperbolic set is mixing (or transitive). Bowen [1974] provided a nice connection
between mixing hyperbolic sets and the entropy for the system. The topological
entropy of a dynamical system, denoted /p(f), is a number that, in a certain
manner, measures the topological complexity of the system. Whereas, the measure
theoretic entropy, denoted /,,(f), of a dynamical system is a number that, in some
manner, measures the complexity of the system as seen by the measure u.

A measure u is invariant for the dynamical system (X, f) if

1(f~H(A)) = u(A)

for all measurable sets A. We denote the set of invariant Borel probability measures
as M(f). If X is a compact metrizable space and f is continuous, then we know
that M(f) # @ [Katok and Hasselblatt 1995, page 135]. The variational principle
says that if f is a homeomorphism of a compact metrizable space, then Ay, (f) =
sup,, e u( sy hu(f) [Katok and Hasselblatt 1995, page 181]. A measure u € M(f)
such that A, (f) = h,(f) is a measure of maximal entropy. If there is a unique
measure of maximal entropy, then f is called intrinsically ergodic. From Theorem
1.1 and Bowen’s results we are then able to show the following.

Corollary 1.2. If A is a topologically mixing hyperbolic set and V is a neighbor-
hood of A, then there exists a hyperbolic set A containing A and contained in V
such that A is intrinsically ergodic with respect to f.

2. Background

As we will be looking at subshifts of finite type we first review some definitions
and facts about subshifts of finite type. Let A =[a;;] be an n x n matrix with entries
of zeros and ones such that there is one or more one in each row and column. Such
a matrix is called an adjacency matrix. Let A, = {1, ..., n} and call a transition
from i to j to be admissible for A if a;; = 1. Define

24 ={o = (wK)kez | o € Ay and wrwyy; is admissible for all k € Z}.

The map on X4 defined by o (w) = o’ where co; = wj41 is called the shift map.
The subshift of finite type is the space (X 4, o) together with the product metric on
X 4. A matrix A is positive if each entry is positive. A matrix A is primitive if
there is some power N € N such that AV is positive.

If a matrix A is primitive, then the subshift of finite type associated with A
is topologically mixing. Furthermore, a subshift of finite type associated with an
M x M matrix A is transitive if and only if for each i, j (1 <i, j < M) there exists
some n € N such that al’.’j > 0 [Robinson 1999, page 80].
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A topological semiconjugacy between a pair of dynamical systems (X, f) and
(Y, g) exists if there is a continuous surjective map & : X — Y such that

hof=goh.

The space (Y, g) is called a factor of (X, f), and (X, f) is called an extension of
¥, 2.

A dynamical system (X, f) where X is a compact metric space and f is a
homeomorphism is expansive if there exists a constant ¢ > 0 such that for all
x,ye Xifd(f"(x), f"(y)) <cforalln € Z, then x = y.

We now review some facts about expansive and finitely presented dynamical
systems. For ¢ > 0 and x € X the &-stable set is

Wix)={yeX|d(f"(x), f"(y)) <e foralln >0},
and the e-unstable set is
Wi (x)={yeX|d(f"(x), f"(y)) <e foralln > 0}.
For x € X and f : X — X, an expansive homeomorphism, the stable set is
W) ={y e X| lim d(f"(x), /"(y)) =0}
and the unstable set is
Wi ={y e X| lim d(f™"(x), f () =0}.

Let (Y, f) be expansive and fix ¢ < ¢/2, where ¢ is an expansive constant of
(Y, f). Following [Fried 1987] we define

D, ={(x,y) €Y x Y | W] (x) meets W}(y)}

and [+, -]: D, — Y so that [x, y] = W} (x) N W¥(y). It follows that [, -] is contin-
uous.

Definition 2.1. A rectangle is a closed set R C Y such that R x R C D,.

For R a rectangle and x € R, denote the stable and unstable sets of x in R,
respectively, as

Wi(x,R)=RNW](x), W"(x,R)=RNW}(x).

A rectangle R is proper if R = E, where R denotes the interior of R.

Definition 2.2. Let (Y, f) be expansive with constant ¢ > 0 and 0 < ¢ < ¢/2. A
finite cover R of Y by proper rectangles with diameter(R) < ¢ forany R € R is a
Markov partition if R;, R; € R, x € R;,and f(x) € I%j, then

W', R) CR;, fT'(W'(f(x),R;)))CR;, and RNR;=ifi#]
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For a Markov partition % of a system (X, f) we define the adjacency matrix A
such that a;; = 1 if f(R;) N R; # @. The subshift of finite type (X4, o) is said
to be associated with 9% and there is a canonical semiconjugacy 4 from (X 4, o) to
X, f).

Fried [1987] defined finitely presented systems as expansive homeomorphisms
of a compact space that are factors of a subshift of finite type. In the same paper
he shows that any finitely presented dynamical system has a Markov partition.

Remark 2.3. For f € Diff(M) and A a hyperbolic set for f, the system (A, f|a)
is expansive. Furthermore, any subshift of finite type is expansive. Also, for a
hyperbolic set A for a diffeomorphism and x € A, the sets W*(x) and W*(x) are
injectively immersed submanifolds of Euclidean spaces.

3. Results

Proof of Theorem 1.1. Before proceeding to the proof of Theorem 1.1 we first
review some facts about shadowing for hyperbolic sets. A sequence {x;}” is an &-
chainif d(f (xi), xk+1) <€ for all k where —oo <a < b <oo. A point y d-shadows
an e-chain {x;} if d(f*(y), x) < 6 for all k. We next state the Shadowing Theorem
[Brin and Stuck 2002, page 113].

Theorem 3.1 (Shadowing Theorem). Let M be a Riemannian manifold, d the nat-
ural distance function, f a diffeomorphism of M to itself, and A a hyperbolic set
for f. Then for every > 0 there exists an ¢ > 0 such that if {x,} is an &-chain of
f and d(xx, A) < ¢ for all k, then there is some y € |, B:(x) that 6-shadows
the ¢-chain {x;}.

Proof of Theorem 1.1. We first assume that A is topologically mixing. To prove
the theorem it will be sufficient to show that the subshift of finite type constructed
in [Fisher 2006] giving the hyperbolic set A will be topologically mixing.

Let U be a neighborhood of A. A standard result for hyperbolic sets states
that there is a neighborhood V of A such that V C U and Ay = MNuez f" (V) is
hyperbolic [Katok and Hasselblatt 1995, page 271]. Let d (-, -) be an adapted metric
on Ay. Note that this can be extended continuously to a neighborhood V' C U of
Ay.

Fix 7 > 0 and ¢ < 7 such that for any two points x, y € Ay, if d(x, y) < J then

S W (F @) N F(WE () = W) N Wi ()

consists of one point, and the set |, eA B2,(x) is contained in V N V’; see [Fisher
2006] for an argument explaining the existence of # and J. Fix 0 < ¢ < J/2 as in
the conclusion of the Shadowing Theorem so that every g-orbit is d/2-shadowed
and contained in VN V",
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Letv <¢/2 such that d(f(x), f(y)) <e/2and d(f~'(x), f~'(y)) < &/2 when
d(x,y) <vforany x,y € Ay. Let {pi}f\’:1 be a v-dense set of points in A and let
the adjacency matrix A be defined by

L[ vitdre. e <,
Y0 ifd(f(pi), py) = e

Let (X4, o) be the subshift of finite type associated with A. Then we know there
exists a hyperbolic set A contained in V [Fisher 2006] such that A C Ay, that
contains A and there exists a semiconjugacy f : X4 — A. To see that A is
topologically mixing it is sufficient to see that X 4 is topologically mixing.

We now show that X 4 is topologically mixing by showing that A is primitive.
Given sets B, (p;) and B, (p;) there exists some N;; such that for all n > N;; we
have

fn(Bv(pi)) N Bv(pj) 7’é g,
since A is topologically mixing for f. We let M = max{N;;}. Then

" (Bu(pi)) N B, (pj) # &

for all n > M. We now show that this implies that a{’j > 0 for all n > M. This
is equivalent to showing there is a sequence of (n+1)-symbols coming from sy
such that each transition is allowed and the sequence starts with i and ends with j
[Robinson 1999, page 76].

Indeed, let n > M and x € f"(B,(p;)) N B,(p;). Since

N
U rBu(p) = A,

k=1

we know that there exists some p;, such that x € f(B,(p;,)). By the definition
of v we know that d(f(p;,), pj) < & and i1 to j is an allowed transition in X 4.
Inductively, let 1 <k <n — 2 and assume that for each / such that 1 </ < k there
is some p;, such that f~/(x) € f(B,(p;,)) and

d(f(pi), pj) <e ifi=1,
d(f(pi[)a pi1_]) <é& else.
Then ixiy_y---i1j is a sequence of k+1 symbols in fy with allowed transitions

and f~!(x) € B,(p;,) for all 1 <[ <k. We know that f~*+D(x) e f(B, (Pies1))
for some iy € Ay and

d(f(pik+1), pik) <é&.

Hence, i;4 to iy is an allowed transition in X4 and ixy1i;---i;j iS a sequence
of k+2 symbols in iy with allowed transitions. Therefore, there is a sequence
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in—1in—p - --11j of n-terms in o with allowed transitions. Finally, we know that
f7"(x) € By(p;) and

F70 V) € F(Bu(p)) N Bu(pi, )

So i to i, is an allowed transition. Hence, ii,—; - --i;j is an allowed word in X
and ai"j > 0. Therefore, A is primitive and X 4 is topologically mixing.

The proof of the transitive case is similar. Indeed, given sets B, (p;) and B, (p;)
there exists some N;; such that

£ (B, (p)) N Bu(p)) # 2.

J

. N : ..
Hence, a similar argument as above shows that a, j’ > 0 and X4 is transitive. [

Intrinsic ergodicity for mixing hyperbolic sets. The proof of Corollary 1.2 will
use the property of specification. A specification, S = (z, P), for a dynamical
system consists of

(1) a finite collection T = {Iy, ..., I,,} of finite intervals I; = [a;, b;] C Z, and
(2) amap P:Ji-, I; — X such that f27"'(P (1)) = P(tp). forallt;, 1, € I; € 7.

A specification S is said to be r-spaced, where r € N, if a;41 > b; + r for all
i€{l,...,n—1} and the minimal such r is called the spacing of §. A specification
S = (z, P) provides a way of parametrizing a collection of orbit segments 7 of f.
We say that S is e-shadowed by x € X if d(f"(x), P(n)) <¢ foralln € Ji_, ;.

Definition 3.2. Let X be a compact metric space and f : X — X a homeomor-
phism. The dynamical system (X, f) is said to have the specification property if
for all ¢ > O there exists an M, € N such that any M_-spaced specification § is
e-shadowed by a point of X.

The next result is stated without proof in [Sigmund 1974]. We provide a proof
for completeness.

Lemma 3.3. If (X, f) has the specification property and (Y, g) is a factor of
(X, f), then (Y, g) has the specification property.

Proof. Fix ¢ > 0 and let dx and dy denote metrics for X and Y, respectively. Let
&’ > 0 such that if dx (xq, xp) < &, then

dy(h(x1), h(x2)) <e,

where x1, xo € X. Such an ¢’ > 0 can always be chosen since 4 is continuous. Fix
M, € N such that any M,-spaced specification is ¢’-shadowed by a point of X and
let M, = M, .
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Let S = (7, P) be an M,-spaced specification in (Y, g) where t = {Iy, ..., I,;}
is a collection of M.-spaced intervals. Let

B={y,y2,....,ym} CY,

where y; = P(q;) forall 1 <i <m.
Fix A ={x1,..., x»} C X such that & restricted to A is a bijection onto B and
h(x;) =y; for 1 <i <m. The orbit segment for x; in /; is given by

{f9), .o fP ()} forl<i<m.

Define Py : U:'n=1 I; — X such that P(a;) = x; for all i such that 1 <i <m.
Now, given that (X, f) has the specification property, we know there exists an
&’-shadowing point x for the specification (z, Px) and h(x) € Y. Furthermore,

h(f“ (xi)) = g% ()

since A is a semiconjugacy. Hence, d(h(x), h(P(n))) <e¢forallneJi_, I; and
h(x) is an e-shadowing point for the specification S. U

Theorem 3.4 [Bowen 1974]. Let X be a compact metric space and f be an ex-
pansive homeomorphism with the specification property. Then f is intrinsically
ergodic.

Weiss [1973] showed that a mixing subshift of finite type has the specification
property. Since subshifts of finite type are expansive, we know from Theorem 3.4
that a topologically mixing subshift of finite type is intrinsically ergodic.

From Lemma 3.3 we know that a factor of a mixing subshift of finite type is
intrinsically ergodic.

Corollary 3.5. Any topologically mixing finitely presented system is intrinsically
ergodic.

Proof. Let (X, f) be a topologically mixing finitely presented system. To prove
the corollary we show there is a topologically mixing subshift of finite type that
is an extension of (X, f). Let ® be a Markov partition for (X, f) and A be the
adjacency matrix associated with R. Let R; and R; be rectangles in . Since
(X, f) is topologically mixing and the rectangles are proper, we know there exists
some N;; € N such that (" (I%i)ﬂléj # & forall n > N;;. Using arguments as in the
proof of Theorem 1.1, we know that al’?j > 0 for all n > N;;. Define N = max(N;;).
Then A" is positive for all n > N and the subshift of finite type associated with the
Markov partition R is topologically mixing. O

Proof of Corollary 1.2. Let f € Diff(M) for some manifold M, let A be a topolog-
ically mixing hyperbolic set for f, and V be a neighborhood of A. From Theorem
1.1 we know that there exists a topologically mixing hyperbolic set A contained
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in V and containing A with a Markov partition. Therefore, A is finitely presented
and from Corollary 3.5 we know that A is intrinsically ergodic. U
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Ineffective perturbations in a planar elastica

Kaitlyn Peterson and Robert Manning

(Communicated by Natalia Hritonenko)

An elastica is a bendable one-dimensional continuum, or idealized elastic rod. If
such a rod is subjected to compression while its ends are constrained to remain
tangent to a single straight line, buckling can occur: the elastic material gives
way at a certain point, snapping to a lower-energy configuration.

The bifurcation diagram for the buckling of a planar elastica under a load
A is made up of a trivial branch of unbuckled configurations for all A and a
sequence of branches of buckled configurations that are connected to the trivial
branch at pitchfork bifurcation points. We use several perturbation expansions to
determine how this diagram perturbs with the addition of a small intrinsic shape
in the elastica, focusing in particular on the effect near the bifurcation points.

We find that for almost all intrinsic shapes ¢ f (s), the difference between the
buckled solution and the trivial solution is O (g!/ 3), but for some ineffective f,
this difference is O(¢), and we find functions u;(s) so that f is ineffective at
bifurcation point number j when (f, u;) = 0. These ineffective perturbations
have important consequences in numerical simulations, in that the perturbed bi-
furcation diagram has sharper corners near the former bifurcation points, and
there is a higher risk of a numerical simulation inadvertently hopping between
branches near these corners.

1. Introduction

Consider a common scenario for symmetry breaking in bifurcation theory. A
problem exhibiting some symmetry has a bifurcation diagram with a number of
bifurcation points (BPs). The addition of a perturbation breaks this symmetry and
removes the BPs, splitting the diagram into separate components. An example of
this scenario is shown in Figure 1, in which a pitchfork bifurcation is perturbed to
yield two separate branches.

MSC2000: 34B15, 34E10, 34G99, 74K10.

Keywords: elastic rod, intrinsic shape, undetermined-gauges perturbation expansion, pitchfork
bifurcations.
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Figure 1. Standard perturbation of a pitchfork bifurcation into
two separate branches.

To give a specific example, the buckling of a uniform, isotropic, intrinsically
straight rod in three dimensions has a bifurcation diagram containing pitchfork BPs
corresponding to the classic Euler buckling modes. There is a natural perturbation
to consider for this three-dimensional buckling problem: the presence of intrinsic
curvature. Even rods designed to be straight are likely to have small curvature
imperfections, and these can break the qualitative nature of the bifurcation diagram
from the pitchfork structure seen in the intrinsically straight case.

Such elastic rod models have been used to represent the bending and twisting
of DNA. For many DNA sequences, the intrinsic shape is nearly straight, but the
minimum-energy stacking configurations of consecutive base-pairs do introduce
small intrinsic bends that depend on the specific sequence of the DNA. Multiple
studies have sought to determine these stacking configurations as a function of
sequence [De Santis et al. 1992; Bolshoy et al. 1991; Olson et al. 1998; Dixit
et al. 2005], and then derive from these stacking configurations the corresponding
intrinsic curvature for a continuum elastic rod [Manning et al. 1996].

These DNA models have seen increasing use in studying a phenomenon called
DNA looping: the bending and twisting of DNA a few hundreds of base-pairs long
in response to prescribed relative positions and orientations of the two ends (these
boundary conditions coming from, for example, a bound protein of known structure
[Swigon et al. 2006; Goyal et al. 2007; Kahn and Crothers 1998] or laser tweezer
experiments [Seol et al. 2007; Marko and Siggia 1995]). Given the wide variety
of DNA sequences, and the almost-as-wide variety of parameters for determining
local bending from sequence, it would be beneficial to have an automated algorithm
to compute the lowest-energy components of the bifurcation diagram given spec-
ified choices of DNA sequence, stacking parameters, and boundary conditions. A
strong understanding of the splitting of the unperturbed pitchfork diagram for base
cases such as buckling or periodic boundary conditions is an important precursor
to ensuring that such an automated algorithm finds all relevant components of the
diagram.
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How typical is the “standard” splitting shown in Figure 1? We analyzed this
question for one of the simplest bifurcation problems—the buckling of a planar
elastica—under the family of perturbations of (infinitesimal) intrinsic curvature.
Like the three-dimensional buckling problem described above, this problem ex-
hibits a sequence of pitchfork BPs. This two-dimensional problem is useful as a
base case for the more general three-dimensional DNA looping problem. The for-
mulation of two-dimensional bending is simple enough that closed-form analysis
is not too unwieldy; at the same time, it seems reasonable to suppose that the three-
dimensional results would be analogous, since, in some sense, three-dimensional
bending is composed of two orthogonal directions of two-dimensional bending.
The particular buckling boundary conditions we choose yield a classic problem in
mechanical engineering, but are not the typical boundary conditions for DNA loop-
ing. Still, a likely computational approach to determining configurations obeying
arbitrary DNA looping boundary conditions would involve beginning from one of
a small number of simple configurations, one of which would be the straight-rod
configuration studied here (in addition, to, perhaps, a circle and a semicircle).

Thus, this choice of a simple model problem should allow us to focus on the
fundamental questions of which perturbations are atypical and how the bifurcation
diagrams of atypical perturbations differ from the typical case. Our main finding
is that for these atypical cases, the perturbation of the BP is significantly smaller
than in the typical case, leading us to label these perturbations as ineffective.

This question is related to the analysis of unfolding a pitchfork bifurcation di-
agram in dynamical systems; see [Glendinning 1994; Iooss and Joseph 1980].
The standard example is to consider the algebraic equation Ax — x> = 0, which
exhibits a pitchfork BP at 4 = 0. The addition of a second parameter, for example,
o + x — x> = 0, splits the diagram as in Figure 1 if a # 0. The boundary case
o = 0 is the analogue of the ineffectiveness condition we derive for the elastica,
although the analysis and final result are more involved since our mathematical
setting is an ODE (plus boundary conditions and an integral constraint) rather than
an algebraic equation, and the perturbations considered are a space of functions
rather than a single parameter. Furthermore, in the standard unfolding study, the
focus is generally on a = 0 as the transition between qualitative behaviors, whereas
we focus on determining the leading-order behaviors of solutions both away from,
and directly on, this boundary case.

In addition to this theoretical analysis, we present some computational results
motivated by the idea of deriving an automated algorithm to determine DNA loop-
ing configurations. One approach to performing such computations is to use exactly
the symmetry-breaking path considered here: begin with the symmetric problem
for which solutions are known, and proceed via a continuation algorithm to nu-
merical solutions for the perturbed problem. We explore how these continuation
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algorithms can fail if the perturbation is ineffective (or even nearly ineffective),
due to the presence of sharp corners in a branch of solutions. Thus, in designing
a system for automatically computing such bifurcation diagrams for a wide range
of intrinsic shapes, the ineffectivity conditions we derive serve as an important red
flag that numerical difficulties may arise in a specific subset of computations.

Our analysis proceeds as follows. First, we formulate the planar buckling prob-
lem in Section 2, including an O (¢) intrinsic-curvature term. Next, in Section 3,
we apply a standard perturbation expansion to the trivial branch of ¢ = 0 unbuckled
configurations. Away from the BPs, this expansion gives an O (¢) approximation
to the perturbation of the trivial branch. At the BPs, this analysis breaks down
for most intrinsic curvature profiles, but for certain special profiles, it does still
yield an O(¢) solution. These cases are exactly the ineffective perturbations, and
we derive conditions for when they occur. In Section 4, we apply an alternative
perturbation technique called undetermined gauges to the effective perturbations at
the BPs and find an O (g!/?) leading-order term for the perturbation of the unbuck-
led configuration. Finally, in Section 5, we present several examples illustrating
the theory and a computational study verifying the numerical difficulties created
by ineffective or nearly ineffective perturbations.

2. The planar buckling problem

We consider an inextensible and unshearable elastic rod in the plane, assumed for
simplicity to have total arc-length 1. We parametrize the rod by arc-length s, and
denote the configuration of the rod at arc-length-value s by (x(s), y(s)). We choose
coordinates and boundary conditions as shown in Figure 2: the s =0 end of the rod
is at the origin, we impose clamped boundary conditions at each end requiring the

s=1

X

Figure 2. Boundary conditions on the planar elastica. The s =0
end of the rod is held at the origin with vertical tangent, while the
s = 1 end of the rod is held at x = 0, also with vertical tangent.



INEFFECTIVE PERTURBATIONS IN A PLANAR ELASTICA 563

tangent vectors to be vertical, and further require x(1) = 0. The inextensibility—
unshearability constraint implies that (x’(s), y’(s)) is a unit vector; this allows
us to describe the rod by a single unknown function 6(s), where (x'(s), y'(s)) =
(cos@(s), sinf(s)). The clamped boundary conditions are given by 8(0) =6(1) =
0, and the additional constraint x(1) = 0 can be rewritten as fol sin@(s)ds = 0.

We place a mass m > 0 at the s = 1 end of the rod, and assume the following
functional for the energy of the rod-plus-mass system:

1
E[0] = /0 (g(ﬁ/(s) —ef(5))?> + mg cos 0(s)) ds.

The first term represents the bending energy of the rod, and the second term the
potential energy of the load. The term ¢f (s) is used to model intrinsic curvature:
the minimum-energy configuration of the rod has 6'(s) = ¢f (s), and deviations
from &f (s) involve a quadratic energy cost, weighted by the stiffness parameter
K . For simplicity, we express energy in units of K, and define 1 =mg/K > 0, so
that the energy functional becomes

1
E[0] = /0 (%(9/@)—gf(s))z—i—lcosﬁ(s)) ds.

We thus consider the calculus of variations problem to find critical points of E
subject to the boundary conditions #(0) =& (1) =0 and the isoperimetric constraint
fol sinf(s)ds = 0. These critical points are found by solving the ordinary differ-
ential equation (ODE) defined by the Euler-Lagrange equation (with Lagrange
multiplier x# included because of the isoperimetric constraint):

0"(s)=cf'(s) — AsinO(s) + u cos O(s).

Thus, the mathematical problem we considered was, given known values for the
load A, perturbation parameter ¢, and intrinsic curvature profile f(s) (with f’ not
identically zero, since otherwise ¢ has no effect), find solutions ((s), u) of

0" (s)=ef'(s) — AsinO(s) + u cos O(s),

1 (D
0(0)=0(1) =0, / sin@(s)ds = 0.
0

For ¢ =0, the solutions to (1) as 4 varies yield the familiar force-length diagram
seen in Figure 3. (All bifurcation diagrams in this article were computed using
the parameter-continuation package AUTO97 [Doedel et al. 1991a; 1991b].) One
solution (for each value of 1) is 8(s) =0, u =0 (a straight rod), and this corresponds
to the horizontal line at the top of Figure 3. We call this the trivial branch.
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0 50 100 150 200 250 300
A

Figure 3. Bifurcation diagram for a planar elastica with no intrin-
sic curvature (¢ = 0). The height of the top of the rod (y(1)) is
plotted against the imposed load A.

There are pitchfork bifurcation points' at all values of 4 satisfying
2—2cosvA—~/Asinv/2=0 )

(see Section 3 for a derivation of this equation). This equation has a countable
sequence of solutions that we will label as 0 < 1; < Ay < ---. For n odd,

In = (4172,
whereas for n even,
(n+0.5)%72 <A, <(m+1D*x2,  with(n+1)*x> =1, — 0 asn— oo.
Two properties of 1, (for n even) will be useful to us:

Lemma 1. For n even,

sin /i = con i, =

An 4
.t 4

_in
In+4

Proof. By (2), we have

N Ay sin /A4 N Ay sin /4
1 —cos+/A, = %, 14+cosy/A,=2— %
I'The appearance of the pitchfork bifurcation points in Figure 3 differs slightly from the standard
picture from Figure 1 since the two outer prongs of the pitchfork are folded on top of each other due
to the choice of y(1) as ordinate.
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Multiplying these two equations, we find

.2
sinz\/z= \/Tnsin\/ﬂ— M
Collecting terms,
sin® (142 = /i sin 7y,

and since sin 4/4,, # 0 for n even, we may divide both sides by it and solve for
sin 4/4, to find the desired result.
The formula for cos /4, follows from the formula

cos@: —/ 1 —sinz\//T,,

(note the minus sign due to the fact that \/4,, is just below an odd multiple of 7). [J
Lemma 2. For n even, —A, — A, COS /A + 2/ A, sin /A, = 0.

Proof. Since (n+0.5)%72 < A, < (n+1)*z2, we have

siny/4, 20 and 1—cos(y/4,) #0.
Thus
sin+/4, _ I'+cos A
1 —cos+/A, ~ sin N/
since cross-multiplying yields the identity 1 — cos? \/Z, = sin® v/Z,. By (2), the
left side of (3) equals 2/4/4,, and therefore,
14+ cos+/A, B 2
sin+/A, B V7
Cross-multiplying, and multiplying both sides by 1/4,, yields the desired equality.
O

3)

3. Perturbation of trivial branch for small &

For fixed A > 0, f(s), and ¢ > 0, we now seek a solution to (1) that will be close to
the solution on the trivial branch for ¢ =0. We use a standard perturbation analysis,
writing

O(s) =00(s) +ebi(s)+---,  wu=poteur+---.
The O(1) terms Gy(s) and p¢ vanish since ¢ =0 and 6(s) = 0 on the trivial branch.
Therefore, we seek the O (¢) terms € (s) and u, by plugging these expansions into
(1). After Taylor expanding siné and cos # and isolating the O (¢) terms we find

1
0{, = f’(s) — 201+ u, 6,(0)=06,(1)=0, /0 01(s)ds = 0. @
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By a standard integrating factor approach, we find the general solution to the ODE
in (4):

01(s) = % /O " P sin(VAGs — 1) di + % +Cy cos(V7s) + Ca sin(v/7s)

When we require that this general solution satisfy the remaining conditions in (4),
we find three linear equations in u1, C1, and C»:

1/2 1 0 [
1/4 cos /A sin /A Ci
1/2 (sinv/2)/vA (1 —cos/2) /A || Ca
0
= WVD fy fOsin(/A(1-1) dt 5)
(/N2 f) 3 @) sin(/A(s — 1)) dt ds

The bottom term on the right side can be simplified by switching the order of
integration:

1 1 £
/ / f\/? sin(ﬁ(s — t)) ds dt,
0 Jr

and then computing the inner integral:

1 1
I/ £/ @)1= cos(vi(1-1))] dt.
0
Inserting this into (5), and multiplying both sides by 4, gives

1 0 i 0
1 Acos/Z  Asiny/7 Ci|=| V[, f()sinvZ(1=1) dt | (6)
1 V2sinv/2 VA(1—cosv/2) | | Ca folf/(t)[l—cos(ﬁ(l—t))] dt

The matrix on the left has determinant 23/2(2 cos /A — 2 + /2 sin /1), so (6) has
a unique solution if 2 cos v/2 — 2 + /2 sin /1 # 0. In other words, referring back
to (2), we have shown that away from the bifurcation points, that is, for 4 # 4,,, the
standard perturbation expansion yields a solution, that is, a O (¢) approximation to
6(s) near the trivial branch.

(We note that the BP condition (2) can be derived by a computation much like
the one just completed; in that instance, we would be looking for solutions near
the trivial branch to the problem without the f’ term. We would use the same
perturbation expansion, resulting in (6) but with a zero vector as the right side, and
so we would have a nontrivial solution (a BP) exactly when the determinant of the
matrix vanishes.)
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What is particularly interesting for our study is whether (6) might have a solution
even at a bifurcation point. Here we can use a fact from linear algebra (see [Shifrin
and Adams 2002, Section 3.4], for example):

Theorem 1. For an n x n matrix A, the column space of A is equal to the orthog-
onal complement of the null-space of AT .

Denote by b the right-hand side of (6). We want to know whether b is in the
column space of the matrix A on the left side, which by Theorem 1 is true if and
only if (b, u) = 0 for all null-vectors u of AT. The null-vector for 1 = 1, has a
different form depending on whether » is odd or even.

If n is odd, then A, = (n + 1)?>x% and

1 1 1
AT = | m+1)?7? (n+1)2z% 0],
0 0 0

so the null space of AT is span {(—1, 1, 0)}.
If n is even, no obvious simplification can be made to the form of the matrix:

1 1 1
AT =12 cos /4 A sina/ R
0 Asin/2 ﬂ(l—cosﬁ)

but, using (2) and Lemma 2, one sees that the null-space of AT is span {(—1,—1,2)}.
Combining these null-vectors of AT with Theorem 1 shows that (6) has a solu-
tion at 4, if and only if

I
/ £/(t) sin(v/A,(1—1)) dt = 0 for n odd,
0
1
/ F'O2—2c08(yv/2,(1—1)) — /2 sin(x/2,(1=1)) ] dt =0 for n even.
0

Intrinsic curvature profiles f satisfying (7) for some n are the ineffective perturba-
tions for bifurcation point 4,,.

)

4. Undetermined-gauges analysis of bifurcation points

We now turn to the analysis of the bifurcation points A = 4,,. In Section 3 we
showed that for the ineffective perturbations defined by (7), the standard pertur-
bation analysis predicts an O(¢) lowest-order term for 0; and x;, but that this
analysis fails for the remaining perturbations. Here we investigate those cases by
applying a more general technique, the methods of undetermined gauges [Murdock
1999], which is used to derive the leading-order behavior when it does not follow
the standard O (&) pattern.
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We are, as before, considering (1), but now we formulate a more general pertur-
bation expansion for 8 and u. This expansion is computed one term at a time, so
we begin by writing

0(s) =0d1(e)01(s), u=0d(e)ur,

where 91 (¢) is an unknown function of ¢ that our analysis will determine. We will
restrict attention to the family J;(¢) = ¢ for a real. We insert these expressions
into (1) and expand the sin and cos as Taylor series:

010) = ¢&f'(s) — 2, (01601 +-- - )+ Gru)A +--),

1
01601(0) = 0,0,(1) =0, / 0161 +---)ds=0.
0

We want to look at the leading order terms, but in the ODE, there is a question
of whether J; or ¢ is dominant, or if they could be of the same order. If ¢ were
dominant, then the leading-order terms of the ODE would be the nonsensical 0 =
ef’(s). If 6; and ¢ were of the same order, that is, J; = ¢, then the leading-order
terms of the ODE would give the same equation as in the standard perturbation
expansion, which we know from Section 3 has no solution. Hence, the dominant
term must be d;, so we keep the O(J;) terms to find

1
B =~y + 11, 610) =6,(1) =0, /ems)ds:o.
0

The general solution of the ODE is 8 (s) = Cj cos(y/A,$)+ Ca sin(«/2,8)+ 1/ 4.
Imposing ¢, (0) =0, we find ¢ = —1,C1, and then the other two conditions give
the linear system

cos/A,—1 sin/1,

Cy 0
sin /4, ! 1—cos /4, Cy =lol
i Vi

Since the determinant of the matrix in this system is zero by (2), we have nontrivial
solutions (Cy, C3), namely any nonzero null-vector of the matrix. If n is odd, the
matrix simplifies to [_(1) g], so0 (0, 1) is a null-vector and the solution coming from
this first gauge — still with n odd —is

0=C sin(\/ﬂs) =Csin(zr(n+1)s) (C # 0 to be determined),

8
u1=0. ®
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On the other hand, if # is even, then (sin +/4,, 1 —cos «/4,) is a null-vector of the
matrix, which means that the solution coming from this first gauge is

01 = k[sin /2, (cos(v/2ns) — 1) + (1 — cos v/ 2,) sin(y/ 2 5)],
w1 = —k2, sin/2y.

By (2), 1 —cos /4, = %«//ln sin 4/ 4,,, so that this solution can be rewritten as

6y =k sin \/Z(COS(\/ZS) -1+ %\/Zsin(\/zs)), w1 = —ki,sin \/E

For simplicity, we write & sin+/4,/2 as a single constant C for the final form of
the solution for n even:

0, = C(2 cos(\/i»,,s)—2+\/ﬂ sin(\/i»,,s)) (C+#0 to be determined),
U1 = —2C/1n.

©)

In order to determine C and J;, we add another gauge.

0 = 01(£)01(s) +2(e)02(s), u=01(e)u1+d(e)p,

for d, (&) an unknown function of ¢ (again in the family &%), by definition of lower
order in ¢ than d;. As before, we insert these expressions into (1) and Taylor-expand
the sin and cos terms, looking for the next-lowest-order terms after O (d).

For the boundary conditions, these next-lowest-order terms give d,(£)6»(0) =
02(€)62(1) =0, or 6,(0) = 6,(1) = 0. As for the integral condition, since sin§ =
6 — 03/ 6 + - - -, there are two next-lowest-order candidates: J, from the 6 term,
and 5% from the > term. We list them both for the time being:

1
/0 (32602(s) — £(01)°01(5)* +---) ds =0, (10)

Finally, we look at the ODE. The sin term yields the same two possible second-
lowest-order terms &, or (1) as in the integral condition, and so, in fact, does the
cos term (d, from the dr o term in u times the 1 in the cos expansion, or ((51)3
from the J 1 term in u times the —(J,6;)?/2 from the cos expansion):

5205 = ef'(5) — 2a[202(5) — L(61)* O1())> +- - -]
+[Gap2 — L6 1101 (5)* +--- ] (D)

Overall, there are three candidates for next-lowest-order term: ¢, d,, and (51)3.
We have to consider all possibilities for the relative rankings of these terms, in-
cluding ties. The arguments below rule out all possibilities except having all three
of the same order.
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Case 1: & lowest-order. This cannot be true, since the dominant terms in (11)
would give 0 = f7(s), but by assumption f” is not identically zero.

Case 2: (6)> lowest-order. This cannot be true, since the dominant terms in (11)
would give

2
0=—¢(01())"O1(s) +3u1),
and neither 8; nor 8; 4+ 3 is identically zero.

Case 3: 0, lowest-order. The dominant terms in (11) would give the same equation
we solved for 8; and x; (including the boundary and integral conditions), so that
6» =0, and py = u. Thus, our gauge expansions would reduce to § = (J; + d»)0;
and u = (6; + &) 11, and we would essentially be back where we began this step,
having replaced the unknown J;(¢) by another unknown J;(¢) + d»(¢), without
having learned anything about the connection of J; to €. Thus, we reject this case.

Case 4: ¢ and (6,) tied for lowest-order. Since (01)° = ¢, the dominant terms in
(11) would give 0 = f'(s) — %(91 (s))3. This requires the perturbation f’ to take
the very particular form of the cubes of the functions (8) or (9). Since this case
does not yield a solution for a general perturbation, we reject this case.

Case 5: € and 9, tied for lowest-order. This cannot be true: we would have J, = ¢
and the dominant terms in (11) would give the same equation (4) from the standard
perturbation expansion, as well as the same integral and boundary conditions, and
we know that this system has no solution for 4 = 4,, and the effective perturbations
we are considering in this section.

Case 6: 6, and (51)3 tied for lowest order. We have (51)3 = 0, and the dominant
terms in (11) would give

0) = —Anb + L2 (01)° + po — L1 (01)%.

This equation can be solved in closed form using the forms of x| and €| from (8)
and (9), as follows.
For n odd, we have u; =0 and 8; = C sin(+/4,s), and the ODE has solution

0(s) = C1 cos(y/7ns) + Ca sin(y/2,5)

+ w2/ — 1 C35/ Ay c0s(v/7n8) + 755C¥ sin(3y/ Zps).

Applying 6,(0) = 6,(1) = 0 leads to the impossible conclusion that C = 0.
For n even, the solution of the ODE is

02(s) = C1 c08(y/2n8) + C2 8in(y/Zn8) + 12/ 20 + 5C3
+ 1 C3 (= 12)(2 = 2,15) €08 (v 28) + 5 C2 (B2 — 4) 08 (3y/ A 5)
+ 105C3 2y (g — 12)[ 245 5in (/A 5) + sin (3y/205) .



INEFFECTIVE PERTURBATIONS IN A PLANAR ELASTICA 571

The condition 8,(0) = 0 allows us to solve for u;, leaving

02(s) = C1[cos(v/Ays)—1] + Casin(y/2u5) + & € (148—151,)
+ £ C3 (A =12)(2—1y5) €08 (/205) + 5 C (3, —4) c0s 3/ 2y 5)
+ 195C3 7 (2 —12)[24s sin (y/2,5) + 5in(3y/2,5) ] (12)

Next we impose the boundary condition 6,(1) = 0, and using Lemma 1, we find

2 4/ 7 C322(A, —12)
0,(1) = — C C n =0. 13
2(1) a1 T et 16(4+ 1) (13)

Recalling (10), since J, = (1)>, the integral condition is

1
| @6~ kons)) ds =
0
Again using Lemma 1, we can simplify this to

An 27, C32,20+ 2,
- Ci+ Cr+ 20+ )=0. (14)
44 A, 442, 8(4+ 1n)

Subtracting two times (14) from (13) gives

C3a(hn—12)  C32,20+1,)  C32,(4n —20)
16(4 + 4,) 4(4+1,) 16

=0,

which implies either C =0, 4,, =0, or 4,, = 20, none of which is true.

Having ruled out all other cases, we can conclude that d,, (51)3 and ¢ are all of
the same order, that is, J; = ¢'/3 and 6, = ¢. In particular, we have shown that
0=0(@'").

In fact, this second gauge allows us to completely determine the leading-order
behavior of #(s) and y, as summarized by the following theorem:

Theorem 2. For n odd, we have 0(s) = Ce'/3 sin(y/A,5)+--- and p =eupr+---,
with A, = (n+ 1),

(3 / 7 @sint/La-mdr) " / £ [1cos(y/Z (1-0)] di

For n even, we have (s) = C&'3(2cos(y/2,8) — 2+ &/7n Sin(x/2,8)) + - - - and
n= —2&18CA, + -+, with

16 1 - 13
C= (m/o f (f) |:2—2 COS(\/E(I_I))_\/ESIH(\/TH(I_I‘))] dt)
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Proof. For n even, all that remains is to determine C, while for n odd, we must
compute C and u,. The derivation largely follows the computations in Case 6.
The ODE to be solved is

05 = ' = s+ £ 20 + 2 = 111 (601)°, (15

identical to Case 6 except for the addition of f’ to the right side. Therefore, the
solution of the ODE will be the expression found in Case 6 plus the term

1
V7

fﬁ@mMMwﬂwn (16)
0

the solution to the equation 6 = f' — 1,6, seen in Section 3. Since this new term
vanishes at s = 0, it will have no effect on the first step from Case 6 (in which we
get an expression for u, using the condition 6,(0) = 0).

Thus, for n odd, the solution to (15) plus 6,(0) =0 is

0 (s) = Cy (cos(\/zs) — 1) +Cy sin(\/zs) — 11—6C3s\/zcos(\/ﬂs)

+ WIZC3 sin(3y/2,8) + «/1/1_;1 /OS Jl 3 sin(\//Tn(s — t)) dt.

Next we impose the condition 8,(1) = 0 to find the given formula for C. Note
that the integral does not vanish (and hence C # 0 as required) since that is our
definition of what makes a perturbation f” effective.

Finally, we impose the condition

1
/ 0>(s) ds =0
0

(for n 0dd, the quantity (8;)> = sin®(z (n+1)s) has zero integral, so this term drops
out of the integral condition) to find

1 1 ps \/» 1 1 \/»
Ci= ! i An(s—1))dtds =— ! 1— An(1— dt,
1 %EAAfmmﬂ (s—1))d1 ds MAf@[C%( (1-1))] dr

where the second equality comes from switching the order of integration as in
Section 3. Since y» = —C\ 4, (from the 6,(0) condition), we find the given formula
for uy.

For n even, the solution to (15) plus 8,(0) = 0 is (12) plus the term (16). Using
the same steps as in Case 6, the boundary condition 6>(1) = 0 and the integral
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condition yield the equations

2n 47, C322(0y —12) 1 !
— C C L "(t) sin(v/ A, (1—2)) dt =0,
a2, e, Te@t +m/of()sm( (1=1)

An 27 C32,0+7,) 1 [!
- C C — "t)(1— An(1=0)))dt =0.
GO +/1n/0f()( cos(y/Zn (1-1))

Subtracting twice the second equation from the first yields the formula for C. [J

5. Examples

Bifurcation diagrams with effective and ineffective perturbations. We consider
four perturbations f”:

f{, effective for both BPs,
fz’ , ineffective for the first BP and effective for the second,
f3’ , effective for the first BP and ineffective for the second,
f4, ineffective for both BPs.
Specifically, we first define

ui(s) = v2sin(v/i1 (1 - 9)),
a(s) = ——[2 205,/ a(1 — 9)) — V7 sin(/7a(1 — ).
Nz

These are length-1 elements in L? in the directions of the functions that define
ineffectiveness for the BPs, in the sense that f’ is ineffective at the n-th BP if
(f', un) = 0. We note that u; and u, are orthogonal.

We define our four perturbations by

A= +u)/N2, fi=uy fi=u,
fi(s) = v2x2 = 3(s +sin2z s) /7 )/ (x V6).

By design, all the f J/ have length 1 (to allow comparisons); f; is orthogonal to u,
f3 is orthogonal to u5, f is orthogonal to both u; and u5; and all other pairings of
f ]/ with uy are not close to orthogonal.

The bifurcation diagrams for these perturbations, with ¢ = 1, are shown in the
four panels of Figure 4. The difference between effective and ineffective pertur-
bations is clear: in each case where a perturbation is effective, the diagram is
relatively smooth near the former BP, whereas in the ineffective cases, the diagram
has a sharp corner. Indeed, to numerically compute some of these corners required
a significant amount of care, for example, the use of a very small step size, or a
temporary increase in ¢ by an order of magnitude just to get onto the perturbation
of the bifurcating branch.
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Figure 4. Bifurcation diagrams for elastica perturbed by intrinsic
curvature profiles f’ (see previous page for the specific functions
used): (a) effective perturbation at both BPs; (b) ineffective at
the first BP, effective at the second; (c) effective at the first BP,
ineffective at the second; (d) ineffective at both BPs.

Leading-order behaviors in e. Finally, we show two examples illustrating the
lowest-order expressions for #(s) and u found in Section 4. In our first example,
We take f'(s) = s, a perturbation that is effective at 1 = A; ({f’, u1) = 0.39) and
ineffective at A = A, ({f’, uz) = 0). In Figure 5, we show the graphs of 6(s) for
A=21, A, and for ¢ = }p %, and 1.

Our theoretical prediction for the behavior at A = 4; comes from Theorem 2
(since f' is effective). We compute 1| =27,

16 [t . 1/3
C:(F/o ts1n(27t(1—t))dt) — 0.401,

and

1
U = —/0 1(1 —cos(2x (1-1))) dt = —0.5.
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Figure 5. Graphs of 8(s) for f'(s) =5, A = A1, A and ¢ = %,
%, 1. For A = A1, the dependence of & on ¢ seems to be larger than
O(¢), in line with the O (¢'/?) prediction of the theory. The values
of 0(%) (the maxima) and u are also reported. For A = A,, the
dependence of 8 on ¢ appears to be approximately O(g), in line

with the fact that f’ is ineffective at A,.

Thus, our predicted behavior at 1 = 4, is
0(s) ~ 0.401¢'3 sinQzs), u ~ —0.5¢.

The shape of the actual solution €(s) in Figure 5 matches the predicted sin(2z s),
and the scaling with ¢ is clearly larger than O(¢). Furthermore, from the table
inset in the figure, we see that both 6(%) (the heights of the peaks) and u are close
matches with our predicted formulas.

As for A = 1,, since f’ satisfies the ineffectivity condition, we expect 6(s)
to have O(g) behavior rather than O(g!/?). Indeed, we see in Figure 5 that this
appears to be the case, as 0(s) appears to be roughly halved when ¢ is halved.
In this case, our theory does not give a predictive formula for the leading-order
behavior of 8(s) or u; the system (6) has an infinite number of solutions, and one
would have to proceed to higher-order terms in the standard perturbation expansion
in order to determine which of these solutions is relevant.

In our second example, we take f’(s) = sin(37s), a perturbation that is inef-
fective at A = A1 ({f’, u1) = 0) and is effective at A = A, ({f’, us) = —0.67). In
Figure 6, we show the graphs of d(s) for A = 11, 1 and ¢ = }1, % and 1.

Our theoretical prediction for the behavior at A = 1, comes from Theorem 2
(since [’ is effective). Using the formulas in that theorem, we compute 1, =
80.7629 and C = 0.05557. Thus, our predicted behavior at A = 1, is

0(s) ~ —0.05557¢"/3(2 cos(8.987s) — 2 + 8.987 sin(8.987s)), u ~ 8.976¢'/3.
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Figure 6. Graphs of 8(s) for f'(s) = sin(3zs), A = 41, 4, and
le’ %, 1. For 4 = 11, the dependence of 6 on ¢ appears to be
approximately O(e), in line with the fact that f” is ineffective at
A1. For A = A,, the dependence of 6 on ¢ appears to be larger than
O(¢), in line with the O (¢!/?) prediction of the theory. The values

of 0(%) and u are also reported.

E =

The shape of the actual solution #(s) in Figure 6 matches the predicted functional
form, and the scaling with ¢ is clearly larger than O(¢). Furthermore, from the
table inset in the figure, we see that both 0(%) (which from our theoretical formula
should equal 0.623¢!/%) and u are close matches with our predicted formulas.

Computational impact. Apart from an interest in understanding on a theoretical
level how a shape perturbation affects the bifurcation diagram for buckling, we
were also motivated by a pragmatic concern: to what extent ineffective pertur-
bations would interfere with the design of an automated algorithm to compute
bifurcation diagrams for a given intrinsic shape. The sharp corners in parts (b), (c)
and (d) of Figure 4 suggest potential computational challenges, and we explored
that question more concretely with the following numerical study.

We generated intrinsic shapes in three different categories (random, nearly in-
effective, and ineffective) as follows. Let f1(s), f2(s), f3(s), fa(s) be the Gram—
Schmidt orthonormal basis (in L>([0, 1])) generated by the functions {s, s2, 53, s*}:

fi(s) = V3s, f3(s) = 15v7s% — 20v/75% + 67/7s,
F(s) = 4+/55% — 33/5s, fa(s) = 168s* — 31553 4 180s> — 30s.

The intrinsic shape function f’(s) is defined as a linear combination

c1 f1(8) + 2 f2(s) + 3 f3(5) + ca fuls)
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of these basis functions, the coefficients ¢; being chosen according to different
rules for the three cases. For a random perturbation, we choose four independent
random numbers x1, x2, x3, x4 from a normal distribution with mean 0 and standard
deviation 1, and then define

¢j=x; /N ()2 + (02)2 + (x3)2 + (x2).

For an ineffective perturbation, we take x;, x3, x3 as above, but then choose x4 such
that f'(s) is ineffective, according to the n = 1 case of (7), and then normalize
to define the ¢; as in the random case. For a nearly ineffective perturbation, we
generate xj, X2, x3, x4 as in the ineffective case, but then add to x4 a random
number with normal distribution with mean 0 and standard deviation 0.01, before
normalizing to define the c; as in the random case.

Given each intrinsic shape, we performed a parameter continuation computation
in AUTO97 to attempt to compute the first branch of buckled configurations for that
intrinsic shape. We began the computation with 4 = 28, zero intrinsic shape, and
a straight rod configuration. Then we turned on the intrinsic shape via parameter
continuation, by multiplying the intrinsic shape function f/(s) by a parameter u
that was slowly increased from O (no intrinsic shape) to 1 (intrinsic shape deter-
mined by f’). Then we increased / to a target maximum value of 50. A successful
computation would follow the bend of the branch of solutions, with significant rod
buckling occurring around A = 4z ? and continuing until A reaches 50; see part (a)
of Figure 4. However, in cases where a sharp corner exists near A = 472, as in the
other parts of Figure 4, the computation could jump branches and end at a nearly
straight configuration at 4 = 50.

To assess in an automated way the success of this computation, we did a third pa-
rameter continuation step that decreased u from 1 back down to 0. Thus, successful
runs end at the 1 = 50 point on the first bifurcating branch for the intrinsically-
straight rod (that is, Figure 3), while unsuccessful runs end with the rod completely
extended. Inspection of the value of y(1) at the end of the third parameter contin-
uation step allowed easy distinction of these two cases.

Results of these computations are shown in Table 1. The body of the table
shows the percentage of successful runs out of a total of 300 attempts. To give
a sense of variability of these results, we report in parentheses the corresponding
standard deviation for a binomial random variable with N = 300 and p taken as
the observed percentage of successes: ¢ = /p(1 — p)/N. (For results reported as
100% (or 0%), all (or none) of the 300 computations were successful, and thus no
meaningful estimate of ¢ can be provided).

AUTO97 allows a variety of parameter-stepping algorithms, and Table 1 shows
the results for six different approaches: three with fixed step size and three with
variable step size. The step sizes Az are in terms of a pseudoarc-length that is a
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continuation random nearly ineffective | ineffective
method shape shape shape
A7 =0.02 100% 41% (£3%) 0%
A7 =0.04 100% 16% (£2%) 0%
A7 =0.1 100% 0.7% (£0.5%) 0%

0.002 < A7 <0.2 | 99.7% (£0.3%) T% (£2%) 5% (£1%)
0.004 < A7 <04 | 99.7% (£0.3%) 21% (£2%) 5% (£1%)
0.0l <Az <1 98.7% (£0.7%) 3% (£0.9%) 0%

Table 1. Percentage of successful computations of the first branch
of buckled configurations for different intrinsic shapes: those that
are ineffective (in the sense of Section 3), those that are nearly
ineffective (small perturbations of exactly ineffective shapes), and
randomly chosen shapes (see text for detailed descriptions of the
three cases). Each row represents one step-size strategy within the
AUTO97 parameter continuation algorithm.

combination of the change in the parameter value A and the change in the solution
vector of the discretized Euler—Lagrange equations (1); this approach allows the
traversing of “folds” in the bifurcation diagram where A1 =0. Thus, one can infor-
mally think of the change in the parameter 1 in each step as being some fraction of
At (though what that fraction is will vary according to the change in the solution
vector at that point on the branch). For the variable step-size computations, the step
size At is allowed to varying over two orders of magnitude, with an initial value
in the middle (for example, (A7) = 0.02 with 0.002 < Az < 0.2 throughout
the computation in row 4 of Table 1). AUTO97 adjusts the step size with each
step according to the convergence properties of the previous step, striving to take
smaller steps when the convergence is more difficult.

Random and ineffective shapes behave radically differently for the range of step
sizes shown here, and even the nearly ineffective shapes show a relatively high rate
of computational failure, suggesting that this phenomenon will be met in practice
for some shapes (despite the fact that the set of precisely ineffective shapes is
measure zero). As would be expected, for fixed step sizes, smaller ones are more
successful, though of course at the cost of computation time. (Even for ineffective
perturbations, a sufficiently small step size will yield successful branch tracking,
though At needs to be significantly smaller than 0.02). For variable step sizes,
the data suggests a more complicated situation, including some behavior in the
nearly ineffective column that is not monotonic with step-size bounds. This might
be explained by the fact that the automated adjustment in step size presumably
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increases the step size consistently in the early part of the computation when the
rod is barely changing, and this increased step size might increase the probability of
jumping over a corner in the branch (though the likelihood of this jump might also
depend sensitively on the initial point chosen, since that could determine whether
the jump happens to straddle the corner). Further study would be needed to fully
understand this behavior, but it seems clear at least that the ineffectivity condition
derived here is a useful flag for intrinsic shapes that call for a strong decrease in
the step size.

References

[Bolshoy et al. 1991] A. Bolshoy, P. McNamara, R. E. Harrington, and E. N. Trifonov, “Curved
DNA without A-A: Experimental estimation of all 16 wedge angles”, Proc. Natl. Acad. Sci. USA
88:6 (1991), 2312-2316.

[De Santis et al. 1992] P. De Santis, A. Palleschi, M. Savino, and A. Scipioni, “Theoretical prediction
of the gel electrophoretic retardation changers due to point mutations in a tract of Sv40 DNA”,
Biophys. Chem. 42:2 (1992), 147-152.

[Dixit et al. 2005] S. B. Dixit, D. L. Beveridge, D. A. Case, T. E. C. III, E. Giudice, F. Lankas, R.
Lavery, J. H. Maddocks, R. Osman, H. Sklenar, K. M. Thayer, and P. Varnai, “Molecular dynamics
simulations of the 136 unique tetranucleotide sequences of DNA oligonucleotides, II: Sequence
context effects on the dynamical structures of the 10 unique dinucleotide steps”, Biophys. J. 89:6
(2005), 3721-3740.

[Doedel et al. 1991a] E. Doedel, H. B. Keller, and J.-P. Kernévez, “Numerical analysis and control
of bifurcation problems, I: Bifurcation in finite dimensions”, Internat. J. Bifur. Chaos Appl. Sci.
Engrg. 1:3 (1991), 493-520. MR 93c:34001a Zbl 0876.65032

[Doedel et al. 1991b] E. Doedel, H. B. Keller, and J.-P. Kernévez, “Numerical analysis and control
of bifurcation problems, II: Bifurcation in infinite dimensions”, Internat. J. Bifur. Chaos Appl. Sci.
Engrg. 1:4 (1991), 745-772. MR 93c:34001a Zbl 0876.65060

[Glendinning 1994] P. Glendinning, Stability, instability and chaos: an introduction to the theory
of nonlinear differential equations, Cambridge University Press, Cambridge, 1994. MR 96e:34017
Zbl 0808.34001

[Goyal et al. 2007] S. Goyal, T. Lillian, S. Blumberg, J.-C. Meiners, E. Meyhofer, and N. C. Perkins,

“Intrinsic curvature of DNA influences LacR-mediated looping”, Biophys. J. 93:12 (2007), 4342—
4359.

[Iooss and Joseph 1980] G. Iooss and D. D. Joseph, Elementary stability and bifurcation theory,
Springer, New York, 1980. MR 83e:34003 Zbl 0525.34001

[Kahn and Crothers 1998] J. D. Kahn and D. M. Crothers, “Measurement of the DNA bend angle
induced by the catabolite activator protein using Monte Carlo simulation of cyclization kinetics”, J.
Mol. Biol. 276:1 (1998), 287-309.

[Manning et al. 1996] R. S. Manning, J. H. Maddocks, and J. D. Kahn, “A continuum rod model of
sequence-dependent DNA structure”, J. Chem. Phys. 105:13 (1996), 5626-5646.

[Marko and Siggia 1995] J. Marko and E. D. Siggia, “Stretching DNA”, Macromolecules 28:26
(1995), 8759-8770.

[Murdock 1999] J. A. Murdock, Perturbations: Theory and methods, Classics in Applied Mathe-
matics 27, Soc. Industrial Appl. Math., Philadelphia, 1999. MR 2000h:34088 Zbl 0810.34047



580 KAITLYN PETERSON AND ROBERT MANNING

[Olson et al. 1998] W. K. Olson, A. A. Gorin, X. J. Lu, L. M. Hock, and V. B. Zhurkin, “DNA
sequence-dependent deformability deduced from protein-DNA crystal complexes”, Proc. Natl.
Acad. Sci. USA 95:19 (1998), 11163-11168.

[Seol et al. 2007] Y. Seol, J. Li, P. C. Nelson, T. T. Perkins, and M. D. Betterton, “Elasticity of
short DNA molecules: Theory and experiment for contour lengths of 0.6—7 ym”, Biophys. J. 93:12
(2007), 4360-4359.

[Shifrin and Adams 2002] T. Shifrin and M. R. Adams, Linear algebra: a geometric approach, W.
H. Freeman, New York, 2002.

[Swigon et al. 2006] D. Swigon, B. D. Coleman, and W. K. Olson, “Modeling the Lac repressor-

operator assembly, I: The influence of DNA looping on Lac repressor conformation”, Proc. Natl.
Acad. Sci. USA 103:26 (2006), 9879-9884.

Received: 2009-02-12 Accepted: 2009-05-02

kaitpeterson@gmail.com Mathematics Department, Haverford College,
370 Lancaster Ave., Haverford, PA 19041, United States

rmanning@haverford.edu Mathematics Department, Haverford College,
370 Lancaster Ave., Haverford, PA 19041, United States



INVOLVE 2:5(2009)

A tiling approach to Fibonacci product identities

Jacob Artz and Michael Rowell

(Communicated by Arthur T. Benjamin)

In 1998 Filipponi and Hart introduced a number of Fibonacci product identities.
This paper provides a combinatorial proof for such identities via tilings. The
methods used in the proof are then further used to produce some new Zeckendorf
representations and a known Fibonacci identity.

1. Introduction

The discovery of the Fibonacci sequence is credited to Leonardo of Pisa (c. 1170-
1250), posthumously nicknamed Fibonacci (“son of Bonaccio”). He is said to have
come upon it while considering the breeding of rabbits [Russel 2008]. We define
the Fibonacci sequence recursively.

Definition 1.1. Let fo =1, fi = 1. Forn > 2, set f, = fu—1 + fu—2. We say that
fn 1s the n-th Fibonacci number.

The first few terms of the Fibonacci sequence are 1,1,2,3,5,8,13,21,....
Fibonacci numbers can also be explicitly defined, although the statement of each
term is somewhat less elegant than its recursive counterpart:

=) -(2)

For the purpose of this paper, we introduce an interpretation of the Fibonacci se-
quence which allows us to combinatorially prove Fibonacci identities. We will in-
terpret the n-th Fibonacci number as the number of tilings of a 1 xn board using 1 x
1 squares and 1 x 2 dominoes. Thus, (fo, f1, f2, f3, fa,...)=(1,1,2,3,5,...).
(For more on this interpretation, see [Benjamin and Quinn 2003].)

Zeckendorf’s Theorem says that any positive integer n can be represented as a
sum of distinct, nonconsecutive Fibonacci numbers, excluding fo. This was first
published in [Lekkerkerker 1952], though it had been proved by Zeckendorf many
years before. Finding the Zeckendorf representation of a particular number # is in

MSC2000: 05A19, 11B39.
Keywords: Fibonacci products, tiling.
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fact easy: starting from n, successively subtract the largest Fibonacci number that
will fit. (With some thinking this also justifies the theorem: basically, repeats are
impossible because f, <2 f,,_1, so what’s less at each stage is strictly less than what
was just subtracted; and consecutive Fibonacci numbers don’t occur, because if f,
and f,+ occurred one would instead have used f,+. See also [Brown 1964].)

It is an interesting problem to find explicitly the Zeckendorf representation of
various numbers. For example, the following identities are found in [Filipponi and
Hart 1998]:

Theorem 1.2. For k > 0 and n > 2k,

k
Sfokt1 fo = fotok + frovok—a+ -+ focokra + fomok = 2 far2k—ai-
i=0

Theorem 1.3. Fork > 1 and n > 2k,
k=1
Sokfn = fovok—1 + fut2k—5+ -+ fo—2kt3 + o2k = 2 fur2k—1-4i + fu—2k-
i=0
Wood [2007] presents combinatorial proofs for the expansion of f4 f,, and fs f,,
but no unifying counting argument is shown. Gerdemann [2009] provides a com-
binatorial proof of the existence of Zeckendorf representations but, due to the
algorithmic nature of the proof, is unable to produce closed form identities like
the Fibonacci products provided above.

In the sequel we give examples of how tilings of one-row boards can help prove
Fibonacci identities, starting with simple examples in Section 2 and continuing with
provide combinatorial proofs for Theorems 1.2 and 1.3 in Section 3. In Section 4,
we use the methods from Section 3 to find new Zeckendorf representations and a
known Fibonacci identity. Directions for future research are given in Section 5.

2. Basic methods of tiling

A cell is a space of length one appearing on a 1 x n board. While the meaning of
this term may seem obvious, we wish to eradicate any confusion with the term tile,
defined as a one- or two-cell piece used to create a tiling of the board.

We now illustrate two basic methods of showing Fibonacci identities using
tilings; see Benjamin and Quinn [2003].

Considering the location of a fault. A fault in a tiling is the coordinate of any
boundary between tiles. For example, in this tiling of length 5 with 3 tiles, the
faults are at positions 1 and 3:
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Theorem 2.1. Forn,m > 1,

fm+n = fmfn + fmflfnfl-

Proof. The left side of our equation, f,+,, is the number of ways of tiling a board
of length m + n.

To interpret the right side, we consider the cell at position m of a board of length
m + n. If the board has a fault at m, then there are f,,, ways to tile the first m tiles,
and f,, ways to tile the remaining n tiles. Therefore, there are f,, f, ways to tile
the entire board. If the board does not have a fault at m, then there must be a
domino covering cells m and m + 1. Using similar reasoning as in our previous
case, there are f;,_ f,—1 ways to tile the entire board. Therefore, there are a total
of fiufu~+ fm—1fn—1 Ways to tile a board of length m + n. |

Finding correspondences. In the second method, we show identities by interpret-
ing a side as multiple copies of board. We again give illustrate the method by
giving the proof of another basic identity.

Theorem 2.2. Forn > 2,
an - fn—i—l + fn—2-

Proof. We will show that two copies of each tiling of length n can be mapped
to the set counted by tilings of length n 4 1 and those of length n — 2. Begin by
examining our first copies of tilings of length n. We append a square to each of
our length-n tilings to form the set of all boards length of n 41 that end in a square
tile. We now consider our second copies of our length-n tiling. If the last tile is a
square, remove the last square and add a domino, resulting in all n + 1 tilings that
end in a domino. If the last tile is a domino, then remove the domino to form all
tilings of length n — 2. U

3. Fibonacci products and tiling

Before tackling Theorems 1.2 and 1.3, we begin with proving a simple, yet very
useful identity,

Theorem 3.1. Fork,n > 2,

fifu = fask—1+ fi—2fa2.

Proof. We begin by noting that the left side counts the number of tilings of length
n 4+ k that have a fault at n.

We then note that f,,_» fr—> counts the number of tilings of length n 4k — 4 that
have a fault at n — 2. Inserting two dominoes between cells n — 2 and n — 1 yields
all tilings of length n + k with a fault at » and with dominoes on both sides of the
fault.
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We now inspect f,+x—1, all tilings of a board length n 4+ k — 1. For all tilings
that do not have a fault at n (implying there is a fault at n — 1), we insert a square
between cells n — 1 and n, creating all tilings of length n + k with a fault at n and
with a square to the left of the fault and a domino to the right. For all tilings that do
have a fault at n, we insert a square between cells n and n + 1, creating all tilings
of length n + k with a fault at n and a square to the right of the fault.

The set of all tilings of length n + k with a fault at » is exactly equal to the three
cases defined above. (]

We can now see that inductively applying this theorem to the term f f, will
allow us to combinatorially prove Theorems 1.2 and 1.3. For example (n > 6),

J10n = fnr6+ fsfn—2 = fate+ for2+ f3fn—a
== fn+6+fn+2+fn—2+f1fn—6 = fn+6+fn+2+fn—2+fn—6-
Proof of Theorem 1.2. The theorem is trivial for k = 0. Assuming the theorem is
true for k < m, we see that

fomaty+1fn = fav2ms2 + fomy1 fu—2 by Theorem 3.1

m
= fotom+2 + X fu+ram—2—4;by the inductive hypothesis
m+1 i=0
- Z fn+2m+2—4i- O
i=0

Proof of Theorem 1.3. In the case k = 1, our theorem reduces to Theorem 2.2.
Assuming that the theorem is true for k < m, we see that

S2m1) Ju = fovomer + fom fn—2 by Theorem 3.1
m—1

= fn+2m+l + Z fn+2m+174i + fn72mby inductive hypothesis
i=0

m
= Z fn+2m+1—4i + fn—Zm. (|
i=0

We now have a unifying combinatorial proof for the following identities:

Jofn = fov1+ fa—2,

f3Sn = fov2 + fa—2,

Jafn = for3 + fom1 + fu—s,

fsJn = forat fu+ fo-a,

JoJn = futs + fot1 + fu—3+ fn—6,
J1fn = fove + fov2 + fo—2+ fa-s,
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We note that the proofs of Theorems 1.2 and 1.3 need not rely on induction. In
Theorem 1.2, the term f;,12x—4; can be interpreted as all tilings of length n+2k + 1
that have a fault at n and whose nearest square tile to the fault is exactly 2i cells
away. Because 2k 41 is odd, we are guaranteed to have a square tile within at most
2k of the fault, thus i ranges from O to k. Theorem 1.3 is slightly different in that
we are not guaranteed to have a square tile within 2k — 2 of our fault. Thus, we
must add the term f,_»; to account for all tilings of length n 4 2k with a square
no closer than 2k cells from the fault at n.

4. Further observations

Using Theorem 3.1, we can determine other closed form Zeckendorf representa-
tions and a known Fibonacci identity.

Lemma 4.1. Fork > 1 and n > 2k,

(for + fox—2) fn = fur2k + fu—2k-

Proof. In the case k = 1, our lemma reduces to the case k = 1 in Theorem 1.2.
Assuming our lemma is true for & < m and applying Theorem 3.1 we see that
(f2m+2 + fom) Jn = fn+2m+l + fn+2m71 + (f2m + fam—2) fu—2
= fotom+1 + fotom—1 + fotom—2 + fa—2m—2

= futomy2 + fo—o2m—2,

where our second to last line follows from the inductive hypothesis, and the last
line follows from the recursive definition of the Fibonacci sequence. (I

As with our two main theorems, we can prove Lemma 4.1 without induction.
Using Theorem 1.3 we see that

2%—2
(for + fo—2) o = 2. fok—t14n—2i + fo—2k+2 + fuo—2k-
i=0
It is left to show that
2%—2
fov2k = 2 for—14n—2i + fo—2k42-
i=0

This can be done by considering the position of the last square. Note that fx_14,—2i
counts the number of tilings of length n + 2k with the last square in the (n 4 2k +
1—2i) cell followed by dominoes. Our sum accounts for all tilings of length n+2k
with the last square appearing somewhere past the (n — 2k 4 2) cell. We then see
that f,, ok counts the remaining tilings of length n 42k, namely those which end
in kK — 1 dominoes.
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Lemma 4.2. Fork > 1 and n > 2k,

(f2k—1+ focr1) fo = frv2ks1 — fa—2k—1.

Proof. In the case k =1, we repeatedly use our recursive definition of the Fibonacci
sequence,

fn+3_4fn = (fn+2+fn+l)_4fn = (fn+1+fn)+(fn+fn—l)_4fn
= ((fn+fn—l)+fn)+(fn+fn—l)_4fn = —fut+2fu-1 = fu-3,

where our last line follows from Theorem 2.2. Assuming our lemma is true for
k < m and applying Theorem 3.1 we see that

(f2m+1 + f2m+3)fn = f2m+n + f2m—1fn—2 + f2m+2+n + f2m+1fn—2
= fn+2m + fn+2m+2 + fn+2m—1 - fn—Zm—?a
= fn+2m+3 - fn—2m—3»

where our second to last line follows from using our inductive hypothesis and our
last line follows from the recursive definition of the Fibonacci sequence. O

Using Theorem 1.2 and Lemma 4.1 we can now give the Zeckendorf represen-
tation of the following family of identities:

3fu= o+ f2) fo = fur2+ fa2,

dfn =1+ ) o= for2t+ ot fu-2s

T =2+ fa) fn = fata+ fo—as
f =3+ f5) o= forat for2+ fo+ fo2+ fuas
18 fu = (fa+ f6) fn = fa+6 + fu—s,

Combining Lemmas 4.1 and 4.2 we obtain our Fibonacci identity, which appears
in a more general form as Identity 48 in [Benjamin and Quinn 2003].

Theorem 4.3. Fork > 1 and n > k,

(fit1 + fie) fo = faks1 — (=D fuzir. (4-1)

5. Future work

As previously mentioned, Theorems 1.2 and 1.3 first appeared in [Filipponi and
Hart 1998] with some other Fibonacci products. The authors also presented Zeck-
endorf representations for 2 fi fi,, 3 fi fu, 4 fx fn and 5 fi f,. It is not difficult to
see that these formulas can also be obtained using our counting method presented
above. One only needs to determine the appropriate recurrence relation.
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Also, while the proofs in Section 4 relied on the use of Theorem 3.1, it is not
entirely clear how to construct a counting proof for Theorem 4.3. It would be
interesting to see a combinatorial proof of the identity.
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Frame theory for binary vector spaces

Bernhard G. Bodmann, My Le, Letty Reza,
Matthew Tobin and Mark Tomforde

(Communicated by David Larson)

We develop the theory of frames and Parseval frames for finite-dimensional vec-
tor spaces over the binary numbers. This includes characterizations which are
similar to frames and Parseval frames for real or complex Hilbert spaces, and the
discussion of conceptual differences caused by the lack of a proper inner product
on binary vector spaces. We also define switching equivalence for binary frames,
and list all equivalence classes of binary Parseval frames in lowest dimensions,
excluding cases of trivial redundancy.

1. Introduction

There are many conceptual similarities between frames and error-correcting linear
codes. Frame theory is concerned with stable linear embeddings of Hilbert spaces
obtained from mapping a vector to its frame coefficients [Duffin and Schaeffer
1952; Christensen 2003; Han et al. 2007]. The linear dependencies incorporated
in the frame coefficients of a vector help recover from errors such as noise, quan-
tization and data loss [Goyal et al. 1998; 2001; Rath and Guillemot 2003; 2004;
Piischel and Kovacevi¢ 2006], just as linear codes help recover from symbol de-
coding errors and erasures [MacWilliams and Sloane 1977]. Frame design for
specific purposes has been related to optimization problems of a geometric nature
[Casazza and Kovacevi¢ 2003; Strohmer and Heath 2003; Holmes and Paulsen
2004] or even a discrete one [Bodmann and Paulsen 2005; Xia et al. 2005; Kalra
2006], including combinatorial considerations that are more commonly associated
with error-correcting codes. On the other hand, one may ask whether concepts
from frame theory yield insights in the binary setting. This is the motivation of the
present paper.
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Keywords: frames, binary numbers, Parseval frames, finite-dimensional vector spaces, binary
numbers, binary vector spaces.
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We translate many of the essential results on frames for finite-dimensional real
or complex Hilbert spaces to analogous statements for vector spaces over the binary
numbers. In the first part, we show that in the binary case, the spanning property
of a family of vectors is equivalent to having a reconstruction identity with a dual
family. This means, both properties can be used interchangeably as a definition
of frames, as on finite dimensional real or complex Hilbert spaces. On the other
hand, we demonstrate that an attempt to define binary frames similarly to the real or
complex case via norm inequalities fails in binary vector spaces, because they lack
an inner product and a polarization identity. In the main part of this paper, we focus
on Parseval frames, which have a particularly simple reconstruction identity. We
characterize binary Parseval frames in terms of their frame operator and develop a
notion of switching equivalence for binary frames, similar to the concept for real
or complex frames [Goyal et al. 2001; Holmes and Paulsen 2004; Bodmann and
Paulsen 2005]. Moreover, we introduce the notion of trivial redundancy, caused
by repeated vectors or the inclusion of the zero vector in the frame. Ignoring cases
of trivial redundancy and choosing representatives from each switching equiva-
lence class simplifies the enumeration of binary Parseval frames. By an exhaustive
search, we have found thatif k € {4, 5, ..., 11}, then all frames that are not trivially
redundant in Z‘Z‘ with k vectors belong to one switching equivalence class. Further
simplifications for the search of all binary Parseval frames are obtained from a
combinatorial consideration, which might be useful for a future effort to catalogue
binary Parseval frames in larger dimensions.

The remainder of this paper is organized as follows. In Section 2, we define
frames for finite-dimensional binary vector spaces. Section 3 specializes the dis-
cussion to Parseval frames. Finally, in Section 4, we define switching equivalence
for binary frames and give a catalogue of representatives from each equivalence
class of Parseval frames in lowest dimensions, excluding trivially redundant ones.

2. Preliminaries

In this section we first revisit the essentials of frames over the fields R or C, the real
or complex numbers. We then proceed to develop the concept of frames over the
field Z5, that is, the field with two elements {0, 1}, where O is the neutral element
with respect to addition, and 1 is the neutral element with respect to multiplication.
The main insight of this section is that while there are equivalent characterizations
of certain types of frames when the ground field is R or C, this is not true over Z»,
because the polarization identity is no longer available due to the lack of an inner
product.

If # is a finite-dimensional Hilbert space over R or C with inner product (-, - ),
then a family of vectors & := {f1, f2, ..., fx} in ¥ is called a frame if there exist
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real numbers A and B such that 0 < A < B < 0o and
k
Allx|I> < 3 1, f)P < BllxlI> forall x € 9. (2-1)
j=1

The inequalities displayed in (2-1) are known as the frame condition, and it can
be shown that when ¥ is finite dimensional, then the set % satisfies the frame
condition if and only if span &% = ¥ [Han et al. 2007, Proposition 3.18]. In this
case, there exist vectors {g1, g2, . .., g} which provide the reconstruction identity

k
x= > (x, fj)g; forallxedl.
j=1

While the family {g j}l;zl may not be unique, there is a,canonical choice. If we
define the so-called frame operator S on % by Sx = > (x, f;) fj, then setting
gj = S71f; for j €{1,2,...,k} yields the reconstruction identity [Christensen
2003]. The family {g j}';:1 is also called the canonical dual frame.

A frame & ={f1, ..., fx}is called a Parseval frame (or sometimes a normalized
tight frame) if we can choose A = B =1 in the frame condition, so that

k
> x, fi) 12 = lIx|I>  forall x € %. (2-2)
j=1

Using the polarization identity, it can be shown (see [Han et al. 2007, Proposi-
tion 3.11]) that & is a Parseval frame if and only if

k
x= > (x, fj)fj forallxe. (2-3)
j=1

The simple form of the reconstruction formula for Parseval frames has many prac-
tical uses in engineering and computer science [Goyal et al. 1998; 2001; Kovacevié
and Chebira 2008].

We now turn to frames over the binary numbers.

The first two goals in this paper are to develop the notion of frames and of
Parseval frames for finite-dimensional vector spaces over the field Z,. Any such
vector space has the form 75 =7, @ - - - @ Z, for some n € N.

Definition 2.1. A family of vectors F ={f1, f2, ..., fx} in Z; is a frame if it spans
Z}’l
5

We have chosen this form of the definition because the field Z, has no notion of
positive elements, so that it is impossible to find a properly defined inner product,
let alone a norm on Z3, which would be needed to formulate a direct analogue of
the frame condition (2-1).
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Nevertheless, we want to show that an analogue of the reconstruction identity
can be deduced with the help of a Z;-valued “dot product” in place of an inner
product.

Definition 2.2. We define a bilinear map (-, -) : Z; x Z, — Z5, called the dot

product on 7, by
a by n

, = Z a,-b,- .
an by i=l

We see that the dot product ( -, - ) is symmetric and Z,-linear in each component,
but it is degenerate: It is possible to have x € Z) with (x,x) = 0 but x # 0.
Furthermore, because the dot product is degenerate, it does not provide a norm on
Z7. Nonetheless, we will use the dot product as an analogue of the inner products
on R" and C", and for expressions in R" or C" involving (x, y) or ||x||?, we shall
consider analogous expressions in Z7 involving (x, y) or (x, x), respectively.

To establish the equivalence between the spanning property and the reconstruc-
tion identity for frames, we unfortunately cannot simply use the same strategy as
in the real or complex case. If we take the dot product instead of an inner product
to define the frame operator, then the spanning property of the frame does not
guarantee that the frame operator is invertible. To see this, we note that the family
{1, 1} is spanning for Z;, but the analogue of the frame operator maps every x € Z»
to x +x = 0. A similar family can be obtained for any Z), n > 1, by repeating
vectors of an arbitrary spanning set.

To build an alternative strategy that relates the spanning property with the ex-
istence of a reconstruction identity, we first recall that the dot product mediates a
canonical mapping between vectors and linear functionals.

Lemma 2.3. If ¢ : 7, — 75 is a linear functional then there exists a unique z € 7,
such that ¢ (x) = (x, z) for all x € 75.

Proof. Let ¢ be a linear functional. Let {ej,...,e,} be the canonical basis for
7%, and let z = ¢(er)e; + - - + p(ey)e,. We now observe that if x € ZJ, with
x =" aje fora; € Zy, then p(x) =>"_  aip(e;) = (x,2).

To verify the uniqueness, assume there is z’ such that ¢ (x) = (x, ) = (x, 2).
Choosing x among the canonical basis vectors gives ¢ (¢;) = (e;, z') = (e;, z) and
thus z and 7’ are identical. O
Theorem 2.4. Given a family F = { f j}]j‘.: | in 75, then F is a frame if and only if
there exist vectors {g }I;Zl such that for all y € 7

k
y=>(.8)fi (2-4)

Jj=1
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Proof. We note that if (2-4) is true, then necessarily { f j}’;: | 1S spanning.

Conversely, assume that { fj}';:1 is a frame for Z7. In a first step, we prove

that there are linear functionals {y, y2, ..., yx} such that y = le‘-:l 7j(y) fj for
all y € Z5. For any family of linear functionals yy, y2, ..., yx, we note that the
expression Z';Zl yj(y) fj is linear in y, so it is enough to show that there exist
linear functionals giving

k
w; = > yj(w;)f; for all vectors in some basis wy, ..., w, of Z;.
j=1

To establish this, we choose a subset of { f1, ..., fx} which is spanning and linearly
independent, that is, a basis. Without loss of generality, assume that this set is
{fi,..., fu}. Choosing the dual basis {y1, ..., y,} to {f1, ..., fu}, characterized
by

Vj(fi)zéij» for all i,je{1,2,...n},

we obtain

> 1 f =
Z

Thus if we enlarge the set {y j}?zl by setting y; = 01if j > n, then

fi= ,é vi(f)fi
and by linearity
y= é yj(0f; foranyyeZj.
In the final step of the proof, we apply the preceding lemma which yields for

each y; a corresponding vector g; satisfying y;(y) = (y, g;) forall y € Z3. ]

3. Parseval frames for Z’Z’

In this section we present the definition of Parseval frames for 7/ and illustrate the
conceptual differences between such frames in the real or complex case and in the
binary case.

Definition 3.1. A family of vectors % = { f1, ..., fx} in Z} is a Parseval frame if

k
x=2(x,fj)fj for all x € Z5. 3-1)

j=1

Observe that a binary Parseval frame necessarily spans 7/, and moreover if % is a
Parseval frame, we must have k > n.
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Itis natural to ask if, in analogy with the real and complex cases, being a Parseval
frame in 7} is equivalent to having a Parseval identity as in (2-2). It turns out that
this is not the case.

Proposition 3.2. If ¥ ={f1, ..., fx} is a Parseval frame for 7%, then
k
Z(x, fj)2 = (x, x) forall x € 7. (3-2)
j=1

However, in general, the converse does not hold.

Proof. If ¥ is a Parseval frame, then using the Z,-linearity of the first component
of the dot product, for any x € Z; we have

k k k
(. ) = (Z(x, M x) =S =S )R

j=1 j=1 j=1

To see that the converse does not hold in general, consider (}) € Z%, then for
any x = (§} ) € Z3 we have

(x, (1) =a1+a =ai +a3 = (x,x).

Hence & = {( 1)} satisfies (3-2). However, % contains one element, so % does not
span Z%, and ¥ is not a Parseval frame. O

Remark 3.3. More generally, we can produce counterexamples for any n > 2,
meaning sets which give the Parseval property without spanning Z7. First we con-
sider even n. Let {f1, ..., fi} be the family of all vectors which contain exactly
two 1’s. Thus, there are k = (Z) such vectors. If the first vector is chosen as

fi=1,1,0,...,0) and x = (ay, az, ..., a,)", then over Z,,
@, f)* = (a1 +a) =a}+aj.

Evaluating other dot products similarly gives

Z(x 1) :Z

because each ai2 appears in n — 1 terms in the sum, and n — 1 mod 2 = 1 by the
assumption that n is even.

However, the vectors { f; }"J‘.:1 are not spanning for Z/, because they contain an
even number of 1’s and so does any linear combination of them.

If n is odd, then we split Z) = Z, @ Z’;_l and construct the above family
{f1, f2, ..., fi} for the second summand. Now this family can be enlarged by



FRAME THEORY FOR BINARY VECTOR SPACES 595

the first canonical basis vector e; to {e, fi, f2,..., fr} which has the Parseval
property but is not spanning, because { f1, f2, ..., fr} does not span ngl.

4. Towards a catalogue of binary Parseval frames

In principle, all Parseval frames for Z; could be catalogued individually, but even
for relatively small » this is already an extensive list. In order to obtain a more
efficient way of enumerating Parseval frames, we use an equivalence relation which
has been called switching equivalence for real or complex frames [Goyal et al.
2001; Holmes and Paulsen 2004; Bodmann and Paulsen 2005]. It is most easily
formulated in terms of the Grammian of a Parseval frame, as defined below. The
catalogue of frames can then be reduced to representatives of each equivalence
class. To prepare the definition of the equivalence relation, we discuss certain
matrices related to frames.

We write A € M, ,(Z>) when A an m x n matrix with entries in Z,. We often
view A as a linear map from Z7' to Z; by left multiplication. In particular, A € M,
denotes an n x n matrix which is associated with a map from Z7 to itself. We write
A; ; for the (i, j)th entry of A, and we let A* denote the transpose of A; that is,
A* € My, 1y (Z3) with A;"’ j= Aj ;. By the rules of matrix multiplication, we have
(Ax,y) = (x, A*y) for all A € M, (Z,).

Definition 4.1. If U € M,(Z,), then we say U is a unitary if U is invertible and
Uu-'=u~.

Lemma 4.2. Ifx € 7 and (x,y) =0 for all y € 7}, then x = 0.
Proof. Write

aj
x=
a
If {e1, ..., e,} is the standard basis for 73, then for all 1 <i < n we have a; =
(x,e;) =0. Thus x =0. O

Proposition 4.3. Let U € M,,(Z;), then U is a unitary if and only if for all x, y € Z
we have (Ux, Uy) = (x, y).

Proof. If U is a unitary, then U* =U ! and for all x, y € 775 we have
(UX:U)’)Z(X,U*UY)Z(XaIY)Z(X,)’)

Conversely, if (Ux, Uy) = (x, y) for all x, y € Z7, then for a given x € Z; we see
that (U*Ux,y) = (Ux,Uy) = (x,y) for all y € 7/, and Lemma 4.2 implies that
U*Ux = x. Since x was arbitrary, this shows that U*U = I, and because U is
square, we have that U is invertible and U~! = U*. (I
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In contrast the case of Hilbert spaces over F =R or C, the condition (Ux, Ux) =
(x, x) for all x € F" is not equivalent to unitarity when the field [F is Z5.
We have the following counterexamples for n > 2.

Proposition 4.4. For anyn > 2, there exist A € M, (Z3) such that (Ax, Ax)=(x, x)
for all x € 7%, but A is not invertible, and thus not unitary.

Proof. We define the matrix A by
A= 1 ifi=j=lorj—i=1,
’ 0 else.

This means, the last row of A contains only zeros and thus A does not have full
rank and is not invertible.
However, given x = (ay, az, ..., a,)" we have

ar+a»
as

ay
Ax = R

and thus

i=1

(Ax,Ax):(cn+a2)2+a§+---+a5=ia?:(x,x). O
Definition 4.5. Let & = {f, ..., fi} € Z5. The analysis operator for F is the
k x n matrix containing the frame vectors as rows,
<~ f1 —
Og =
<~ fi —>

The synthesis operator for F is the n x k matrix

0 0
OF=\(rfi - fi ],
l !

with the elements of & as columns. The frame operator for & is the n x n matrix
. *
and the Grammian operator for F is the k x k matrix
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Note that (G%);,; = (fj, f;) forall 1 <i, j <k. When there is no ambiguity in the
choice of %, we shall omit the % subscript on these matrices and simply write ©,
®* S, and G.

Theorem 4.6. Let F = {f1, ..., fi} C Z4, then F is a Parseval frame if and only
if S5 is equal to the identity matrix.

Proof. Let {ey, ..., e,} be the standard basis for Z’g. Observe that for any x € 7}
we have Ogx = Zf.‘zl(x, fi)ei. Also, for any 1 <i <n we have ®%¢; = f;. Thus
we have

k k k
S5 = 03000 = 05 2 (. e ) = 05, MO5e = D05,
i=1 i=1 i=1

It follows that Zle(x, fi)fi = x for all x € Z} if and only if Syx = x for all
x € Z}. Thus F is a Parseval frame if and only if Sg is the identity matrix. U

Definition 4.7. Given two families & = {f1, ..., fi} and = {g1, ..., g} in Z3,
then we say % is unitarily equivalent to G if there exists a unitary U € M, (Z;) such
that Uf; = g; forall 1 <i <k.

It is easy to show that unitary equivalence is an equivalence relation.

Proposition4.8. Let F={fi, ..., fi} ©Z; and6={g\, ..., g} S Z} be Parseval
frames, then F is unitarily equivalent to § if and only if Gg = Ge.

Proof. Since & and 4§ are Parseval frames, it follows from Theorem 4.6 that S
and Sy are the identity matrices. Suppose that Gg = G. Define U to be the n x n
matrix U := ©%0g, then
U*U = (0505)" 0505 = 05040,05 = 05G40g
= 05;G5045 = 050503505 = S5S55 = 1.

Since U is square, it follows that U is invertible and U~! = U*, so that U is a
unitary. Furthermore,

U0 = 040503 = 0G5 = 049Gy = 0040, = S0 = Of.

Thus U times the ith column of ®F, is equal to the ith column of ®F. Thus for all
1 <i <k we have Uf; = g;, so that & and 4 are unitarily equivalent.

Conversely, if & and % are unitarily equivalent, then there exists a unitary U €
M, (Z>,) such that U f; = g; for all 1 <i < k. Thus Proposition 4.3 implies that

(Go)i,j = (fj, f))=WUf;, Ufi) = (g), &) = (G, ;-
Hence G = Gg. O
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Example 4.9. We present two examples of unitary equivalence. First set

OO OO0

0 0 0 1 1 1
1 1 1 0 1 1
= 0 , 0 1 N 1 N 0 Py 1)]7
0 1 0 1 0 1
1 1 1 1 1 0
NAYAYOYAY:
1 1 1 1 1 0
0 1 0 1 0 1
Computing the Grammian for both & and % we find
(00010 1]
010000
001000
Gr=GCx=\100001
000010
100100

First notice the structure of ®* created by % and :

000111 000111
111011 111011
@=[001101|, ©%=|001101
010101 111110
111110 010101

The fourth and fifth rows have swapped places, so naturally one would expect the
unitary operator to reflect that. In fact, the proof gives a direct way to compute U,
namely if f; = Uh; then U = ©30y. Computing U confirms this:

10000
01000
050,=[00100
00001
00010

Next, take for % and 7€ two Parseval frames found in Z; with six elements:

OO OO0
~[OOOO0O0)

0 1
0 0
{0

0 0
1
1
0
o
0

()

OO O
bt e e
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Here, while not quite as obvious, differences in the two Parseval frames can be
expressed in terms of row manipulations of the synthesis operator, which amount
to left multiplication with a unitary U, O3 = U ©3,.

We introduce an additional way to identify frames which coarsens the equiva-
lence relation.

Definition 4.10. Two families # ={fi, f>, ..., fr} and $={g1, g2, ..., g} In Z"
are called switching equivalent if there is a unitary U and a permutation 7 of the
set {1,2,...,k} such that

fi=Ugr forall je{l,2,...}.

Theorem 4.11. Two Parseval frames F and ¥ are switching equivalent if and only
if there exists a permutation rt of the index set such that (Gg);,j = (G3)x (i), (j)-

Proof. The condition on the Grammians amounts to the identity
Gy =MGyM*
for a permutation matrix with entries
1 ifz(i) =,
M, = @) =J
0 else.
Being identical up to conjugation by permutation matrices defines an equivalence
relation for Grammians, and thus for frames, which is coarser than unitary equiv-
alence.
Moreover, with a similar proof as in the preceding proposition, we see that the
two Grammians are related by conjugation with a permutation matrix M if and
only if there exists a unitary U such that

04 =UOLM*. O

Apart from switching equivalence, there are other simple ways in which two
Parseval frames can be related to each other. For example, adding zero vectors to
a Parseval frame gives another Parseval frame. Moreover, adding pairs of arbitrary
vectors to a Parseval frame preserves the Parseval property. In both cases, we have
artificially increased the redundancy by enlarging the frame. In our catalogue, we
discard Parseval frames with such a trivial source of redundancy.

Definition 4.12. A Parseval frame & = {f1, f2, ..., fx} for Z} is called trivially
redundant if there is j € {1, 2, ...k} with f; =0, or if there are two indices i # j

with f; = f;.

After repeated vectors are removed, Parseval frames can be interpreted as sets
of vectors. We consider the set-theoretic complement of such a Parseval frame.
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Theorem 4.13. Let n > 3. Let F = { fi}i.‘:l be a family without repeated vectors
in 75 and 6 = 75 \ F. If F is a Parseval frame for 77, then § is also a Parseval
frame.

Proof. Let X = {x € Zg}, then we count 2" — 1 nonzero elements in &. Thinking
of & as a sequence { f;}/_, where m = 2" — 1 and the entries of f; are given by the
binary expansion of i, let @, be the matrix with f; as the ith column.

By simple counting, there are 2"~! elements with 1 in the ith position. This
means, in each row of ®; the number 1 appears exactly 2"~! times. Furthermore
there are 2”2 elements with 1 in the ith and jth position, similarly for any fixed
choice of 1 or O in the ith and jth position. If n > 3, then 2"=2 is even and
consequently, the dot product of any row of @3 with itself or any other row is
equal to 0, i.e. @50y = 0.

If F is a Parseval frame, then ®3 ®g = I which implies via the matrix product
that there is an odd number of elements in & with 1 in the ith position, and that
among the elements with a 1 in the ith position there is an even number of elements
with a 1 in the jth position.

As remarked above, in the entire space there is an even number of elements
with 1 in the ith position and an even number of elements with 1 in the ith and jth
position. Thus there is an odd number of elements in the complement § = & \ F
with 1 in the ith position and an even number of such elements with 1 in the jth
position, that is @50 = I. Hence 4 is a Parseval Frame. (]

Corollary 4.14. If F is a Parseval frame for Z5 which is not trivially redundant,
and G is its set-theoretic complement, then both % and 6\ {0} are Parseval frames
and one of them contains at most 2"~ — 1 vectors.

Proof. After removing the zero vector from %, the union of both Parseval frames
F and 9\ {0} contains 2" — 1 vectors. This implies that one of the two frames
contains at most half this number, meaning at most 2"~! — 1 vectors. (]

To complete the catalogue of binary Parseval frames for Z7, it is only necessary
to find one representative from each switching equivalence class of Parseval frames
with at most 2"~! — 1 vectors. Once these Parseval frames have been found, their
complements complete the list, because the switching equivalence of a pair of
frames is equivalent to that of their complements.

Proposition 4.15. Two frames that are not trivially redundant are switching equiv-
alent if and only if their set-theoretic complements are.

Proof. This is a consequence of the fact that unitaries are one-to-one maps on the
set Z5. Thus, if a unitary U maps a frame & to a frame %, then it also maps the
complement of & to the complement of , and vice versa. ([
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n k vectors
3 1 2 4
4 13 5 6 7

4 4 1 2 4 8
5 1 6 10 12 14
6 1 3 5 914 15
7 1 2 3 711 12 15
81 4 5 6 8 910 13 14
912 4 6 7 810 11 12 13
10 2 3 4 5 7 8 911 13 15
11 35 6 7 910 11 12 13 14 15

Table 1. Representatives of all switching-equivalence classes, ex-
cluding trivially redundant Parseval frames, for Z% and Zg.

We conclude with Table 1, a complete list of representatives of switching-equi-
valence classes of Parseval frames for n = 3 and n = 4, excluding ones that are
trivially redundant. Each frame vector in our list is recorded by the integer obtained
from the binary expansion with the entries of the vector. For example, if a frame
vector in Zg is fi=(1,0, 1, 1), then it is represented by the integer 20422423 =13.
Accordingly, in Z‘z‘, the standard basis is recorded as the sequence of numbers
1,2,4,8.

As explained above, the part of the table with k > 2"~! — I vectors has been
obtained by taking complements of Parseval frames with k < 2"~! — 1 vectors,
according to Corollary 4.14 and Proposition 4.15. An exhaustive search shows
that there is only one switching equivalence class for n = 3 and k € {3, 4} and for
n=4and each k € {4, 5, 6, 7}, consequently also for k € {8, 9, 10, 11}.

References

[Bodmann and Paulsen 2005] B. G. Bodmann and V. I. Paulsen, “Frames, graphs and erasures”,
Linear Algebra Appl. 404 (2005), 118-146. MR 2006a:42047 Zbl 1088.46009

[Casazza and Kovacevi¢ 2003] P. G. Casazza and J. Kovacevié, “Equal-norm tight frames with era-
sures”, Adv. Comput. Math. 18:2-4 (2003), 387-430. MR 2004e:42046 Zbl 1035.42029

[Christensen 2003] O. Christensen, An introduction to frames and Riesz bases, Applied and Numer-
ical Harmonic Analysis, Birkhduser, Boston, MA, 2003. MR 2003k:42001 Zbl 1017.42022

[Duffin and Schaeffer 1952] R. J. Duffin and A. C. Schaeffer, “A class of nonharmonic Fourier
series”, Trans. Amer. Math. Soc. 72 (1952), 341-366. MR 13,839a Zbl 0049.32401

[Goyal et al. 1998] V. K. Goyal, M. Vetterli, and N. T. Thao, “Quantized overcomplete expansions
in RN : analysis, synthesis, and algorithms”, IEEE Trans. Inform. Theory 44:1 (1998), 16-31.
MR 99a:94004 Zbl 0905.94007



602 B. G. BODMANN, M. LE, L. REZA, M. TOBIN AND M. TOMFORDE

[Goyal et al. 2001] V. K. Goyal, J. Kovacevié, and J. A. Kelner, “Quantized frame expansions with
erasures”, Appl. Comput. Harmon. Anal. 10:3 (2001), 203-233. MR 2002h:94012 Zbl 0992.94009

[Han et al. 2007] D. Han, K. Kornelson, D. Larson, and E. Weber, Frames for undergraduates,
Student Math. Library 40, American Mathematical Society, Providence, RI, 2007. MR 2367342
Zbl 1143.42001

[Holmes and Paulsen 2004] R. B. Holmes and V. 1. Paulsen, “Optimal frames for erasures”, Linear
Algebra Appl. 377 (2004), 31-51. MR 2004:42028 Zbl 1042.46009

[Kalra 2006] D. Kalra, “Complex equiangular cyclic frames and erasures”, Linear Algebra Appl.
419:2-3 (2006), 373-399. MR 2007j:42024 Zbl 1119.42013

[Kovacevi¢ and Chebira 2008] J. Kovacevi¢ and A. Chebira, “An introduction to frames”, Found.
Trends Signal Processing 2:1 (2008), 1-94.

[MacWilliams and Sloane 1977] F. J. MacWilliams and N. J. Sloane, The theory of error-correcting
codes, North Holland, Amsterdam, 1977.

[Piischel and Kovacevi¢ 2006] M. Piischel and J. Kovacevi¢, “Real, tight frames with maximal ro-
bustness to erasures”, pp. 63—72 in Proc. Data Compr. Conf. (Snowbird, UT, 2005), edited by J. A.
Storer and M. Cohn, IEEE Press, 2006.

[Rath and Guillemot 2003] G. Rath and C. Guillemot, “Performance analysis and recursive syn-
drome decoding of DFT codes for Bursty erasure recovery”, IEEE Trans. Signal Process. 51:5
(2003), 1335-1350. MR 2049911

[Rath and Guillemot 2004] G. Rath and C. Guillemot, “Frame-theoretic analysis of DFT codes with
erasures”, IEEE Trans. Signal Process. 52:2 (2004), 447-460. MR 2005d:94067

[Strohmer and Heath 2003] T. Strohmer and R. W. Heath, Jr., “Grassmannian frames with ap-
plications to coding and communication”, Appl. Comput. Harmon. Anal. 14:3 (2003), 257-275.
MR 2004d:42053 Zbl 1028.42020

[Xia et al. 2005] P. Xia, S. Zhou, and G. B. Giannakis, “Achieving the Welch bound with difference
sets”, IEEE Trans. Inform. Theory 51:5 (2005), 1900-1907. MR 2007b:94148a
Received: 2009-08-06 Accepted: 2009-08-12

bgb@math.uh.edu Department of Mathematics, University of Houston,
Houston, TX 77204-3008, United States

myle_64Qyahoo.com Department of Mathematics, University of Houston,
Houston, TX 77204-3008, United States

letty@math.uh.edu Department of Mathematics, University of Houston,
Houston, TX 77204-3008, United States

matt_tobin67@hotmail.com Department of Mathematics, University of Houston,
Houston, TX 77204-3008, United States

tomforde@math.uh.edu Department of Mathematics, University of Houston,
Houston, TX 77204-3008, United States



INVOLVE 2:5(2009)

Some results on the size of sum and product sets
of finite sets of real numbers

Derrick Hart and Alexander Niziolek

(Communicated by Andrew Granville)

Let A and B be finite subsets of positive real numbers. Solymosi gave the sum-
product estimate max(|A+A|, |A-A]) > (4[log |A|1)~'/3|A|*3, where [ ] is the
ceiling function. We use a variant of his argument to give the bound

max(]A + BJ, |A- B|) > (4log |[A[1Tlog | B[1) ™'/ |A|* |B|*3.

(This isn’t quite a generalization since the logarithmic losses are worse here than
in Solymosi’s bound.)

Suppose that A is a finite subset of real numbers. We show that there exists
an a € A such that |aA 4+ A| > ¢|A|*? for some absolute constant c.

1. Introduction
Given finite subsets A and B of an additive group, the sum set of A and B is
A+B={a+b:acA, be B}.
Similarly, define the product set by
A-B={ab:a€ A, be B}.

If M and N are numbers (depending on A and B) we write M 2 N to mean that
M > cN for some constant ¢ > 0 (independent of A and B). We write M =~ N to
mean that cN <M <¢'N forc, ¢ > 0.

Suppose that A = B is an arithmetic progression. Then

JA+A|<|A] and |A-A| > AP,

where here and throughout d — 0 as |A| — oo and | - | denotes the size of the set.
In contrast, if A = B is a geometric progression then

A+ A|>|A? and |A-A| <A

MSC2000: 11B13, 11B75.
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These examples led Erdds and Szemerédi [1983] to ask whether both the product
set and sum set can be small at the same time. They conjectured that it is not
possible in the following sense.

Conjecture 1. Let A be a finite subset of Z. Then
max(|A+ Al, |A- A]) = A7,

They showed that
max(|A + Al |A - A]) > |A]',

for a positive ¢.

The explicit bound & > % was given by Nathanson [1997], and ¢ > 11—5 by Ford
[1998]. A breakthrough was achieved by Elekes [1997], who connected the prob-
lem to incidence geometry and applied the Szemerédi—Trotter incidence theorem
to obtain ¢ > %. This was improved by Solymosi [2005] to ¢ > % — J. These
bounds hold in the more general context of finite subsets of R.

Recently, by a short and ingenious argument it was shown by Solymosi [2009]
that ¢ > % — d. In Section 3 we mimic Solymosi’s argument with a few changes to
give an analogous estimate for sums and products of different sets.

Given the strong relationship between sums and products one may ask a related
question: how large is the set A - B 4 C guaranteed to be? Elekes (see [Alon and
Spencer 2000]) showed that |A- B+C| > +/|A| |B| |C| with certain size restrictions
on the three sets. His argument relied on the aforementioned Szeremedi—Trotter
incidence theorem and is short enough to present in the next few lines.

Let P be a set of points in R? and L a set of lines. We say a point p € P is
incident to a line [ € L if p lies on /. In this case, we denote this incidence by

(p,l)e Px L.

Theorem 2 [Szemerédi and Trotter 1983]. Let Ip ;. denote the number of inci-
dences between P and L. Then bound

Ip.p SIPPPILPR +|PI+]L).

LetL={y=ax+c:ac€A,ceC}and P =B x A- B+ C. Clearly, given
any a € A, b € B, c € C, the point (b, ab + c¢) is incident to the line y = ax + c.
Therefore, by Szemeredi-Trotter, |A| |B| |C| < |A1?3|B1?3 |C1>3|A- B+ C|*3.

In the context of [, the finite field containing ¢ elements, similar questions
have been explored as well. Bourgain [2005] showed that for A C [, such that
|A| 2 ¢4 onehas A-A+A-A+ A-A = F,; in particular, if |A] ~ ¢/,
then [A-A+A-A+ A-A| > |A|*3. In [Hart and Tosevich 2008] it was shown
that if |A| 2 ¢/, then A- A+ A- A = F}; in particular, if |A| ~ ¢*/%, then
|A-A+ A-A| > |A*3. Due to the misbehavior of the zero element, it is not
possible to guarantee that A- A+ A-A =T, unless A is a positive proportion of



THE SIZE OF SUM AND PRODUCT SETS OF FINITE SETS OF REAL NUMBERS 605

the elements of F,. Under the weaker conclusion that [A- A4+ A - A| 2 g it is
shown in the same paper that one may take |A| > ¢/3. Shparlinski [2008] applied
multiplicative character sums to show that if |A| > ¢%3, then |A - A + A| > ¢,
implying that if |A| ~ ¢%/3, then |A- A + A| > |A]3/2.

Theorem 3 [Chapman et al. 2009, Theorem 2.10]. Let A be a subset of Fj‘]. Then

A7 D laA+ Al 2 min(g, |APg ™).

acA

In particular, if |A| ~ q*/3, there exists a subset A’ of A with |A’| > |A| such that
laA+A| 2 |AP? > q,
forallae A'.

It is natural to ask whether a similar statement holds in the case that A is a finite
subset of the real numbers. We show that this is in fact the case in Section 4.

2. Statement of results

Define the multiplicative energy of the finite subsets A, B, C, D of real numbers
by

E(A, B, C, D) = |{(x1,x2, y1,2) EAX BXx Cx D:x1y, =x2y1}|.

For A, B finite subsets of positive real numbers with |A| < |B|, the argument of
[Solymosi 2009] gives the bound

E(A, B, A, B) <4flog|A|1|A+ A| |B + B|. (2-1)

A short Cauchy—Schwarz argument gives that E(A, B, A, B) > |A|*|B|?/|A - B,
which in turn gives the sum-product inequality

|A?| B> < 4[log|A| 1|A+ Al B+ B||A- BI. (2-2)

In the case that A = B, this immediately implies the Solymosi sum-product
bound discussed in the introduction:

max(|A + Al, |A - A]) > 4[log |A[1) "3 A|*3, (2-3)

We will use a slight variant of the argument of Solymosi to give a different
bound on the multiplicative energy:

Theorem 4. Let A, B, C, D be finite subsets of positive real numbers. Then

E(A, B, C, D) < 4[log(min(|A[, |C|))] [log(min(|B|, | D]))1|A + B| |C + D|.
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(Notice that the logarithmic loss is worse than what was obtained by Solymosi.)
Using the fact that E(A, B, A, B) > |A|*|B|?/|A - B|, we obtain the following
sum-product estimate.

Corollary 5. Let A, B be finite subsets of positive real numbers. Then
max(|A+ B|, |A-B|) > (4[log [A[1[log | BN P |AP? B2 (2-4)
One may compare this to the result of applying Pliinnecke’s inequality to (2-2):
max(|A+ Bl, |A- B|) = (4[log [A|])™1/* |APP | BPS. (2-5)
We will also show this:

Theorem 6. Let A, B, C be finite subsets of R such that |B|'/?|C|~'/? < |A] <
|B|?|C|. Then
|AI7' D laB +C| 2 |AIY3 [BI'P|C1P. (2-6)
acA

In particular, there exists an a € A such that

laB+C| 2 |A|"3 |B|'?|C)*5. (2-7)

3. Proof of Theorem 4

We begin by writing

E(A,B,C,D)= > A@)B2)C(1)D(y2)

X1Y2=X2)1

=2 2 (AxO)@, y)(BxD)(x2. y2).

t#0 x1=tx2
yi=ty2

where A(-) denotes the characteristic function of the set A and x denotes the
Cartesian product. Summing in ¢t we have

E(A, B,C, D) = Z [(AXC) Ny |,
ye(BxD)
where [, is the line through the origin and the point y with slope m,. Each
y € (BxD) lies on some line /,,, with my € D - B~ '={db~':d e D,b e B}.
Since the quantity [(AxC) N1y, | is constant and nonzero for each y on [,,, with
slope my, in C - A~!, we have

E(A,B,C.D)= D" [(AXC) Nyl [(BXD) Ny,
meM
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where M = C-A~'ND-B~!. We then take a dyadic decomposition

E(A, B,C,D) = > > WAXC) NIy |(BX D) Ny,

0<i<[log(min(|Al,|C]))] meM;,;
0= j=<[log(min(|B|,| D|))]

where M; j = {m € M : 2" <|(AXC)Niy| <2T1,2/ <|(BxD) Nyl <2/71}.
Therefore, for some i’ and j,

E(Ai B’ C’ D) <

[log(min(|A[, |C[))][log(min(| B, |D))T ~

Z [(AXC) Nl | [(BXD) Nyl

meM; ;i
Set n = |M; ;| and order the elements of M;/ j;: mi <my <... <m,. This gives
E(A,B,C, D) -

[log(min(|A[, [C]))1Tlog(min(| B[, | D]))T ~

Given that [(AxC)Nly, +(BXD) Ny, | = |[(AXC)Nly,| |(BX D) Ny, |, noting
that any two sum sets (A x C)Nl,, +(Bx D)y, , and (A x C)N,y, +(Bx D)y,
are disjoint for any / # k gives

2i/+j,

U((AxC)ﬂlml + (BXxD)Nly,,,)| <|A+ B||C+D|.
=1

n211+'// S

Here, in an abuse of notation, (BxD) N1,  is the orthogonal projection of
(BxD) N1y, onto the vertical line running through the minimal element of B.
We may without loss of generality assume that the minimal element of B is also
the minimal element of AU B.

4. Proof of Theorem 6

We will need a lemma, whose proof we will delay until the end of the section.
Lemma 7. Let A, B, C be finite subsets of R such that |B|'/*|C|7'/2 < |A| <
|B|?|C|. Then

l{(a,b,c,d,e) e Ax BxCx BxC:ab+c=ad+e}| SIAP?|BP?|C1*7.

With this lemma in hand one may then apply the Cauchy—Schwarz inequality:

2
|A||B|2|C|2=|A|—1( > > B(b)C(c))

teaB+C ab+c=t
acA

§(|A|—‘Z|aB+C|) > ( > B(b)C(c))

acA teaB+C “ab+c=t
acA

2
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Noting that

> ( > B(b)C(c))2

teaB+C “ab+c=t
acA

=|{(a,b,c,d,e)eAxBxCxBxC:ab+c=ad+e}‘
completes the proof of Theorem 6.

Proof of Lemma 7. We will apply the Szemerédi—Trotter incidence theorem. For
a fixed b € B, consider the set of lines L, ={y = (b —d)x+c:ce€C,d € B}.
Also consider the set of points P = {(a, e¢) € (AxC)}. Then |{(a, b, c,d,e) €
AxBxCxBxC:ab+c=ad+e}| <|B|maxpep Ip,,. Noting that |[L,| = |B||C]|
and |P| =|A||C| and applying the Szemerédi—Trotter theorem gives

l{(a,b,c,d,e) e Ax BxCxBxC:ab+c=ad+e}| SIAP?|BPP|C|*7,

as long as |B|'/?|C|71/2 < |A| < |B)?|C). 0

5. Remarks

The argument of Elekes [1997] actually gives a more general bound for finite sub-
sets A, B, C of positive real numbers:

max(|[A+ B, |A-C|) 2 |AP/*|BIV* |C|*,

A direct application of Pliinnecke’s inequality [Tao and Vu 2006, Corollary 6.26]
to (2-3) gives

max(|A + B[, |A-C|) > (4[log |A[1)"V|A1*3 B3 |C|V/°.

This bound is preferable if |B| is much larger than |A| |C|. We do not currently
know of a way to use Solymosi’s argument to obtain an improved bound for the
case that the three sets are close together in size.
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Proof of the planar double bubble conjecture
using metacalibration methods

Rebecca Dorff, Gary Lawlor, Donald Sampson and Brandon Wilson

(Communicated by Frank Morgan)

We prove the double bubble conjecture in R?: that the standard double bubble
in R? is boundary length-minimizing among all figures that separately enclose
the same areas. Our independent proof is given using the new method of meta-
calibration, a generalization of traditional calibration methods useful in mini-
mization problems with fixed volume constraints.

1. Introduction

Isoperimetric problems have had a long history. The earliest proofs that the circle
maximizes area for a figure of given perimeter can be traced to the ancient Greeks.
The first results are attributed to the second century mathematician Zenodorus.
After more than a millennium, Steiner was the first to realize that the ancient
Greek proofs were insufficient by modern standards and worked to complete them.
Weierstrass, however, was the first to give a rigorous proof of the isoperimetric
inequality, and furthered the development of analysis and calculus in order to do
so [Siegel 2003].

While many different proofs exist for the isoperimetric inequality in two di-
mensions, few of these methods can be applied to generalizations of the prob-
lem, including having multiple enclosed areas or higher dimensional analogs. The
traditional approach, and so far most successful, has been to use the calculus of
variations to isolate properties of the boundary-minimizing figure and compare all
possible figures of this type. Some advancements in “multiple bubble” problems
were made this way by Frederick Almgren [1976], Jean Taylor [1976], and Frank
Morgan [1994], who proved regularity results in R” forn >4, n =3, and n = 2,
respectively. Morgan realized that a careful analysis of minimizers in the plane was
absent from the literature, and providing this, showed that perimeter-minimizing
planar figures must consist of circular arcs meeting at vertices of degree three,

MSC2000: 49Q05, 49Q10, 53A10.
Keywords: calibration, metacalibration, double bubble, isoperimetric, optimization.
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forming 120-degree angles. This reduced the argument to listing all the combina-
torial types meeting these requirements, possibly subject to some bounds on the
number of components that each area may be broken up into. Using this result,
students of the 1990 SMALL group under Frank Morgan proved that the standard
double bubble was perimeter-minimizing among all figures separately enclosing
two fixed areas [Foisy et al. 1993]. This method was also employed by Wacharin
Wichiramala, whose doctoral dissertation proves the corresponding result for three
separated areas. Unfortunately, this approach is marked by an ever-increasing com-
binatorial complexity. For example, Wichiramala’s dissertation [2004] considered
some fifty-four possible configurations in order to prove minimization of the stan-
dard triple bubble. This complexity proves to be a significant barrier to further
results.

We present new proofs of the isoperimetric inequality in the plane, for one
and two areas, using metacalibration, a new method of proof developed by Gary
Lawlor. Metacalibration is an extension of previous work in the field of calibration
that has been modified to handle a new class of minimization problems. Section
2 discusses metacalibration in further detail. A reformulation of ideas by Gromov
[Milman and Schechtman 1986], Lawlor’s proof of the two-dimensional isoperi-
metric inequality is given in Section 3. Lawlor also showed using metacalibration
that the standard double bubble is perimeter-minimizing among all figures enclos-
ing two equal areas. Section 4 contains the authors’ generalization of this proof to
any two fixed areas. Metacalibration has a strong potential for other applications
in which the standard variational approach fails. Further work is currently being
made in extending our results to other multiple bubble problems, including the
as-yet-unproven triple bubble conjecture in R>.

2. Metacalibration

Each minimization problem' can be expressed in the following terms. Let a set of
constraints C be given. Let S be the set of all competitors o that satisfy C. For
each competitor o € S, we define the function P (o) which expresses the quantity to
be minimized (perimeter, energy, etc.). The minimizing property of a conjectured
minimizer x4 € S is shown by proving P(u) < P(c) forall ¢ € S.

Metacalibration solves minimization problems by comparing P(c) to an in-
termediary function G (o) which simplifies the conditions for comparison. This
function is called a calibration function and is defined as follows.

I'As the methods of metacalibration work identically for minimization as well as maximization
problems, we will present these methods in the context of a minimization problem. Maximization
problems are solved identically with the obvious inequalities reversed.
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Definition 2.1. A function G calibrates a conjectured minimizer, u € S, if for
every competitor o € S,

(1) P(u) =G(n),
(2) G(n) =G(o), and
(3) G(o) = P(o).
The following theorem encapsulates this idea.

Theorem 2.2. Calibration Theorem. If a function G calibrates a conjectured
minimizer  with respect to P, then y minimizes the function P.

Proof. Take any competitor ¢ € S. By the definition of a calibration, P(u) =
G(u)<G(o) < P(o). Thus forany o € S, P(u) < P(c) and y minimizes P. [

One can see from the above arguments that this method yields simple and elegant
results if we are able to identify a suitable calibration function G (¢). Finding such
a function is one of the difficulties of this method. Following is a short description
of some characteristics of calibration functions.

In order to establish the necessary identities, calibration functions typically have
the form of an integral. For example, if we parametrize ¢ by some variable 7, the
necessary relations may be established by comparing the rate of change of G (o)
and P (o) with respect to t. Suppose we find a function df, /dt = f, such that
fo(t) < P.L(t), with equality on the minimizer. Letting o be parametrized by
t € [to, 11], we define the function G(o) = til fodt. We find that G(o) will be
a calibration function if f, (¢;) — f,(fo) is constant for all competitors, or at least
minimal on x. If this is the case, f, is called a calibration. In many cases these
conditions allow us to explicitly determine the function f,. In any case however,
solving these conditions will often give insight into the form or character of the
necessary function f,.

In the past, calibrations have been functions of spacial variables, such as position
or tangent vectors. In metacalibration, we also allow the calibration function G (o)
to depend on characteristics of ¢ itself. These may include variables such as arc
length or enclosed area. Another useful tool of metacalibration is that it allows
other variables to be defined abstractly, such as characteristics of the competitor
under mapping or projection. These additional allowances of metacalibration al-
low calibration functions to consider a wider range of competitors, enabling meta-
calibration to take on various problems beyond the reach of standard methods.

In the following sections we show how two classical geometric optimization
problems may be solved using the methods of metacalibration. While each is a
previously solved problem, they demonstrate the usefulness of this method and its
future extension into yet unsolved problems.
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3. The circle is perimeter-minimizing in R>

We begin our application of metacalibration with the classic example of the isoperi-
metric inequality in R%. Of all figures that enclose the same area in the plane, we
wish to show that the circle of that area minimizes total perimeter. The minimizing
property of the circle is shown using the calibration theorem of the previous section.
To do this, we first define the function G (o), and subsequently prove that it satisfies
each of the conditions for calibration.

Take an arbitrary competing figure ¢ in S, the set of competitor figures (C'
manifolds) that enclose a fixed area Ag. We assume that the boundary of the figure
is equal to the boundary of its interior. This ensures that o will have no obviously
unnecessary perimeter elements that do not enclose area. Let an arbitrary axis
for the parameter ¢ be given. We will parametrize ¢ by a set of slicing lines
perpendicular to the f-axis, whose position is determined by the variable ¢. In
our depictions, this is an upward sweeping line with a vertical ¢-axis. We let 7 be
the bottom of the figure and #; the top, so that ¢ is fully contained in the sweeping
interval [#g, t;]. Let R, be the projection of ¢ in the t-axis. Note that R, C [19, #1].

For any slicing line, given by the parameter ¢, we define the following functions
for use in the calibration function. Let a(#) be the area enclosed by the figure and
contained in the sweeping interval [fy, ¢] (that is, below the slicing line 7). Thus
a(tp) = 0 and a(t;) = Ap for any competitor. Let I(¢) be the total length of the
intersection of the slicing line ¢ with the interior of ¢:

o Jz

To complete our definition of the calibration function we define a map F from
a slicing line on the competitor to a slicing line on the conjectured minimizer, the
circle enclosing area Ag. Let r denote the radius of this circle. We also parametrize
the circle with a set of parallel slicing lines. The position of these lines will be
defined by the variable A, the y-coordinate of the lines, where 4 = 0 passes through
the center of the circle. Let F () = h match the slicing line of the circle such that
the area enclosed by the circle under the line % is equal to a(¢). Let [ be the length of
the intersection of the slicing line & with the interior of the circle. These functions
are taken as C!, since any competitor for which they are not may be shown to be
nonminimal by a standard variational argument. While the functions defined above
are all functions of the parameter ¢, we typically suppress the notation.
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Using the above functions we are now able to define the calibration function
G(o).
Theorem 3.1. The function G(o) = f% fodt calibrates the circle, where f,(t) =
(2a(t) — h(D)L(1))/r.

Proof of each condition for calibration will be given separately in Lemmas 3.2,
3.3,34.

Lemma 3.2. For u, the circle enclosing area Ay, P(u) = G(u).
Proof. Note that G(u) = f%ﬂ f'dt = g(t) — g(tp) = 2A0/r + 0. Noting that in a

circle Ag = nr?, we find 2Ag/r = 2z r*/r = 2xr, which is the perimeter of the
circle. Thus P(u) = G(u). |

Lemma 3.3. For any competitor o € S and the circle u, G(1) = G(0).

Proof. Note that since ¢ may be disconnected with several components, R, =
U7 [xi, yil where x; = fo, ym =11, and y; < x;41. Thus

Go)= [ far=3 [ ra=3 ro0-se
o 1 U 1

Note that /(x;) =I(y;) =0 and a(y;) = a(x;4) for all i. Thus

2000 _ 20) _ 2a0u) _ 20(r)

r r r r

m
Glo)=D fly)—flx) =
1 1
But a(y,;,) = a(t;) = Ap and a(x;) = a(tp) = 0. This implies that G(c) = 2A¢/r,
which is constant among all competitors in S, including u. Thus G(u) = G(0)
forallo € S. ]
Lemma 3.4. For any competitor o, G(c) < P (o).

Proof. Differentiating f by t we find f' = (2A” — h'l — hl’)/r. Now from the
definition of A and of & we can see that A’ = in the competitor ¢ and A’ = h'l in
the conjectured minimizer u. Substitution reveals

e Q—M)—h' (2~ W'l — hl’
r r

Noting that (2 — 4’)h’ has a maximum at 1 for 2’ = 1, we find

I—n" 11
f/f :;(5’ _h)(za l/)

r

Now %(%, —h) is a unit vector in the circle u, so by the Cauchy—Schwartz inequal-

ity,
=@ D =2y14+'/2)%
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Since the slicing line at height ¢ will intersect the figure at least twice if / # 0,
2\/1+4 (I'/2)? realizes the minimum of P’ via a symmetrization argument. Thus
f' < P'(0), and since f,(0) = P,(0) = 0, this implies G(c) = f%a gldt <
f%g P'(c)dt = P(0). O

Lemmas 3.2, 3.3, and 3.4 show that the function G (o) defined in Theorem 3.1
calibrates the circle. Thus by the calibration theorem, the circle minimizes perime-
ter of all C' manifolds enclosing a fixed area. Similar proofs that the sphere and
n-sphere are boundary-minimizing in their respective dimensions have been found
by the authors. In this paper, however, we investigate generalizations to multiple
bubbles in two dimensions. The next section uses the methods of metacalibration
to prove perimeter minimization of the standard double bubble in R?.

4. The standard double bubble is perimeter-minimizing in R>

The double bubble conjecture in R? was first proved by students of Frank Morgan
in an NSF funded REU in 1990 [Foisy et al. 1993]. They showed that the way to
separately enclose two given areas with the least perimeter is the “standard double
bubble,” a figure with three circular arcs meeting two vertices at 120 angles. Here
we present a new independent proof of the double bubble conjecture using the
method of metacalibration.

Theorem 4.1. The standard double bubble in R* minimizes total perimeter of fig-
ures (unions of C' manifolds) enclosing two separate fixed areas.

This will result from the calibration theorem using the calibration function de-
fined below.

As with the calibration for the circle, we use a map from slices of the competitor
to slices of our conjectured minimizer, the standard double bubble.

Each competitor double bubble o € S will consist of two enclosed regions B
and B,, with fixed areas A and A,. For a given competitor o, parametrize parallel
lines traversing the figure with the variable t. We let g; (¢) be the area of B; below
the line 7, and let /; (¢) be the length of the intersection of the line ¢ with B;.

There is a unique standard double bubble that separately encloses areas A; and
A, [Foisy et al. 1993]. Let él and éz be the regions of this standard double
bubble (of areas A1 and Az, respectively), and let r; and r; be the radii of the outer
arcs bordering B1 and 32 Without loss of generality we assume that r; > ry, or
equivalently A; > A,. We denote the radius of the arc separating B, and B, by r3.
We also denote the centers of each of these three arcs as o1, 02, and 03 respectively.
It is known that 1/r3 = 1/r, — 1/r; for all standard double bubbles [Isenberg 1978,
pp. 88-95]. We also use the parameter £ to define slices of the standard double
bubble. However, in order to map slicing lines ¢ in the competitor to slicing lines
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in the standard bubble, matching both areas as before, slicing lines in the standard
bubble must be allowed to tilt. Thus we parametrize slicing lines in the standard
double bubble with two variables: /; and h5, the signed distance from the slicing
line to oy and o0,, respectively (h; < O if the line passes below 0;). As with the
competitor, we let @; () be the area of B; below the line (h1, hy), and let l:-(r) be
the length of the intersection of the line (41, hy) with é,-:

Each slice of a competitor defines a point (a1, ay) € [0, A;] x [0, A2]. In this
sense, each competitor o, when parametrized by 7, describes a path ¢ : [0, 1] —
[0, A1]x[0, Ay] suchthat 6 (0)=(0, 0), 6 (1) =(A1, Az) and o (t) = (a;(t), ax(t)).

We will define a map F : [0, A] x [0, Ay] — [—r1, 1] X [—r2, 2] between
slices of the competitor and slices of the standard double bubble where F (a;, ap) =
(h1, hp). We will also define F such that for all (ay, az) € [0, A{] x [0, A>],

a; = a;(F(ay, ap)).

There are, however, some points in [0, A;] x [0, A,] that do not have such a map
into the double bubble. For example, if A; # A3, no slice (h1, hy) of the standard
double bubble gives rise to (a;, az) = (A1, 0). Thus we will need to restrict F to
some K C [0, A;] x [0, A>] such that F|g exists and is one-to-one.

To define K, we first define H C [—ry, r{] X [—r2, r2] which will be the image
of K under F. Let

H = {(h1, ho) € [—=r1, r1] X [—=r2, 2] such that || — hy| < |01 — 03]},

where |0; — 07| is the distance between the centers o; and 0,. This limits, by stan-
dard geometric properties, the parametrization (%, /1,) to slices that are realizable
on the standard double bubble. Let E : [—ry, 7] X [—r2, r2] = [0, A1] x [0, As]
be the function that takes a slicing line in the standard double bubble and returns
the area in each bubble under the slice. Thus we let K = E(H).
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Lemmad4.2. Themap F = E —1. K — H exists, is one-to-one, and is continuously
differentiable.

Proof. Proof follows by application of the inverse function theorem on F~!.
Consider E : int(H) — int(K) where E(hy, hy) = (d1, d2). Note that the map

E is continuously differentiable. Note also that

a(ll aa1

ohy ohy

aaz 6a2

ohy 0hy

To show that DE is invertible, we merely need to show that det(DE) # 0, or that

DE =

8a1 aa2 6a2 aa1

ohy 0hy © Ohy 0hy’
It is easy to see from the figure below that, as /; increases, so must a;; therefore
8al~/6h,~ > 0.

Claim. When h; increases, da/0hy < 0 and |0a;/dhy| < |0ay/dh].
Proof. Let B; be a single bubble, as in the figure:

Note that /; is constant here. Since the slicing line must be tangent to the circle
centered at o) with a radius of A, both slicing lines must intersect at a point,
losing area on the left and gaining area on the right. By basic trigonometry, these
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two areas will be additive inverses. Now if we add B>, some of the area on the
right is lost to B», like this:

So as hy increases, a; will lose more area than it gains, making da;/0h, < 0. Note
also that |0a;/0h;|, the area lost by adding B,, represents a subset of the area
gained by a, as hy increases (|0az/0hs|). So |day/0h;| < |0ay/oh|. Il

We claim by the same method that day/0h| <0 and |0ay/0h| < |0az/0h>|.
It follows that (da;/0h1)(daz/0h,) and (da;/0hy)(daz/dh,) are always non-
negative,

(0ay/0hy)(0az/0hs) < (0ay/ohy)(0az/0hy),

and det(DE) # 0. Hence DE is invertible everywhere on int(H).

Thus the inverse function theorem implies that E is locally a bijection (F = E~!
exists) and that F is continuously differentiable. The map F is also one-to-one
since F(al, (12) = F(bl, bz) = (h], hz) implies (611, 612) = (b], bz) = E(h], hz).

We complete the proof of Lemma 4.2 by showing that F = E~! : 6K — 6H
exists and is one-to-one. We do this by describing a smooth bijection from 0K
onto oH.

For the slicing line to be on the boundary of K, it must be tangent to the boundary
of at least one of the bubbles (save on the extremes where |h| — hy| = |01 — 03]).
Imagine the line tangent to both bubbles on the bottom, marked a in the figure:

d b

Sl N
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We’ll move the line upward in bubble 1, keeping the line tangent to the bottom
of bubble 2, until we reach line b, where it is vertical, touching the left side of
bubble 2. It then slides horizontally to the right to touch the vertices of the bubbles
(line c). The line will rotate upwards in bubble 2 while touching the boundary of
bubble 1 until it is tangent to the top of both bubbles (line d). Then the line will
stay touching the boundary of bubble 2 and rotate down through bubble 1 until
it is once again vertical touching the boundary (line e). It will shift right until it
touches the intersections (line f). Finally, the line will touch bubble 1’s boundary
and move down through bubble 2 until reaching the bottom of both bubbles and
the starting point (line ). In this way, we’ve smoothly and bijectively traversed
all of the slicing lines that are on the boundary of K. (Note that slicing lines are
of necessity oriented, as each slicing line has a defined region below the line.) [J

This implies that if o (1) € K for all t € [0, 1], F (o (¢)) describes a continuously
differentiable path in H where (a1, a2)|r (s (1)) = 0 (¢). To ensure that o (¢) is always
in the domain of F', we place the following restriction on the parametrizations of
a competitor o. Let fy denote the line that passes through the centroids of By and
B,. (If these coincide, any line passing through them is sufficient.) Parametrize the
competitor ¢ such that all slicing lines are parallel to fy. Since fy passes through the
centroids of B and By, it cuts their areas exactly in half, and o (o) = (A1/2, A2/2)
for all competitors . Now o (¢) is nondecreasing in both a; and ay, so o(t) €
[0, A;/2] x [0, Ap/2]U[A/2, A1] X [A2/2, A2] C K for all ¢. confining it to the
white part of the figure. Hence the mapping F' may be applied to any competitor
o given this orientation of slicing lines.

ai

=

az

1
2

This map allows the following definition of G (o).

Theorem 4.3. Let f, = > (2A; — hil;)/ri for i = 1,2. The function G(o) =
ft(t)l fodt calibrates the standard double bubble.

We prove the three conditions for a calibration function separately in Lemmas
4.4,4.5, and 4.10.

Lemma 4.4. G(u) = P(u) for u a standard double bubble.
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Proof. Consider the vector fields V = (x, y)/r; and W = (x—m, y)/ra, where
(0,0) = 01 and (m, 0) = 0. We claim the total perimeter of a standard double
bubble, P(u), is equal to

/ V.Nds+ W . Nds, @))
5@1 51}2

where N is the unit normal to the surface at that point. To see this, note that on
the outer arcs of radius r; and rp, V = N and W = N, and the integral over these
arcs reduces to [ 1ds. The integral over the center arc reduces to [(W —V)-Nds,
with the appropriate normal vector. However,

1 1 1 1 1
W—V—Z(X—M,y)—z(x,y)—(E—Z)(x,y)—g(m,O)
L S Y (P
= ) =m0 = (x =P y).

If we denote the intersection of the three arcs in a standard double bubble by p,
we see by the fact that these arcs meet at 120° angles that mZoj po, = 60° and
m/lojpoz = 120°. By application of the law of sines we find that

loy —o02| r loy —o3| r3

= an = )
sin 60° sin(m /o301 p) sin 120°  sin(mZoz01p)
which reduces to

loy —02| o1 —o3] r3lo;— o]

r3
— = - = |o1 — o3| —m = o1 —o03].
75 sin 60 r3 sin 120 r r

Thus 03 = (:—;m, 0), and the vector W — V = %(x — ;—Zm, y) is equal to the unit
normal on the remaining arc. Thus the line integral on this arc also evaluates to
J 1ds. Since the line integrals over all three arcs evaluate to [ 1ds, or the length
of each arc, the expression in (1) above is equal to P(u). As a consequence of the
divergence theorem, however, we have

P(,u):/AV-Nds—i- AW'Nds=/dideA—|—/ div W dA
0

B 3B, B B,

A E QI [ A
B, OX \r] oy \ry B, 0x\ 1 oy \ry

= Lilaas [ Lilua=| Zaaq [ 24a=24, 24
1}1 r r éz rp 1}1 r 1}21”2 r r
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Now consider G(o):

! 2a; — hil; 2a; — hil;
Glo) = [ frdi= £, (1) = £y = 3 HA L = 3 HA

Ti

2A;,—1-0 2.0-1-0 24, 24,
B Z Ti N Z Ti - r N r
This is true for all competitors o, including the standard double bubble w; thus
P(u) =G(w). U
Lemma 4.5. G(c) = G(u) for all competitors o, where u is the standard double
bubble.

Proof. It was shown in Lemma 4.4 that G(¢) =2A;/r1+2A;/r; for all competitors
o, including u. Thus G(o) = G(u) for all competitors o. O

The final condition for calibration, that G(¢) < P (o) for all competitors o, will
be proved in Lemma 4.10 as a result of the following propositions. For this section
we introduce the notation G, (t) = ft; fodt and P, (t) = the total perimeter of &
lying below the slicing line . We will show that G/, (t) < P, (¢) for all ¢ € [, #1],
and G (o) < P(o) will result by integration.

In the following propositions we will use the notation shown in these figures:

Let m; = |o; — 02| (the m of Lemma 4.4) and m, = |0y — 03]. Also let v be
the intersection of the slicing line (ky, h;) with the center arc between B; and B;.



THE PLANAR DOUBLE BUBBLE THEOREM USING METACALIBRATION 623

Define sy, 57, as the distances between v and o1, 02 respectlvely The lengths 1,
l12, [>1, and [, are defined as shown, where [;; +1j, = Iy and oy + 1oy = by

Proposition 4.6. For all slices (h1, h2) of the standard double bubble,

2 2 2 2
lll _112 — 121 _122

ry rn
Proof. 1t was shown in Lemma 4.4 that 0103 = m| + my = (r3/r2)m;. Given that
ry=rira/(r1 —ra), we find that m| /m, = (r; —rz)/r>. Noting that cos(Zoj020) =
— cos(Zv0,03), by application of the law of cosines we find

2 2 2 2 2 2
mi+s;5 —s] __s2+m2—r3

25om1 2s5,mo

from which we obtain, successively,

—52(1+ ) 1+ (m2 r3) — st

—n 2
—s%(l—l— )=r12+r22—r1r2+ (r3 + 713 —rars —r3) — s,

&) )
r ry—rnr rir
—s%— =r12+r22—r1r2+ (rzz—rz )—slz,
) rn r—nr
3
r 2, M= —h 2 2 2

2 2
r1r2—szazr1+r2+ — 8§ =TIy =S,

o T —n
22 22
=5 _n—5

) "

Now by the Pythagorean theorem We find l%l 122 = r22 2 (s22 h%) = r22 — s22
and 1121 1122 = r1 h2 (s2 hz) = r1 —s1 Substitution shows that (l11 —112)/r1
(3, —13)/r2. O

Proposition 4.7. > (2 —h!)a))/ri <> li/ri.

Proof. Let l11, 112, [21, 122, h1, and hj be defined as above. Consider the diagram

which describes the instantaneous change in (%1, #2). Unlike the parametrizations
of slicing lines in the circle, in the standard double bubble slicing lines may rotate.
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This rotation is described by the relative angle #" and the distance x between the
axis of rotation and the double bubble.
We can compute the total change in area in both B and B, as follows:

AL =10 (e + L +1)? = (c+ 1)) = 10’ @x + 2L + 1) (),
Ay =30 ((x +5)* = (1)) = 360/ @x + D) (o).

We also note that 4} = 6'(x + I+ l12) and h), = 6'(x +I32). Thus

Q—h)A!
> —

1

_ @=m)@/2)Cx+2b+1n () | C=hy)O'/2)x+b)(E)

r r
Q-ry—"MevabrinG)  @ony— " etindy
_ 2(x+h+112) n 272 (x+ l 2)
ri r

Both of these components are maximized when i = h), = 1, so we have:

i A, _ Qx+2b+1) | x+b)(b)
Ti T 2(x +i2 +11)ry 2(x +12)r2

Lo b (=l +1 o1 — 1) (lon +1
_1_|__2+(11 12) (U2 +1) (= In)Uxn+1)

roon 2(x + I+ 112)ry 2(x +122)r
i b, Bk BB
ron 2(x +h+1p)r 2+
2 2
By Proposition 4.6 we find s = lerJ Using this substitution we find
2

2 =1 -1, I zgz( -1 )
2+ b+l 2(x+10)r 2ry \x+bh+ly x+in
l%l —152 L2 + 1o

2y (x+b+1)(x +12)

Now since x 415> > 0 and /5, > Iy, this term is always negative, and maximized
at zero as a — 0o. Thus

A T S A
ri Trnoon 2ro (x4+bL+11)(x +12)
bk 0
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Proposition 4.8. For all slices of a standard double bubble, we have

Ly i\ (m k)’
. n . n
Proof. We will show that
hi  hy Ly Iy

———=-—cosy and —+ — = —siny, 2)
.o rn .o

where the angle # is defined in the figure:
¢

The proposition results from the equalities in (2). To show them, we prove that
cos ¢ —cos ¢ +cosy = 0.

for any slice of a standard double bubble. Note that cos ¢y = h;/r, cos ¢y =hy /12,
and cosy = h3/r3. (Here h3 is the signed distance from the slicing line to o3,
measured similarly to &; and h;.) Let n be the signed distance from o3 to the
intersection of the slicing line and the line through the centers, and 6 the angle
formed at the intersection, as in the figure above.

We find that hy = (my +my +n)siné, hy = (my + n)siné, and h3 = nsind.
Hence

cos ¢p; —cos ¢y +cosy
_hl h2+h3_(m1+m2+n)sin9 (m2+n)sin€+nsin9

.o r r r r3
sin @
= (ra(mi+my+n) — ri(ma+n) + (ri—ry)n) .
1
m my sin @ rp—r mo sin 6
:(rz(—1+1)—r1) 2 :(1’2( ! 2+1)—I’1) 2 :0.
m nr r rra
This implies immediately that &, /ry — hy/ry = — cos 4. Now consider a slicing

line perpendicular to the original at v, as in the figure on the top of the next page. In
this slicing, we see that /1o /r; = cos ¢ and [y /rp = — cos ¢». By the property just
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<
S

1

S
iw
(7

1
Towards the proof of Proposition 4.8.

proven, cos ¢ —cos ¢ = — cos(90° + ), or equivalently I1»/r +1p1 /ro = — sin 7.
These two relations together finish the proof. U

Proposition 4.9. The following identity holds for all slices t of any competitor o :

[ Gy e i G 2

Proof. Suppose the slicing line 7 intersects ¢ in three locations. Consider P, (1),
shown in the figure:

C 6)) C3
Note that ||(c1, dt)|| + ||(c2, dt)|| + || (c3, dt)|| = P.(t) dt. Now consider the unit
vectors

(=h1, V1= h3), (=h1+ho, V1= (b = 12)?), (—ha, /1 = h).

By the Cauchy—Schwartz inequality,

(—h1,v 1=h1)-(c1,dt)+(ha—h1,/ 1= (h1—h2)?)- (c2, dt)+(—ha, v 1=h3)- (c3, dt)

< ll(er, d)lI+lI(e2, d) I+l (c3, dD) | = P, (1) dt.

Noting that (c1 +¢2)/dt =1} and (c3 — ¢2)/dt = [}, this reduces to

N U R N (5 5= ()
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Now this inequality still holds even if ¢ intersects ¢ in more than three locations
by ignoring any additional intersections. There are however additional cases that
are not covered by the above proof (such as when there are only two intersections),
but for the sake of brevity we simply assert that proof of all other cases continues
in much the same fashion. |

Lemma 4.10. G(o) < P (o) for all competitors o.
Proof. We use the preceding propositions to show that G (r) < P,(t) for all
tel0,1]:

247 —hll; — h;l! 2—h)A, —h;l
G;(Z‘)IZ i ; l:Z( l) i i

ri
Ii — hill
< Z lr—,ll (by Proposition 4.7)
i ho b1 U —h;l;
B et D

2 2 2 —hl
S R o R (RS Wy
r ri r rn ri
(by the Pythagorean theorem and Proposition 4.8)
< P.(t) (by Proposition 4.9).

Noting that P, (0) = 0, we complete the proof by integration: G/ (¢) < P, (t), so

1 1
/ G, (t)dt 5/ P, (1) dt,
0 0

and therefore G(0) < P,(1) — P,(0) and G(o) < P(0). O

This completes the proof of Theorem 4.3, namely that the standard double bub-
ble minimizes perimeter among all figures (unions of C'! manifolds) that separately
enclose two fixed areas.

5. Further research

Extending the work that we have here presented seems well within the grasp of
many undergraduate researchers. We are currently working on extending it to in-
clude many other such problems including soap films on wire frames, both with
and without trapped bubbles. These problems are uniquely suited to metacalibra-
tions because they include both fixed volume and fixed boundary constraints. The
planar problem for three or more bubbles has proven somewhat more difficult to
tackle, in large part because we no longer have the topological property of be-
ing able to match areas under a given slicing line, which was possible with two
areas. Alternative slicing methods are being investigated to attack this problem.
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Another interesting problem under investigation is that of generalizing the above
double bubble proof to n dimensions, hopefully providing a compelling alternative
to current proofs for the double bubble in R”. It is hoped that metacalibrations will
become a useful tool to solve problems in geometric optimization.
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