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Abstract

In this paper we analyse the existence of a certain type of symmetry in the context
of discontinuous maps. The classical notions of symmetry cannot be applied due to the
existence of discontinuities and a broader version using a measure-theory perspective
is introduced. We show that a group structure is also present under the new type of
symmetry and derive results which are analogous in nature to results in the theory of
continuous maps. Our motivation stems from examples of symmetric patterns arising
in simulations with the Goetz map.
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1 Main Statements and Definitions

Neglecting sets of zero measure is a standard technique in Ergodic theory. Proving results
for Lebesgue-almost every point in a measure space or defining properties for Lebesgue-
almost every point implies disregarding sets of zero measure. In our paper, we make use,
once again, of this technique in order to generalise the concept of symmetry for discrete
dynamical systems. As far as we are aware, this has never been published nor has this

*Version without figures.
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been given a theoretical ground from which one can attempt to generalise the whole theory
of continuous symmetric maps. This is a first step in pursuing that goal.

First and foremost, let X denote some Euclidean space R™ and let A denote the usual
n-dimensional Lebesgue measure. The maps which shall be considered in this paper have
the following structure. Let T': X* — X be a transformation defined and continuous on a
set X* C X whose complement - the singularity set, S := X\ X*- is assumed to have zero
Lebesgue measure. The case when X* = X implies that T is continuous everywhere. Since
we are primarily interested in the case when X™* # X, the singularity set is simply the set
of points where T is discontinuous. Therefore, by definition of continuity, we conclude that
X* has to be open. Furthermore, its complement has to have empty interior (otherwise S
would not have zero measure) and thus, it has to be dense as well. For our purposes, T
must also satisfy the following condition: A(Z) = 0 = A(T71(Z)) = 0 given Z C X (*),
where T-Y(Z) .= {zx € X : T(z) € Z}.

Since X* is an open set, it must be made of countably! many connected components?,
namely, X* = U}_, P, where each P is open and connected, and n € N U {oo}. This
partition, inherited from the structure of T, induces a coding map, x, according to the
following rule: x(z) = wowi ...wp ..., with w; € N, for all 4, if and only if T"(x) € P,,,.
Sets of points having the same coding will be called cells and shall be represented by K,
if x(x) = w for every x € K,,, where w is a right-infinite word. The collection of all cells
is denoted by K. Obviously, the coding map cannot be defined uniquely on points which
will eventually fall on the singularity set, namely those that belong to the exceptional set
€ := U, T7%(S). Hence, we consider x not being defined on € which, in turn, has zero
Lebesgue measure as it follows from condition (*).

1.1 Symmetry in an almost-everywhere sense

Let us now define the concept of symmetry bearing in mind that 7" might possess a non-
empty set of discontinuities. All results concerning the issues raised in this section are
provided in Section 2.1.

Definition 1 We say that o is an a.e.-symmetry of T if the complement of {x € X :
To(x) = oT(x)} has zero Lebesgue measure.

In order to define a.e.-reversing-symmetries we have to go through some subtleties.
First of all, we generalise the notion of invertibility so that it fits our context (see Section
2.1). We leave the details out so that readability is enhanced in this section. Afterwards,
one has to carefully deal with the equalities Tp(z) = pT~!(x) and pT(z) = T~ 'p(z) which
are equivalent in the continuous case (see Lemma 4). Having done so, it is natural to define
the following:

Note that R™ admits a topology spanned by a countable basis.
2Usually called atoms in this context.
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Definition 2 We say that p is an a.e.-reversing-symmetry of T if the complement of
either {x € X : Tp(z) = pT Y (x)} or {x € X : pT~ (z) = Tp(x)} has zero Lebesgue
measure.

From the definitions presented previously, it is natural to say that T is essentially
equivariant if it possesses an a.e.-symmetry and essentially reversible when it possesses an
a.e.-rev.-symmetry. One can then show (see Proposition 6) the set of a.e.-symmetries and
a.e.-reversing-symmetries forms a group.

Propositions 7 and 8 complete our analysis by establishing results concerning the sym-
metry properties of cells, codings and exceptional sets.

1.2 Examples of a.e.-symmetry from planar piecewise rotations

A piecewise rotation T is a piecewise continuous map acting on R™ in the following way.
Let P ={Py,..., Pn_1} be a collection of disjoint open polytopes such that R" = Uﬁglﬁi.
For every z € P;, let T'(z) := R;(z) := A;(x — C;) + C; where A; € SO(n) is a orientation-
preserving matrix and C; € R™ is the centre of rotation.

In this section we are concerned with the special case of n = 2 and m = 2 which is
known as the Goetz map since it was first studied by Arek Goetz in his PhD thesis [Goetz,
1996].

1.2.1 The Goetz map

Here we describe all possible a.e.-(rev.)-symmetries for Goetz maps and the resulting
admissible symmetry groups. A Goetz map is defined for every z € C (we use C instead
of R? for simplicity of calculations) as follows,

G(Z) ._ eiﬂto(z - C()) + Cp, if D‘ie(z) <0
T € (2 — Ch) + Oy, if Re(2) > 0

where ag, a1 € [0,27], Co # C13€ C, and, as per usual, Re(x + iy) = =.

Proposition 1 If G is such that ag = —a; and Cy = —C; then G is essentially-
equivariant for the a.e.-symmetry o.z = —Z (see Figure 7?-left)). If G is such that ag = o
and Cy = —C1 then G is essentially-equivariant for the a.e.-symmetry .z = —z (see Fig-

ure 7?-right).
Furthermore, there are no other cases of essential-equivariance with respect to D, for
Goetz maps.

Let p, be the reflection on the line passing through both centres of rotation and p,
the reflection on the line passing through the origin and perpendicular to the previous
one. We refer to Figure ?? (see Appendix) in which we give a geometric construction of
quasi-invertible Goetz maps.

3The case when Cp = C; degenerates into a piecewise rotation on S*.
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Proposition 2 FEvery invertible Goetz map is essentially-reversible for p,. Furthermore,
P, and py are the only admissible a.e.-reversing-symmetries (see Figure 77).

Corollary The admissible groups of symmetry of a Goetz map are Zy and D> .

Case (1) includes maps with only one reversing-symmetry and other maps where there
is just one symmetry, whereas case (i), concerns those maps with a group of symmetry
generated by one symmetry and one reversing-symmetry. Both of them generate normal
subgroups isomorphic to Zs.

1.2.2 Examples with Z,-symmetry

From the results obtained for the Goetz map we are led to believe that examples with
Z,-symmetry should be found considering maps with n atoms. However, the existence of
symmetries of order m (= #P) may prove to be quite restricting for a piecewise continuous
map T possessing a redundant atom, that is, an atom P; such that T;(P;) C P; for
some j.

Suppose o is a symmetry of order m and F; is a redundant atom. Thus, we can write
{ix}7= as a sequence of indices such that i = iy and o(P;,) = Pj,,,, for all k < m — 1.
Assume that T'(P;) C P;,.. Then,

k+17

T; (Rl) = T%1O-(Pio) = O-Tio(Pio) C O-(‘P'ir) =b

r+1

Applying this successively we conclude that Tj(P) C P; +k(mod m) for all k£ and so
T is an trivial example since its coding map produces only one word which is periodic.
Therefore, in order to obtain examples with cyclic symmetry we must avoid redundant
atoms.

For this purpose we let P™ denote the collection of partitions of C into n cones with
vertex on the origin and angle at the vertex 6 := 27” Let z; € C and take z; := e™? z;.
We then define a piecewise rotation 7" on C with partition P := {Fy,..., P,—1} € P™ and
induced rotations Ry := €'®(z — 2;,) + 2 such that T(z) = Ri(z) if and only if z € Py,
where « €]0, 27| is a common angle of rotation.

It can be easily seen that any piecewise rotation constructed in this way is

Zn-equivariant. Let 0.z := €.z and suppose z € P, € P without loss of generality.
Thus,

0T.z2=0R1.z=0((z—2) +2) = el0Fa) o ol o 4 o
and,

To.z = Reo.z = eio‘(a.z — 29) + 22) = el0Fa) o ol oy o

since 0(P) = Piti(mod n) a0d 0.2k = Zj41(mod n) Py construction. Check Figure 77 for
examples with Zs-symmetry 4.

“In order to simplify the codings we have considered only four atoms. Other partitions would have
increased the complexity of our programming considerably.
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2 Proofs of all results

2.1 Properties of a.e.-symmetries

Given an element of Q(n), say o : R* — R" let ¥1 := {z € X : To(x) = oT(x)} denote
the set of o-equivariance of T.

Proposition 3 If o is an a.e.-symmetry of T then XL = X*No~1(X*).

proof: Let U(x) := To(z) — oT(z). Obviously, U is continuous at every point
in X* N o~!(X*), which is an open set since X* is open and ¢! is linear. In partic-
ular, given x € X* N o~ !(X*) there is an open ball B such that z € B C X*No~1(X*)
and U is continuous. Since A(X\X7) = 0, we conclude that BN YL must be dense on B.
By continuity of Ujp and connectedness of B it follows that Ujp = 0 since Upnsr = 0.
In particular, z € ¥,

For any point x in the complement of X*No~!(X*) either T'(z) or To(x) is not defined
hence the inclusion ¥ C X* N o1 (X*) follows. O

In particular, we can conclude from Proposition 3 that the definition of a.e.-symmetry
coincides with the classical notion of symmetry in the setting of continuous maps since in
that case X* = X.

Let us now denote T; := T}p,. We shall say that T" is quasi-invertible whenever the
following conditions are satisfied:

(C1). T; is an homeomorphism on its image, for every i;

(C2). T;(P;) N T3(Pj) = 0, for every ¢ and j # 1;

(C3). A(X\T(X")) = 0;

(C4). M(Z2)=0=\T(Z))=0,and Z C X.

Conditions (C1) to (C3) allow us to consider the map 71 : T(X*) — X, which assigns
T~(z) := T, () whenever = € T;(P;) and satisfies the following properties:

1. The singularity set S~! := X\T'(X*) has zero Lebesgue measure,

2. T(X™) is open and its connected components are {T;(P;) }ien,

3. TT~! = Id and T~'T = Id at every point in Y := T(X*) N X*, whose complement
has zero Lebesgue measure.

Additional condition (C4) ensures that 7! has the same properties as T, as defined
in the first paragraph of this section. It also implies that 77! is a quasi-invertible map.

In the remainder, T' will be taken as being quasi-invertible. Let p : R® — R" be a
linear isometry and let us define HZl ={x € X : Tp(x) = pT~*(z)} and H[{Q ={z €
X :pTYz) =Tp(x)}.

Lemma 4 Given a quasi-invertible map T, )\(X\H;";l) =0 if and only if )\(X\Hg’z) =0,
for any linear isometry p.

proof: Assume that )\(X\Hg’l) = 0. Let y € II, where,
I:=X*"NnT ' II],)Np ' T(X*)NT p~ ' (X*) .
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Since y € X*ﬂTfl(Hgl) there must exist a unique x € H/j;,l such that T'(y) = z. Therefore,

Tp(x) = pT~ ' (z) & TpT(y) = p(y) -

Moreover, since y € T 'p~!1(X*) we know that pT(y) € X* which implies that
T-'TpT(y) = pT(y). Finally, we can state that T !p(y) is well defined since
y € p~1T(X*). Consequently,

TpT(y) = ply) < pT(y) =T "p(y) -

Now, it suffices to show that A(X\II) = 0 because II C H£2 by the previous argument.
Obviously,

AXNID) < AX\X) + AXN\TTHIIZ ) + MX\p ™ T(X7) + AX\T o7 (X))

By assumption, A(X\X*) = 0. In general, if a map f : X — X is invertible then
X\f(Z) = f(X\Z) for every Z C X. In our setting, given Z C X and a quasi-invertible
map T, it is true that X\T(Z)NY = T(X\Z)NY, where Y = X* N T(X*), as defined
previously. Therefore, X\T~'(IIT)NY = T~ 1(X\II];)NY. Since A(X\Y) = 0, it follows
that A(ZNY) = A(Z) which, in turn, implies that,

AXN\TTHIIG ) = MT™H(X\I,)) -

It turns out, by condition (*), above, that )\(T_l(X\HZI)) = 0 since )\(X\HZ;J) =0.

1

Similar arguments, using also the fact that both p and p~ are isometries, show that

AX\p IT(X*) = M(X\T~p~1(X*)) = 0. Thus, A(X\I) = 0.
Analogously, we can prove that A(X\II],) = 0 assuming that A(X\IT] ;) = 0. O

If p is an a.e.-rev.-symmetry of T then its p-reversibility set is Hg = HZ:l ﬂﬂgg, which
is a set whose complement also has zero Lebesgue measure. Analogously to the equivariant

case we have the following result.
Proposition 5 If p is an a.e.-rev.-symmetry of T then Hg =Y Nnp LY).

proof: Let U(z) := Tp(x) — pT~1(x) and Us(z) := pT(x) — T~ !p(x). Simply note that
Uy is continuous on X* N p~!T(X*) and Uy is continuous on T(X*) N p~1X*. All other
arguments follow accordingly. O

Again, notice that the definition of a.e.-rev.-symmetry coincides with the classical
notion of reversing-symmetry in the setting of continuous maps as it follows from the
proposition above.

As in the continuous case, one can still generate a group of a.e.-symmetries.

Proposition 6 The set of a.e.-(reversing)-symmetries of a piecewise continuous map is
a group.



DISCONTINUOUS MAPS EXHIBITING SYMMETRY

proof: Let o be a symmetry of T. Let x € 0(X,) = o(X*) N X* by Proposition 3.
Therefore, both T'(z) and To~!(z) are well defined. Moreover, there must exist y € 3,
such that z = o(y) and 07 (y) = T'o(y). This implies that,

oTo Yz) =0T (y) =To(y) =T(x) .

Hence, To~!(z) = 0~ 1T(z) .Since the complement of o(3,) has zero Lebesgue measure
we conclude that o~! is a symmetry of T. For the reversible case it suffices to consider
x € T(X*) N p(T(X*)) given a reversing-symmetry p.

Given two symmetries, o and «y say, we choose x € X, N v 1(Zs). Thus,

oyT'(x) = oTy(x) since x € X,
= To~y(x) because v(x) € ¥, .

Once again, X, N~y 1(X,) is a set whose complement has zero Lebesgue measure. The
remaining cases follow similar arguments. Therefore, the set of all (rev.)-symmetries is a
group. O

Given a symmetry of T of order r, that is, ¢ = Id, we extend the singularity set
to S = Ur_,0%(S). Not only the new singularity set is symmetric, i.e., 0(3) = 8, but
also the new partition of X := X\S = U’l;‘zolsk (where n € NU {oco}) has the property
that, for every ¢ there must exist a 5 such that 0(157;) = Pj. Hence, I = X, provided we
have extended the singularity set. In what follows, we assume that the singularity set is
extended (hence disregarding the hat notation).

Let £0M) .= Um ,T~*(S) denote the exceptional set of order m. We shall also write,
by slight abuse of notation, o(i) := j whenever, o(P;) C P;.

Proposition 7 Let o be a symmetry of T. Then, the following statements hold:
(i) o)) = €M) for all m € N;
(ii) oT*(x) = T*o(z) for all k € N if and only if x ¢ &;
(1i1) x(z) = wow1 ... if and only if x(o(x)) = o(wo)o(wy) ... for every x ¢ E.

The proof of this result is a simplified version of the proof of Proposition 8.

Corollary In particular: o(&) = £, 0(K.) = Ky, for every cell K, € K and 0(O} (z)) =
Of (o(z))? if and only if z ¢ £.

Let us now consider the case of reversing symmetries. Given a rev.-symmetry of T
of order r, that is, p" = Id, we extend the singularity set to S := ur_pfSuSh.
It then follows that p(S) = S and, moreover, p(P;) = P; where both P; and P; are
connected components of X=X \5’ . Consequently, H;{ =Y, provided we have extended
the singularity set. In what follows, we assume that the singularity set is extended (once
again disregarding the hat notation).

20Ot (z) denotes the forward orbit of x under the transformation 7.
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We denote by £(-™) the exceptional set of order m for the transformation 77!, In
general, we assign a —1 exponent whenever we are referring to some object with respect
to the transformation 7.

Proposition 8 Let p be a rev.-symmetry of T'. Then, the following statements hold:
(i) p(E™) = ™) and p(E™) = £ for all m € N,
(ii) pT*(x) = T %p(x) and pT~*(x) = T*p(x) for all k € N if and only if v ¢ EVETL.
(ii7) The coding under T' of every x ¢ £ is w = wow ... if and only if the coding under
T=Y of p(x) ¢ £V is p(w) := p(wo)p(wi) ... . Also, the coding under T~ of every x ¢ £71
is w = wow1 ... if and only if the coding under T of p(x) ¢ & is p(w) := p(wo)p(w1) ... .

proof: (i) We will proceed by induction. For m = 0 the assertion holds by definition
of p and by extending the singularity set. Suppose p(E(™~1) = £€0=) for some integer
m > 2. Let z € p(§\S). In particular, z ¢ S and so, = € H;;F = Hf,l since extending
S implies that T(X*) = X* and, therefore, Y = X*. Thus,

z e p(EN\S) = p~l(z) e EMN\S & Tp ! (z) € £MmY)
s TN 2)eEmM D a1 z) el o reM\S .

Consequently, p(£(™) = p(EMN\S) U p(S) = (EC™N\S)US = £,

(i) Given k > 1, take Ay, := A N AP where ALY = 117 ... 0 T7#+1(117) and
A,(f) =Il'n...n Tk_l(Hf). Let us define Hg,k) = {x € X : pTF(x) = T %p(z) and
pT~*(x) = T*p(z)}. For every z € A,(Cl), it follows that,

o (@) = pT(TF ()
=T 1pT"1(z), since TF1(z) € Hf

=T *p(x), since = € HZ .

Analogously, we prove that for every x € A,(f),

oT(z) = T*p(x)

This proves that Ay, C Hl(;k). Also note that Ay, = N*Z!  T%(X*) which implies that X\ Ay =
Ukl Ti(S) WA g1 G gm) Lt TP = oo 0V and Ay = 22, A, It then
follows that, X\Hgoo) C X\Aoo = X\(N2,Ag) = UL EW) Wl euet, Conversely,
if z € £® U EEHF) then for some —k < m < k, T™(x) € S and obviously = ¢ H,gmlﬂ)
since either T1™+1(z) or T-I™I=1(z) is not defined. Consequently, X\HE)OO) =gueEL

(i43) Given a positive integer k, we have that, T*(x) € P,, if and only if pT*(z) €
p(P,,). However, given any point z ¢ £ we know from the proof in (i) that pT*(x) =
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T *p(z) for all k € N. Therefore, T*(z) € P, if and only if T*p(z) € p(P,,) = P,y by
definition of p(wy) since p(P,, ) must equal some connected component P;. The remaining
assertion follows analogously. g

Corollary In particular: p(EUE™Y) = EUEL, p(Ky) = Kp_(}u) € K1 for every cell

K, € K and p(OF(z)) = O, (p(x)) if and only if z ¢ EUEL.

2.2 The symmetry group of the Goetz map

Proposition 1 If G is such that ap = —a; and Cy = —C; then G is essentially-
equivariant for the a.e.-symmetry 0.z = —Z. If G is such that ag = a3 and Cy = —C
then G is essentially-equivariant for the a.e.-symmetry .z = —z. Furthermore, there

are no other cases of essential-equivariance with respect to D,,, for Goetz maps.

proof: This proof is divided into two cases: firstly ¢ is considered to be a reflection and
secondly, o will be a rotation.
Case A: o is a reflection in some mirror line L.

Firstly, we will assume that L is not the vertical axis. For simplicity, we consider that L
intersects the origin. Thus, we can find open sets (hence of positive measure) U C Py and
V C Py such that o (U) and o (V) belong to the same atom, respectively. Consequently,
it has to be true for at least z € U and 2 € V,

Ryo.z =0Ry.z ,Ri0.2=0Ry.Z .

Let v be the angle that L makes with the real axis, measured counter-clockwise and
let h.z = €.z which is defined so that h (L) is in fact the real axis. We can then write
o(z) = hlph(z), where ¢(z) =z and h™1(2) = e~.z . More precisely, it follows that,

o(z)=h (e 2)=h e E) =e (e Z) = 7.
Computing Rgo and o Ryg ,
Roo.z = (™27 7 — C) + Cp = elo=2M 7z 4

0Ry.z = e 2 (p(e0 (2 — Cp) + Cp)) = e e z 4

we can force the polynomial p(z) = Ryo.z — 0 Ry.z = aZ + b, in the complex variable z, to
be null, which implies that both a and b must be zero.
Calculating a,

a4 = ei(ao—Qw) _ e—i(2'y—|—oz0)7

we conclude that a = 0 if and only if ag = 0 and a; = 0, by applying the same calculations
to Z, which implies that G is, in fact, the identity map and hence commutes with any map.
In conclusion, no reflection whose mirror line is not the vertical axis is allowed as a.e.-
symmetry of a Goetz map.



10 Miguel Mendes

When L is the vertical axis, one has that o(Py) = P;. Moreover, note that o can be
written as 0.z = —%Z. Given z € P;, we obtain,

Roo.z = Ro(—%) = €' (=2 — C) + Co,

oR1.z=0(e" (2= C1) +C1) = —e " (- C1) - C1,

and so, To = oT, for a given z € Pp, if and only if the polynomial p(z) = Rpo.z—
oR1.z = azZ + b, has null coefficients. Therefore,

a=—-—e"+e "M =0sa=—qa1,

b= —eiaOC[) + Cpy — 6m061 —I-Ul = (1 — eiao)(Co +€1) ,

which implies that b = 0 if and only if ag = 0 or Cy = —C; = o(C4). The case when
ap = 0 implies ay = 0 (since ag = —aq).

It can be easily verified that when a9 = —a1,Cy = —C; and 0.z = —Z then, for every
z € PyU Py, Go(z) = 0G(z). Therefore, the only possibility of having a reflection as an
a.e.-symmetry of a Goetz map is when,

ag=—-0a;,Co=-Crando.z2=—% .

The dynamical properties in these cases were explained in great detail in [Goetz, 1998|.
Case B: ¢ is a rotation on some centre C.

We may write 0 as 0.z = ¢¥¥(z — C) + C. If 3 # 0 then clearly open sets (hence of
positive measure) can be found U C Py and V' C P; such that o(U)C P; and o(V)C Py
and consequently, in order to prove essential-equivariance, we must verify whether, for
z €V and Z € U the following equalities hold:

R()U.Z = URl.Z ,ng.é’ = JRQ.Z? .
Computing Ryo and o Ry,

Roo.z = Ry(e®(z—C)+C)
= (P (2 — C)+ C — Cp) + Co
= 0tz ) 40— Cp) +Cy

oR1.z = P (z-C))+C1—C)+C
= Bt o)+ P (0 -C)+C.
One may force, once again, the polynomial p(z) = Ryo.z — 0 R;.z = az + b, to have null

coefficients. So,
a = ¢Ptao) _ ilBter) — 0 o o = ay.
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Computing b,

b = —eBra)C 4 (0 - Cy) + Co + PPy — e (¢ - C) - C
(ellFFe0) _ By () — C) 4 (e — 1)(C — Cp)
(e —1)(eP(C1 — C) + (C = C))) .

We claim that b =0 < ag = a1 = 0 V €?(C;—C) = Cy—C. Applying the same arguments
to the second equivariance equality (in 2) we conclude that €’*(Co—C) = C;—C. Therefore,
e28(Cy — C) = Cy — C which implies § = 7, as it is not interesting considering the case
when C = Cy = (' (degenerate case).
Consequently,
P01 —C)=Cy—C & Cy=—C) +2C. (1)

If C is not on the vertical axis, then we can find a disc centred at C' and contained in
one of the atoms, say Py. For this disc, one has to prove that,

Roo.z =0Ry.2

for otherwise there would not be essential-equivariance since the disc has positive measure.
On account of both Ry and o being rotations, we conclude that C' = Cp, since two rotations
commute if and only if their centres are the same, unless both angles are null. Moreover,
by the above equality (1), Cyp = Cy. However, once more, this leads to the degenerate case.
Thus, C must belong to the vertical axis.

It can be easily verified that if ag = a1,Cy = —C1 + 2C and 0.z = —Z + 2C then, for
every z € PyU Py, Go(z) = 0G(z). In conclusion, the only possibility of having a rotation
as an a.e.-symmetry of a Goetz map, up to translation of the origin along the vertical axis,
is when,

’ao =oa1,Cyp=—-C1and 0.2 = —z.

g

Let p, be the reflection on the line passing through both centres of rotation and p; the
reflection on the line passing through the origin and perpendicular to the previous one.
In Figure 77 we give a geometric construction of quasi-invertible Goetz maps.

Proposition 2 Every invertible Goetz map is essentially-reversible for p,. Furthermore,
Po and p, are the only admissible a.e.-reversing-symmetries.

proof: Firstly, notice from Figure 77 that a Goetz map is invertible if and only if both
angles of rotation equal some « (or m — «) and the line that connects both centres of
rotation makes an angle with the real axis (imaginary axis, respectively) equal to a;/2.

We will consider the case when both angles of rotation are equal to a only, for the
remaining one is similar. The following sets are now defined:

Pl =PiNR(P);i,j=0,1.
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It can be easily verified that pa(P;) = Pij and that all rotations, R, are reversible with
respect to any reflection, p, whose mirror line goes through the centre of rotation, i.e.,
Rp = pR~'. Since that G is quasi-invertible, its inverse can be written as follows,

1, [ Ryl(2)if 2 € Ry (Pp)
G2 _{ R(lll(z) ifzeR(l) (P(l])

Therefore, in order to prove essential-reversibility, one has to show that Gp, = p,G~ .
Clearly, the sets {P]?}i,j:g,l form a 'partition of the phase space with zero measure com-
plement, or in other words, z € PjZ almost surely for some ¢ and j. Let z € P;. Then

Glz=R'.zand p,(2) € Pij, which implies that Gp,(z) = R;p,(z). Consequently,

Gpa(2) = p,G 1 (2) © Ripy(2) = pR; ' (2)

which is clearly true for all z € UmP;.

Suppose 7 is another a.e.-reversing-symmetry. So, p,7y must be an a.e.-symmetry. As
seen previously in Proposition 1, p,v = —Id since any Goetz map with Cy = —C; cannot
be invertible. This last equality implies that v = —p, = pp. O
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