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Abstract

We introduce invariants of graphs embedded in S* which are related to the Wu invariant
and the Simon invariant. Then we use our invariants to prove that certain graphs are in-
trinsically chiral, and to obtain lower bounds for the minimal crossing number of particular
embeddings of graphs in $°.

1. Introduction

While there are numerous invariants for embeddings of graphs in 3-manifolds, most have
limited applications either because they are hard to compute or because they are only defined
for particular types of graphs. For example, Thompson [18] defined a powerful polynomial
invariant for graphs embedded in arbitrary 3-manifolds, which can detect whether an embed-
ding of a graph in S is planar. However, computing Thompson’s invariant requires identi-
fying topological features of a sequence of 3-manifolds, such as whether each manifold is
compressible.

Yamada [21] and Yokota [22] introduced polynomial invariants for spatial graphs (i.e.,
graphs embedded in $?). The Yamada polynomial is an ambient isotopy invariant for spatial
graphs with vertices of degree at most 3. However, for other spatial graphs it is only a regular
isotopy invariant. It is convenient to use because it can be computed using skein relations.
Also, the Yamada polynomial can be used to detect whether a spatial graph with vertices of
degree at most 3 is chiral (i.e., distinct from its mirror image). The Yokota polynomial is an
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Fig. 1. Achiral embeddings of K5 and K3 3.

ambient isotopy invariant for all spatial graphs that reduces to the Yamada polynomial for
graphs with vertices of degree at most 3. However, the Yokota polynomial is more difficult
to compute, and cannot be used to show that a spatial graph is chiral.

In a lecture in 1990, Jon Simon introduced an invariant of embeddings of the graphs
Ks and K33 with labeled vertices in 3. The Simon invariant is easy to compute from a
projection of an embedding and has been useful in obtaining results about embeddings of
non-planar graphs [5, 8-10, 12-14, 16, 17]. In 1995, Taniyama [17] showed that the Simon
invariant is a special case of a cohomology invariant for all spatial graphs which had been
introduced by Wu [19, 20], and showed that the Wu invariant can be defined combinatorially
from a graph projection. However, the Wu invariant is not always easy to compute, and
(like the Simon invariant) depends on the choice of labeling of the vertices of a graph. For
this reason, the role of the Wu invariant in distinguishing a spatial graph from its mirror
image has been limited to showing that for any embedded non-planar graph I', there is
no orientation reversing homeomorphism of (§3, I') that fixes every vertex of I" (see [8]).
Without this restriction on the vertices, many non-planar graphs including Ks and K3 3 have
achiral embeddings as shown in Figure 1.

In this paper, we define numerical invariants that are obtained by reducing the Wu invari-
ant and by generalizing the Simon invariant. We then use our invariants to prove that no
matter how the complete graph K, the Mobius ladders M,y 1, and the Heawood graph are
embedded in S°, there is no orientation reversing homeomorphism of S* which takes the
embedded graph to itself. Finally, we show that our invariants can be used to give a lower
bound on the minimal crossing number of embedded graphs.

2. Wu invariants and reduced Wu invariants

In 1960, Wu [19] introduced an invariant as follows. Let C,(X) be the configuration space
of ordered pairs of points from a topological space X, namely

GX) ={(x,y) e X x X |x=*y}.

Let o be the involution of C,(X) given by o(x,y) = (¥, x). The integral cohomology
group of Ker(1 + o) denoted by H*(C,(X), o) is said to be the skew-symmetric integral
cohomology group of the pair (C,(X), o), where o, denotes the chain map induced by o.
Wu [19] proved that H?(C,(R?), 0) = Z, and hence is generated by some element X. Let
f : G — R be a spatial embedding of a graph G with labeled vertices and orientations on
the edges. Then f naturally induces an equivariant embedding f x f : C2(G) — C,(R?)
with respect to the action o, and therefore induces a homomorphism

(f x f)*: H}(C2(R?),0) — H*(C2(G), o).

The element (f x f)*(X) is an ambient isotopy invariant known as the Wu invariant.
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Fig. 2. The Wu invariants for embeddings of these graphs are given in Examples 2-1, 2-2 and 2-3.

In order to explicitly calculate the Wu invariant, Taniyama [17] developed the following
combinatorial approach. Let G be a graph with vertices labeled vy, v,, ..., v, and oriented
edges labeled e, e, .. ., e,. For each pair of disjoint edges e; and e;, we define a variable
E¢-¢ = E°; and for each edge ¢; and vertex v, which is disjoint from e;, we define a
variable V. Let Z(G) be the free Z-module generated by the collection of E¢-¢’s. For
each V- let §(V-") be the element of Z(G) given by the sum of all E%* such that ¢ is
disjoint from e; and has initial vertex vy, minus the sum of all E¢-* such that ¢, is disjoint
from e; and has terminal vertex v,. Thus

S(Ve,-.vv) — Z Eee _ Z Ee,-,e,’

1(k)=s T()=s
eiNey= eiNe;=F
where I (k) = s indicates that the initial vertex of ¢, is v, and T (/) = s indicates that the
terminal vertex of ¢; is v,. Let B(G) be the submodule of Z(G) generated by the collection
of §(V¢")’s. We let L(G) denote the quotient module Z(G)/B(G), and call it a linking
module of G. Then L(G) ~ H?*(C»(G), o).
Now let f be an embedding of the labeled oriented graph G in S°. Fix a projection of
f(G)andlet £(f (e;), f(e;)) = £(f(e;), f(e;)) denote the sum of the signs of the crossings
between f(e;) and f(e;). Taniyama [17] showed that the equivalence class

LH=| Y e fleNE™ | € L(G)

e,ﬂe,:@

coincides with (f x f)*(X) through the isomorphism from H?(C,(G), o) to L(G). Thus
we may regard £(f) as the Wu invariant of f. Furthermore, H?(C»(G), o) is torsion free,
namely L(G) is a free Z-module, and for an orientation-reversing self-homeomorphism @&
of $3, it follows that L(® o f) = —L(f).

Example 2-1. Let 2K; denote the graph consisting of two copies of K3, labeled and ori-
ented as illustrated in Figure 2, and let f be a spatial embedding of 2K3. It was shown in
[17] that the linking module L(2K3) = ([E¢%]) =~ Z, and the Wu invariant of f is given
by:

L= > C(fe). fd)IETM] = 20k(f)[ET],

1<i,j<3
where 1k(f) denotes the linking number of the pair of triangles in S°.

Example 2-2. Let K5 denote the complete graph on five vertices, labelled and oriented as
illustrated in Figure 2, and let f be a spatial embedding of Ks. It was shown in [17] that the



524 E. FLAPAN, W.R. FLETCHER AND R. NIKKUNI
linking module L(Ks) = ([E°*]) = Z and the Wu invariant is given by:
L= Y e@bt(f(@), fBE],
aNb=gj
where ¢(a, b) is defined by e(e;, e;) =1, e(d;, d;) = —1 and e(e;, dj) = —1.
We work out the following example which it is given in [17] without details.

Example 2-3. Let K3 3 denote the complete bipartite graph, labelled and oriented as illus-
trated in Figure 2, and let f be a spatial embedding of K3 3. Then Z(K3 3) is a free Z-module
generated by

EC16 | Eot FOnes Eeits FesCl Bt e Foes pescs
Ebre ghies phues phuer phues phce phib phibs phub
and B(K33) is a submodule of Z(K3 3) generated by
EPre — Eéo oG _ EOCe FOG L Foacs
ES 4 Ebres, phver 4 pbubi phibs _ phac
A e R A
E¢oc _ Ebucs  _pbubs _ phua phie _ phib
EPos _ Eenes Fests _ et Bents _ Fle
ECS 4 Ebver phues 4 phabs phibi _ phie
_Ebies _ peses | peats _ pests | pane _ peies
Ee¢ _ ghrer _pbub _ phues  pbue _ phiby
EP _ Eecs Fesa _ Eehe poes _ e
Es 4 Ehoes, gbies 4 phib phabs _ phie
_Ebve _ Bese | e _ pets | et _ pees
E¢ofs _ Fdves  _pbub _ phies  phacs _ phibs
Then we have
[E] = [E24] = [E9¢] = [E%] = [E] = [E“]
= [E9] = [E*%] = [E%] = [E""] = [E""] = [E""]
= [E"] = [E™] = [E"™]
= —[E"] = —[E™"] = —[E™],
Then the linking module L(K33) = ([E¢"“]) = Z and the Wu invariant is given by:
L(f) = Z e(a, D)L(f(a), fF(LHIETS],
aNb=gj
where ¢(a, b)) is defined by €(c;, ¢;) =1, e(b;, b;) = 1 and

.b) 1 if ¢; and b; are parallel in Figure 2
e(ci, bj) =
! —1 if ¢; and b; are anti-parallel in Figure 2.
Remark 2-4. 1t was shown in [17] that L(G) = 0 if and only if G is a planar graph which
does not contain a pair of disjoint cycles.
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Fig. 3. A reduced Wu invariant for K¢ is given in Example 2-9.

Remark 2-5. It was shown in [7] that if the graph G is 3-connected, then

1
rankL(G) = 1A (G)* + B1(G) +4|E(G)| — Z (deg(v))’ ¢,

veV(G)

where 8, (G) denotes the first Betti number of G and deg(v) denotes the valency of a vertex
v. For example, rank(L (K¢)) = 10 and rank(L(K7)) = 36.

Definition 2-6. Let f be a spatial embedding of an oriented graph G with linking module
L(G) and Wu invariant L(f) € L(G). Let ¢ : L(G) — Z be a homomorphism. Then we
call the integer (L(f)) the reduced Wu invariant of f with respect to € and denote it by
L:(f).

For a pair of disjoint edges e; and e;, we denote e([E“**/]) by e(e;, e;). Thus

Lapy=c|| Y €fe), feNE™ || = Y tf(e), fle)etere;).

eiNej= eiNej=

Example 2-7. Consider 2K3, labelled and oriented as in Figure 2, and let f be an embed-
ding of 2K in S°. Let ¢ be the isomorphism from L(2K3) to Z defined by &(ey, d;) = 1.
Then by Example 2-1, we have L.(f) = 2Ik(f).

Example 2-8. Let G be K5 or K33 labelled and oriented as illustrated in Figure 2, and
let f be an embedding of G in S°. Let ¢ be the isomorphism from L(G) to Z defined by
e(e;,e3) = 1 for G = Ks and €(cy, ¢3) = 1 for G = K; 3. Then it follows that Eg(f) =
Zanb=@ g(a, b)l(f(a), f (b)), where the value of e(a, b) for an arbitrary pair of edges is
given in Example 2.2 if G = K5 and in Example 2.3 if G = K3 3.

Example 2-9. Consider K, labelled and oriented as in Figure 3, and let f be an embed-
ding of K4 in S°. For any pair of disjoint edges a and b in K4, we define &(a, b) as follows:

( ) 3 if x; and x; are anti-parallel in Figure 3
e(xi, x;) =
! 2 if x; and x; are neither parallel nor anti-parallel in Figure 3;

( ) 0 if y; and y; are anti-parallel in Figure 3

ey, yj) =
Y %5 —1 if y; and y; are neither parallel nor anti-parallel in Figure 3;

( ) —1 if x; and z; are anti-parallel in Figure 3

e(x;, zj) = ) R
! 1 if x; and z; are parallel in Figure 3.

In addition, we define (z;,z;) = 1, e(x;,y;) = —1, and &(y;,z;) = 0. Then it can
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Fig. 4. The Reidemeister moves for embedded graphs.

be checked that ¢ gives a homomorphism from L(Kg) to Z. It follows that [Ig( f) =
Zanb:g e(a,b)e(f(a), f (b)) is areduced Wu invariant for K.

3. Generalized Simon invariants

Simon introduced the following function of embeddings f of the graphs K5 and Kj 3,
labeled and oriented as in Figure 2. Let

L(f)= Y ela.b(f(. fb)
aNb=
where ¢(a, b) is defined as e(e;, e;) = 1, and e(d;, d;) = ¢(e;, d;) = —1 for Ks; and €(a, b)
is defined as e(¢;, ¢;) = 1, e(b;, b;) = 1,
. b) 1 if ¢; and b; are parallel in Figure 2
e, bj) =
! —1 if ¢; and b; are anti-parallel in Figure 2,

for K3,3.

Simon then proved that for any projection of an embedding f of the oriented labelled
graphs Ks and Kj 3, the value of

> ea, b)e(f(a), f(b))

a,beG
is invariant under the five Reidemeister moves for spatial graphs given in Figure 4. This
invariant is known as the Simon invariant.

By using Simon’s method we can create similar invariants for many other embedded
graphs. In particular, let G be an oriented graph and let f be an embedding of G in S°.
If we can define a function ¢(a, b) from the set of pairs of disjoint edges of G to the integers
such that for any projection of f(G) the value of

L(f)= Y ela.b(f), fb)

aNb=

is invariant under the five Reidemeister moves, then we say that fg( f) is a generalized
Simon invariant of f(G). If for every embedding f of G, L.(f) is a generalized Simon
invariant of f(G), then we say that L.(f) is a generalized Simon invariant of G.

Observe that the reduced Wu invariants given in Example 2.8 are identical to their Simon
invariants. In fact, every reduced Wu invariant with respect to a given homomorphism ¢ is a
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s

Fig. 5. An illustration of the oriented K7, with the O-star in black, the 1-star in bold, and the 2-star in grey.

generalized Simon invariant with epsilon coefficients given by e(a, b). However, not every
generalized Simon invariant is necessarily a reduced Wu invariant. In order to distinguish
these two types of invariants, we use ﬁg( f) to denote a reduced Wu invariant and Zg (f) to
denote a generalized Simon invariant.

We say that a graph embedded in S is achiral if there is an orientation reversing homeo-
morphism of S that takes the graph to itself setwise. Otherwise, we say the embedded graph
is chiral. We say that an abstract graph is intrinsically chiral if every embedding of the graph
in S* is chiral. Note that when we talk about chirality or achirality we are considering em-
bedded graphs as subsets of S* disregarding any edge labels or orientations. For example,
we saw in Figure 1 that K5 and K3 3 have achiral embeddings, although it was shown in [8]
that no embedding of either of these graphs has an orientation reversing homeomorphism
that preserves the edge labels and orientations given in Figure 2.

We now define generalized Simon invariants for some specific graphs and families of
graphs, and use these invariants to prove that the graphs are intrinsically chiral.

The complete graph K,

Consider the complete graph K7 with labelled edges as illustrated in Figure 5. We refer
to the edges xi, x, ..., x7 as “outer edges” and the rest of the edges as “inner edges.” We
refer to the Hamiltonian cycle y;y,...y; as the 1-star since these edges skip over one vertex
relative to the cycle X;x,...x7. Similarly, we refer to the Hamiltonian cycle 7,z,...z7 as the 2-
star since these edges skip over two vertices relative to the cycle X x,...x7. For consistency,
we also use the term O-star to refer to the Hamiltonian cycle x;x,...x7. We orient the edges
around each of the stars as illustrated. Note that this classification of oriented edges is only
dependent on our initial choice of an oriented O-star.

We define the epsilon coefficient of a pair of disjoint edges by the function:

e(xi, x;) =e(yi, yj) = €z, 2j) = e(xi, 25) = (i, zj) =1

e, y) = —1.

Given an oriented O-star and an embedding f : K; — S° with a regular projection, we
define the integer L.(f) by

L(f)= Y ela.b(f(@. fb)).
aNb=gj
LEMMA 3-1. Consider K; with a fixed choice of an oriented 0-star. Then for any embed-

ding f : K7 — S°, the value of Zg (f) is an ambient isotopy invariant.

Proof. Tt is easy to check that fs( f) is invariant under the first four Reidemeister moves.
In order to show that L.( f) is invariant under the fifth move, we must show that the value
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s

Fig. 6. K7 with an edge pulled over a vertex.

is unchanged when any edge of f(K5) is pulled over or under a given vertex v. An example
is illustrated in Figure 6.

Pulling a given edge e over a vertex will generate six new crossings. In Figure 6 the
edge x4 has new crossings with the edges x;, yi, 21, X2, ¥3, and z4. The crossings with
edges pointed away from the vertex (x;, y;, z;) will have an opposite sign compared to
the crossings with edges pointed toward the vertex (x;, y3, z4). Thus, the overall change in
L.( f) is found by adding the epsilon coefficients for the crossings of x4 with x;, y;, and z;
and subtracting the epsilon coefficients for the crossings of x4 with x;, y3, and z4. It is easy
to check that Zg (f) is unchanged in each case.

It follows from Lemma 3-1, that Zs( f) is a generalized Simon invariant.

Remark 3-2.  One can check that the epsilon coefficients we have given for K7 define a
homomorphism from the free Z-module L(K7) to Z. Thus L.(f) also gives us a reduced
Wu invariant for K.

We now apply the generalized Simon invariant of K5 to prove that K; is intrinsically
chiral. This result was previously proven by Flapan and Weaver [3], but using the generalized
Simon invariant allows us to give a simpler proof which can be generalized to apply to many
other graphs. We begin with a lemma.

LEMMA 3-3. For any embedding f of K7 in S3, the generalized Simon invariant Eg f)
is an odd number.

Proof. Since any crossing change will change the signed crossing number between two
edges by £2, we only need to find an embedding f where ZS (f) is odd. Consider an embed-
ding of K7 which has Figure 5 as its projection with the intersections between edges replaced
by crossings. Note that there are 35 crossings in this embedding of K7: 14 crossings of the
2-star with itself, and 21 crossings between the 1-star and the 2-star. The epsilon coefficient
for every one of these crossings is 1. Since there is an odd number of crossings, regardless
of their signs, fg (f) must be odd. Because any crossing change will change fg( f) by an
even number, it follows that EE (f) is odd for any embedding of K.

THEOREM 3-4. Kj; is intrinsically chiral.

Proof. For the sake of contradiction, suppose that for some embedding f of K7 there
is an orientation reversing homeomorphism # of the pair (S, f(K7)). Let a denote the
automorphism of K that is induced by 4.

Let J denote the set of Hamiltonian cycles in f(K7) with non-zero Arf invariant. Since
any homeomorphism of $° preserves the Arf invariant of a knot, the homeomorphism &
permutes the elements of J. It follows from Conway and Gordon [1] that |J| must be odd,
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and hence there is an orbit O in J such that |O| = n for some odd number n. Consequently,
h" setwise fixes an element of O. Hence some Hamiltonian cycle C with non-zero Arf
invariant is setwise fixed by 4". We now label and orient the edges of K7 as in Figure 5 so
that f takes the O-star of K5 to C. Since h" leaves C setwise invariant, the automorphism o”
(induced on K7 by h") leaves the O-star, 1-star and 2-star all setwise invariant.

Fix a sphere of projection P in S3. Since f o o”(K7) and f(K7) are identical as subsets
of S3, their projections on P are the same. Furthermore, if a” preserves the orientation of
the O-star, then o” preserves the orientation of the 1-star and 2-star and hence of every edge.
Otherwise, o” reverses the orientation of every edge. In either case, a given crossing in the
projection has the same sign whether it is considered with orientations induced by o (K7) or
with orientations induced by K;. Furthermore, since o" leaves the O-star, 1-star, and 2-star
of K7 setwise invariant, each crossing has the same epsilon coefficient, whether the crossing
is considered in f o a"(K7) orin f(K7). It follows that L.(h" o f) = L.(a" o f) = L.(f).

Let p denote a reflection of S which pointwise fixes the sphere of projection P. Using
orientations induced by K7, we see that the sign of every crossing in the projection of p o
f(K7) on P is the reverse of that of the corresponding crossing in the projection of f(K7).
Using the oriented O-star from K5, it follows that fg (po f)= —fg (f)- On the other hand,
since n is odd A" is orientation reversing and is thus isotopic to p. Hence by Lemma 3-1,
L.(po f) = L.(h" o f). Consequently, L.(h" o f) = —L.(f). Thus L,.(f) = 0, which
contradicts Lemma 3-3. Hence in fact, K7 is intrinsically chiral.

COROLLARY 3-5. For every odd number n, the complete graph K5 is intrinsically
chiral.

Proof. Suppose that for some embedding f of K4,,3 in S°, there is an orientation revers-
ing homeomorphism # of (S°, f(K4,43)). Even though in general the homeomorphism h
will not have finite order, the automorphism that / induces on Ky4,,3 does have finite order
and its order can be expressed as 2°b for some odd number b. Now g = h” is an orientation
reversing homeomorphism of (S°, f(K4,3)) which induces an automorphism of K4, .3 of
order 2¢.

Observe that the number of K7 subgraphs in Ky, 3 is

(An+3)4n+2)(4n + 1)(4n)(4n — 1)(4n — 2)(4n — 3)
7!
_ (@n+3)2n+ DEn+ DH(n)(4n — 1)(2n — 1)(4n — 3)
B 315 ’
This number is odd, since n is odd. Thus g leaves invariant some K5 subgraph. But this is
impossible since by Theorem 3-4, K7 is intrinsically chiral.

Mobius ladders

A Mobius ladder M, with n rungs is the graph obtained from a circle with 2n vertices
by adding an edge between every pair of antipodal vertices. Let N > 2, and consider the
oriented labeled graph of M,y illustrated in Figure 7 (note there is no vertex at the center of
the circle). We denote the “outer edges” consecutively as x, X2, ..., X2n+1), and the “inner
edges” consecutively as yi, y,, ..., Yay+1. Since N > 2, it follows from Simon [15] that
there is no automorphism of M,y which takes an outer edge to an inner edge. Thus, the
distinction between inner and outer edges does not depend on any particular labeling.
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Xans2 X
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a

XN+
Fig. 7. An oriented Mpp 1.

For any pair of edges a and b, let the minimal outer edge distance d(a, b) be defined as
the minimum number of edges of any path between a and b using only outer edges (not
counting a and b). For My, note that d(x;, x;) < 2N for any 7, j. We define the epsilon
coefficient £(a, b) of a pair of disjoint edges a and b by:

2 if d(x;, x;) is odd and d(x;, x;) + 2N — 1
e(x;,x;) =1—1 ifd(x;, x;) =2N
1 otherwise,
ifd(x, y) =1
3 ifd(,y) =2,
2 ifd(y;, y) =1
E(Yi,)’j)= 5 ifd(yl',y;)=2
6 ifd(yi,y;) = 3.

e(xi, }’j) =

For any embedding f : Moy, — S° with a regular projection, define:

L(f)= ) ea b)(f(@), fb)).

aNb=

Remark 3-6. This definition of fg (f) does not reduce to the original Simon invariant for
N =1.

THEOREM 3-7. For N > 2 and any embedding f of Moy, in S°, /L\g (f) is independent
of labeling and orientation, and invariant under ambient isotopy of f(Myn1).

Proof. We first show that fg (f) is independent of labeling and orientation. Since N > 2,
it follows from Simon [15] that any automorphism of M,y with N > 2 takes the cycle of
outer edges X1 x,...x4y 2 to itself, preserving the order of the edges x;, x3, ..., X4y42 and thus
the edges yi, y2, ..., Yan+1 as well. Thus any automorphism either preserves all the arrows in
the orientation of M,y 1, or reverses all the arrows. Reversing every arrow would have no
effect on the signs of the crossings, so Ze( f) is independent of labelling and orientation.

As before, it is easy to see that fg (f) is invariant under the first four Reidemeister moves.
We show that ZE (f) is unchanged under the fifth Reidemeister move. Without loss of gen-
erality, we may assume that an edge e is pulled over a vertex v and the adjacent outer edges
point towards v (see Figure 8). Pulling e over v generates three new crossings: two with
outer edges and one with an inner edge. We must determine the change in L.( f) as aresult
of of these added crossings.
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e

e

Yy

Fig. 8. My 41 with an edge e pulled over a vertex v.

Below we compute the possibilities for the change AZS( f), and show that in all cases
this value is zero. The crossings between the edge e and the two outer edges have the same
sign while the crossing of e with an inner edge has the opposite sign. The epsilon coef-
ficients for the crossings of e with the two outer edges are given in parenthesis (with the
edge whose minimal outer edge distance from e is larger given first, and the edge closer to e
given second), while the epsilon coefficient of the crossing of e with the inner edge is given
afterward. For ease of notation, let d (e, v) denote the minimum number of edges in any path
between e and v using only outer edges and not counting e.

(i) e is an outer edge

(a) If d(e, v) = 1, then
AL,(f)=(@2+40)—2=0.

(b) If d(e, v) = 2,4, ...,2N — 2, then
AL(f)=(142) —3=0.

(c) Ifd(e,v) =3,5,...,2N — 3, then
AL(f)=@2+4+1)—-3=0.

(d) Ifd(e, v) = 2N — 1, then
AL(f)=(1+4+1)—2=0.

(e) If d(e, v) = 2N, then
AL.(f)=(-1+1)—0=0.

(i1) e is an inner edge

(a) If d(e, v) = 1, then
AL(f)=2+0)—-2=0.

(b) If d(e, v) = 2, then
AL(f)=B34+2)—-5=0.

(c) Ifd(e, v) > 3, then
AL(f)=0B34+3)—-6=0.

Thus Ze( f) is invariant under the fifth Reidemeister move, and so it is invariant under
ambient isotopy

It follows that Zg (f) is a generalized Simon invariant for M,y .

LEMMA 3-8. For any N > 2 and any embedding f of May,, in S°, the generalized
Simon invariant L.(f) is an odd number.

Proof. Note that any crossing change of a projection of f(M;,y,) will change the signed
crossing number between the two edges by £2. Thus any crossing change will alter L.(f)
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=0

2N+1

x2N+2 xl

Fig. 9. An embedding of Moy 1| with L (f) = 1.

by an even number. Now consider the embedding f of M,y.; shown in Figure 9. There
is only one crossing, and it is between two outer edges with an outer edge distance of 2N
(the maximum). The epsilon coefficient for this crossing is —1, which is multiplied by the
crossing sign —1 so that ’L\g(f) = (—1)(—1) =1 for this embedding. It follows that Zg f)
is odd for any embedding of M,y .

LEMMA 3-9. Let N 2 2. If o is an automorphism of M,y 1, then the epsilon coefficients
of Myn11 and a(Myy 1) are the same, and « either preserves the orientation of every edge
or reverses the orientation of every edge.

Proof. Let « € Aut(M,yy1). Since N > 2, it follows from Simon [15] that o takes
the cycle X1 x;...x4y12 to itself, preserving the order of the edges x, x,, ..., X4y and thus
preserving the order of the edges yi, ys, ..., yan+1 as well. Because the order of the outer
edges is preserved, the outer edge distance is also preserved. The epsilon coefficients depend
only on the outer edge distance and the distinction between inner and outer edges, so it
follows that the epsilon coefficients of M,y and «(M,y41) are the same.

Finally, we can see from Figure 7 that « either preserves all or reverses all the orientations
on edges.

To prove that M,y is intrinsically chiral, we will use the following Proposition whose
proof is similar to that of Theorem 3-4.

PROPOSITION 3-10. Let G be an oriented graph with a generalized Simon invariant
Zg(f). Suppose that Zs(f) is odd for every embedding f : G — S°, and every auto-
morphism of G preserves the epsilon coefficients of G and either preserves the orientation
of every edge or reverses the orientation of every edge. Then G is intrinsically chiral.

Proof. For the sake of contradiction, suppose that for some embedding f of G, there is
an orientation reversing homeomorphism / of the pair (S°, f(G)). Let a denote the auto-
morphism that / induces on G.

Fix a sphere of projection P in 3. Since foa(G) and f(G) are identical as subsets of S3,
their projections on P are the same. Also, since « either preserves all the edge orientations or
reverses all the edge orientations, the sign of every crossing in the projection of the oriented
embedded graph /o f (G) is the same as it is in the projection of the oriented embedded graph
f(G). Furthermore, by hypothesis each crossing has the same epsilon coefficient, whether
t/l\le crossing is considered in f o «(G) or in f(G). It follows that fg (h°f) = fg (xo f) =
L.(f).

Let p denote a reflection of S* which pointwise fixes the sphere of projection P. Using
orientations induced by G, the sign of every crossing in the projection of p o f(G) is the
reverse of that of the corresponding crossing in f(G). It follows that EE (pof)= —Zs( ).
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\—\,—./
2k+1 crossings

Fig. 10. An embedding of M5y with Zg(f) = 2k 4 1 with a rotation of the outer loop of order 4N + 2
together with a reflection of the outer loop.

On the other hand, since # is orlentatlon reversmg it is isotopic to p. Hence by definition
of a generahzed Simon invariant, L (pof)= L e(ho f). Consequently, L (hof) =
—L (f). Thus L (f) = 0, which contradicts our hypothesis that L (f) is odd. Hence G is
intrinsically chiral.

Flapan [2] showed that M,y is intrinsically chiral. However, now that result follows as
an immediate corollary of Lemmas 3-8, 3-9 and Proposition 3-10.

COROLLARY 3-11. Myyy, is intrinsically chiral for N > 2.

Nikkuni and Taniyama [12] showed that the Simon invariant provides restrictions on the
symmetries of a given embedding of Ks or K3 3. For example, they proved that for both
Ks and Kj 3, the transposition of two vertices can be induced by a homeomorphism on an
embedding f only if the Simon invariant of the embedding is 1. By contrast we have the
following result for Moy ;.

THEOREM 3-12. Let N > 2. Then for any odd integer m, there is an embedding f of
Myyy1 in S with L.(f) = m such that every automorphism of Moy, is induced by a
homeomorphism of (S°, f(Man41)).

Proof. Letm be an odd integer, and suppose that |m| = 2k+1. Since any automorphism of
M,y takes the outer loop xx;...x4n5 42 to itself [15], the automorphism group Aut(Msy 1)
is the dihedral group Djuy-2). This group is generated by a rotation of the outer loop of
order 4N + 2 together with a reflection of the outer loop. Hence, it suffices to show there
is an embedding f : Moy, — S° with Zs (f) = m such that both of the generators of
Aut(M,y ) are induced by homeomorphisms of (53, f(Myy41)).

Consider the embedding of f : My, — S° shown in Figure 10. There are 2k + 1
crossings between a pair of outer edges with an outer edge distance of 2N. The epsilon
coefficient for each of these crossings is —1. If m > 0, we embed M,y so that all the
crossings have negative sign, otherwise embed M,y so that the crossings all have positive
sign. Then L () =(D(=DQ2k+1) =2k+1ifm > 0, andL H=CFEDHHDHCK+]) =
—(2k +1)if m < 0. Since |m| = 2k + 1, it follows that L (f) =m.

By inspection of Figure 10 we see that both generators of Aut(M,y ) can be induced by
homeomorphisms of (5%, f(May,1)).

Observe that M; = K3 3. Using our generalized Simon invariant for embeddings of M,y
(with N > 2) and the original Simon invariant for embeddings of M3 = K3 3, we now define
a topological invariant for embedded Mobius ladders with an even number of rungs (at least
4). For the remainder of this section, we use Zs( f) to refer to the Simon invariant if f is an
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embedding of M3 and to the generalized Simon invariant if f is an embedding of M,y for
N > 2.

Let N > 2 and let f be an embedding of M,y in S°. Foreachi < 2N, letg; : Moy — S°
be the embedding obtained from f by omitting the rung r; and its vertices from M,y. Note
that since N > 1 the rungs of M,y are setwise invariant under any automorphism [15].
Thus the definition of g; is unambiguous. When N > 2, by Theorem 3-7, the graph M,y
has a well defined Zg (gi) independent of labelling and orientation. When N = 2, we label
each M3 subgraph such that the rungs and outer edges of M3 are contained in the rungs
and outer edges of M, respectively. Although there are two possible orientations for each
embedded M; subgraph, one can be obtained from the other by reversing the orientation
of all edges. This has no effect on the crossing signs (or epsilon coefficients). Thus we can
unambiguously define:

T.(f) = Y Le(g).

i<2N
Note that 7, ( f) is defined on an embedding of the unoriented graph M,y .

THEOREM 3-13. For N > 2 and any embedding f of My in S°, T,(f) is invariant under
ambient isotopy. Furthermore, if T,(f) & 0, then f is a chiral embedding of M,y.

Proof. By [15], the cycle of outer edges of M,y is unique. Each fg (gi) is invariant under
ambient isotopy by Theorem 3-7 when N > 2 and by the Simon invariant when N = 2.
Thus it follows that 7, ( f) is also invariant under ambient isotopy.

Let h denote an orientation reversing homeomorphism of $°. Then h will reverse the
signs of all the crossings of f(M,y) (and thus each g; (M,y_1)). We now show that the auto-
morphism that /2 induces on each M,y_; preserves the epsilon coefficients. If N > 3, then
this follows directly from Lemma 3-9. If instead N = 2, then by Simon [15] the outer edges
of M,y are setwise invariant under the automorphism that /# induces on M,y, so h preserves
the distinction between inner and outer edges. As explained earlier, the edges in each g; (M3)
subgraph of f(M,) are labelled as inner or outer in order to match f(M,). It follows that
h also preserves the distinction between inner and outer edges for each M3 subgraph. For
M3, the epsilon coefficients depend only on the distinction between inner and outer edges
and on the relative orientation of edges (which is invariant under any automorphism), so the
automorphism that / induces on each M; subgraph preserves the epsilon coefficients.

Since the epsilon coefficients are preserved and the crossing signs are reversed, it follows
that each L, (h 0 &) = —L.(g) and so T.(h(f)) = =T (f). If T.(f) # O, then T.(f) +
—T.(f) =T.(h(f)), and thus f(M,y) is chiral.

COROLLARY 3-14. Forall N > 2,m > 0, the embedding f of M,y shown in Figure 11
is chiral.

Proof. For all of the f(M,y_;) subgraphs, the outer edge distance between the two
crossed edges is 2N — 2, so the crossing sign and epsilon coefficient for each of the
2m + 1 crossings is the same. This epsilon coefficient is 1 for M3 when N = 2, and —1
for the generalized Simon invariant (if N > 2). Since all of the 2N subgraphs have the
same epsilon coefficient and sign for each crossing, both of which are 41, it follows that
T.(f) = (D) (£1)(2N)(2m + 1) for the embedding f in Figure 11. Since N > 2 and
m 2 0, this means 7,(f) # 0 and thus the embedding is chiral by Theorem 3-13.
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2m+1 crossings

Fig. 11. An embedding of My with 2m + 1 crossings.

Fig. 12. An oriented Heawood graph.

The Heawood graph

Let C,4 denote the Heawood graph oriented and labelled as in Figure 12. In particular, we
refer to its “outer edges” consecutively by x, x», ..., X14, and its “inner edges” consecutively
by yi, ¥2, ..., y7. We note that this classification of oriented edges is only dependent on the
labeling of the edges in the Hamiltonian cycle x7x;...x14.

For any pair of edges a and b, let the minimal outer edge distance d(a, b) be defined as
the minimum number of edges in any path between a and b using only outer edges (not
counting a and b). For any i, j, note that d(x;, x;) < 6,d(x;,y;) <4,and d(y;, y;) < 2.

We define the epsilon coefficient €(a, b) of a pair of disjoint edges by:

2 ifd(xi,xj)=10r4

—2 if d(x;, x;) =3 or5, and x;, x; are connected by an edge

e(xi, x;) =1-3 ifd(x, x;) =5, and x;, x; are not connected by an edge
5 ifd(x,-,xj)=6
otherwise,
it d(x,y) =1

e(x;,y)) =13 ifd(x;,y;)=2or4
=1 ifd(x;, y;) =3,

2 ifd(y, y) =1

eV, yYj) =
O =S i d .y = 2.

For any embedding f : C;4 — S* with a regular projection, define

L= Y e@bef@,fb).

aNb=gj
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THEOREM 3-15. For any embedding f of C\4in S°, L.(f) is invariant under any ambient
isotopy leaving the cycle x1x;...X14 setwise invariant.

Proof. As demonstrated in the previous proofs, we need only to verify that Zg (f) is in-
variant under the fifth Reidemeister move. It suffices to show that Zs (f) is unchanged when
any of the 21 edges in the Heawood graph is pulled over a particular vertex. This is easy to
check using the method shown in the proof of Theorem 3-7.

It follows that Eg( f) is a generalized Simon invariant of C 4.

LEMMA 3-16. For any embedding f of C14 in S°, the generalized Simon invariant Zg f)
is an odd number.

Proof. Since any crossing change will change the signed crossing number between the
two edges by +2, we only need to find an embedding f where L.( f) is odd. Consider an
embedding of the Heawood graph which has Figure 12 as its projection with the intersections
between edges replaced by crossings. The reader can check that regardless of the signs of the
crossings, there are an odd number of crossings with odd epsilon coefficient. Hence L.( )
is an odd number.

The proof of the following lemma is left as an exercise.

LEMMA 3-17. Let o be an automorphism of Cy4 that takes the Hamiltonian cycle
X1X3...X14 to itself. Then corresponding epsilon coefficients of C14 and a(Cy4) are equal,
and o either preserves the orientation of every edge or reverses the orientation of every
edge.

THEOREM 3-18. The Heawood graph is intrinsically chiral.

Proof. Let Cy4 denote the Heawood graph. Suppose that for some embedding f of Cy4
in S3, there is an orientation reversing homeomorphism /4 of (S°, f(Cy4)). It was shown by
Nikkuni [11] that the mod 2 sum of the Arf invariants of all the 14-cycles and 12-cycles
in an embedding of Cy4 is 1. Thus f(Cy4) either has an odd number of 14-cycles with Arf
invariant 1 or an odd number of 12-cycles with Arf invariant 1. By arguing as in the proof of
Corollary 3-5, without loss of generality we can assume that the order of the automorphism
that 2 induces on Cy4 is a power of 2. It follows that 4 either leaves some 14-cycle or some
12-cycle setwise invariant.

Suppose that & leaves a 14-cycle setwise invariant. Label the edges of this 14- cycle
consecutively as X;x;...x14. Then it follows from Lemma 3-17, that L shof) = L ().
But since & is orientation reversing we can argue as in the proof of Proposition 3-10 that
Za (ho f) = —Zg( f), which is impossible since L( f) is odd and hence non-zero.

Now suppose that i leaves a 12-cycle Z setwise invariant. As shown in Figure 13, G has
precisely three edges not in Z which have both vertices in Z. Now Z together with these
three edges is a Mobius ladder M3;. However, it was shown in [2] that no embedding of M;
in S° has an orientation reversing homeomorphism which takes the outer loop Z to itself.
Thus again we have a contradiction.

4. The subgraphs 2K, Ks and K5 3 of a given graph

Shinjo and Taniyama [14] proved that two embeddings f and g of a graph G in S° are
spatial-graph homologous if and only if for each 2K3 subgraph H of G the restriction maps
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Fig. 13. A 12-cycle in the Heawood graph.

flm and g|y have the same linking number, and for each Ks or K33 subgraph H of G the
restriction maps f|g and g|gy have the same Simon invariant.

We now show that for any oriented graph G, any integer linear combination of the reduced
Wau invariants of subgraphs of G is itself a reduced Wu invariant for G.

THEOREM 4-1. Let G be a graph with oriented edges, and let G, G,, ..., G} denote
subgraphs of G with orientations inherited from G. For each q < k, let e, : L(G,) — Z be
a homomorphism, and i, : G, — G be the inclusion map. Let my, ma, ..., my be integers

and let ¢ : L(G) — 7 be the homomorphism given by ¢ = ZI;=1 myeg o (iy X ig)*. Then
for any embedding f of G in S°, 22:1 quNSq (flg,) is the reduced Wu invariant given by
Le(f).

Proof. Observe that the embedding (f x f) o (i; x i,) is equivalent to the embedding
(fle,) x(flg,) : C2(Gy) — C, (R?). Hence, by the definition of the Wu invariant, it follows
that

Lo(f) = e(L(f)
=e((f x /)"(X)

k
= qusq o (ig X ig)* o (f x f)(X)

q=1

k
= mgeq o ((f X )0 liy X i) (%)

g=1

k
— qusq o ((flg,) x (fle,N*(X)

q=1

k
= mye,(L(fla,))

g=1

k
= myLe, (fla,)

q=1
Thus we have the result.

This theorem allows us to define new reduced Wu invariants, as we see from the following
two examples.

Example 4-2. For N > 2, consider the oriented labelled graph of a Mobius ladder Mpy
illustrated in Figure 14. Forg = 0, 1, ..., 2N, let G, be the subgraph of M,y consisting
of the outer cycle Xx,...Xay, together with the three rungs y,i, ys4+2, and y,,3 where
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x’] xq+ 1

Xg+2N43

xq+2N+2 xq+2N+ 1

Moy, G,
Fig. 14. An oriented My 4| together with a K3 3 subgraph. Note the subscripts on x; are considered mod
4N + 2 and those on y; are considered mod 2N + 1.

the subscripts are considered mod 2N + 1 and the orientations are inherited from M,y ;.
Then each G, is homeomorphic to K3 3. Thus each L(G,) is generated by [E¥s+1 - a+2n+2],
Let g, be the homomorphism from L(G,) to Z defined by &, (x,41, X,1on+2) = 1. Let f be
an embedding of My in S°. Then by Theorem 4-1, £.(f) = Yo" Le, (flg,) defines a
reduced Wu invariant for My .

Observe that this reduced Wu invariant is not equal to the generalized Simon invariant for
M,y that we defined in Section 3. However, this invariant has similar properties to those
we proved for the generalized Simon invariant of M,y . In particular, since each lfgq (fls,)
is essentially the Simon invariant of f|g, and therefore odd valued, it follows that L( f)is
always odd. Moreover, we know from [15] that any automorphism of M,y takes the outer
cycle x1x;3... x4y 12 to itself. Thus any automorphism of M,y leaves {Gy, Gy, ..., Gan}
setwise invariant. This implies that L( f) is independent of labelling.

Example 4-3. Let Cy4 be the Heawood graph as illustrated in Figure 15. For ¢ =
0,1,...,6, let G, be the subgraph of Cy4 as illustrated in Figure 15, where the labels
of vertices are considered mod 14. Note that each G, is homeomorphic to K33. Thus
each L(G,) is generated by [E™*]. Let ¢, be the homomorphism from L(G,) to Z
defined by &,(x;, x3) = 1. Let f be an embedding of Cy4 in S3. Then by Theorem 4-1,
ES( )= ZS:O ﬁgq (flg,) defines a reduced Wu invariant for C 4.

Again this reduced Wu invariant is not equal to the generalized Simon invariant for Cy4
that we defined in Section 3, but has similar properties to those of the generalized Simon
invariant. In particular, since each qu (flg,) is essentially the Simon invariant of f|s, and
therefore odd valued, it follows that £( f) is always odd. Moreover, let & be an automorph-
ism of Cy, takes the outer cycle X ... x14 to itself, and thus the edges yi, y», ..., y7 as well.
Then o permutes {Gg, G, ..., G¢} and reversing every arrow would have no effect on the
signs of the crossings. This implies that L( f) is preserved under .

Now we prove the converse of Theorem 4-1. In particular, we show that any reduced Wu
invariant of a graph G can be expressed as a linear combination of reduced Wu invariants of
subgraphs 2K3, K5 and K33 of G.

THEOREM 4-4. Let G be a graph with oriented edges, and let G, G,, . .., Gy denote all
of the 2K3, Ks, and K3 3 subgraphs of G with orientations inherited from G. For each g < k,
let e, : L(G,) — Z be an isomorphism, and let iy, : G, — G be the inclusion map. Then
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X2g+7

Gy
Fig. 15. An oriented Heawood graph together with a K3 3 subgraph.

for any homomorphism ¢ : L(G) — Z, there exists integers m + 0 and my, my, ..., m;
such that for any embedding f of G in S°.

k
mL.(f) =Y mLe,(fl,)-

g=1

Proof. Consider the homomorphism

k
¢ : L(G) — P LG,

g=1

defined by

@(x) = (1 x i)"(x), (2 X )" (x), ..., (ik X i) "(x)).

Shinjo and Taniyama [14] proved that for any x, y € L(G), if (i; x i,)*(x) = (i; X i)*(y)
forany g = 1,2, ...,k then x = y. This implies that ¢ is injective. It follows that ¢ also
induces an injective linear map

k
9:LG)®Q— PLG,)®Q

g=1
and therefore its dual

k

¢* : Hom | @P(L(G,) ® Q), Q | — Hom(L(G) ® Q, Q)

q=1

is surjective. We consider each ¢, as a linear map from @SZI(L (Gy) ® Q) to Q in the
usual way. Then because each ¢, is an isomorphism, the linear forms ¢, ¢, ..., & gener-
ate Hom(@ZZI(L(Gq) ® Q), Q). Thus, for any u € Hom(L(G) ® Q, Q), there is a u’ €

Hom(@SZI(L (G,) ® Q), Q) and rational numbers ry, 5, ..., r such that u’ = Zk

a=1"Ta%q-
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X X6 Xg41
v
V6
e
v X
X X< q+2
2 V' d x(/+5
Vo
. Vs X
A3 X4 e X4
Kg G, for g odd G, for g even

Fig. 16. An oriented K¢ together with K5 subgraphs.
Hence for an element x in L(G) ® Q, we have

u(x) = ¢*(u") (x)

k
=D @' e)(x)

q=1

k
=D rgge((x))

g=1

k
= qugq 0 (iy X i,)*(x).

q=1
Now it follows that €1 o (i} X i1)*, &0 (ix X i2)*, ..., & o (ix X ix)* generate Hom(L(G) ®
Q, Q). Hence, there are rational numbers ry, r», . . ., r; such that

k
Lo(f) =) reLe,(fl,)-

q=1

This implies the desired conclusion.

Example 4-5. Consider the oriented and labelled K illustrated in Figure 16. Let € be the
homomorphism from L(Kg) to Z given in Example 2.9, and let Le( f) be the corresponding
reduced Wu invariant. Forg = 1,..., 6, let G, be the K5 subgraphs illustrated in Figure 16
where ¢ is considered mod 6. Observe that the orientations and labels on G, are inherited
from those on K¢. Then for each g, the linking module L(G,) is generated by [ E*'**]. Let
g4 be the isomorphism from L(G,) to Z defined by g,(x;, x4) = 1. Let f be an embedding
of K¢ in S3. Then it’s not hard to check that:

6
2L.(f) =) L., (flg,)
g=1

Example 4-6. Consider the oriented and labelled K7 illustrated in Figure 5. The epsilon
coefficients which gave us the generalized Simon invariant for K are

e(xi, x;) =¢e(yi, y;) =€z, 2j) = &(xi, ;) = €(yi, zj) = 1.

E(X,‘, y]) = -1
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Fig. 17. We consider these oriented subgraphs of K7.

These values of e(a, b) define a homomorphism ¢ : L(K;7) — Z, which corresponds to a
reduced Wu invariant £~E (f).Forq =1,2,...,7,1let G,, H;, F; and L, be the subgraphs
of K7 illustrated in Figure 17, where the subscripts are considered mod 7. Observe that the
orientations on the subgraphs are inherited from those of K in Figure 5.

Each G,, H,, and F, is homeomorphic to K3 3. Each L(G,) is generated by [ E*'***], each
L(H,) is generated by [E”7] and each L(F,) is generated by [E*%]. On the other hand,
each J, is homeomorphic to 2K3, and each L(J,) is generated by [E*+*+]. Let ¢, be the
homomorphism from L(G,) to Z defined by ¢, (x1, x4) = 1. Let ¢, be the homomorphism
from L(H,) to Z defined by ¢,(y1, y;) = 1. Let n, be the homomorphism from L(F,) to
Z defined by n,(z1,z3) = 1. Let 6, be the homomorphism from L(J,) to Z defined by
0, (X441, Xg44) = 1. Let f be an embedding of K7 in S°. Then it is not hard to check that:

7 7 7 7
3L.(F) =Y Le)(fle)+ Y Lo, (flu) + D Ly, (f1r) =5 Lo, (f1s,)-
g=1

q=1 q=1 q=1

5. Minimal crossing number of a spatial graph

Let f be a spatial embedding of a graph G. The following theorem gives a lower bound
for the minimal crossing number of any projection of f up to isotopy.

THEOREM 5-1. Let f be an embedding of an oriented graph G in S* with generalized
Simon invariant Zg( f), and let c(f) be the minimum crossing number of all projections of
all embeddings ambient isotopic to f. Let m, be the maximum of |e(e;, e;)| over all pairs of
disjoint edges in G. Then

IZ(H)| < e(frm..

Proof. Fix adiagram of f(G) which realizes the minimal crossing number c(f). Observe
that c¢( f) includes crossings between an edge and itself as well as crossings between adja-
cent edges, which are not included in Ze,ﬂe,:g [£(f (ei), f(e;))|. Therefore, we have the
following sequence of inequalities.

L)l =| Y eleent(fle. flep)

eiNej=
< D leCen epllef e, flep))l
eiNe;=
<me Y le(f e, flep)
eiNe;=

< mge(f).
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Fig. 18. This projection of an embedded K¢ has a minimal number of crossings.

Thus we have the result.

Since every reduced Wu invariant with respect to a given homomorphism ¢ is a general-
ized Simon invariant with epsilon coefficients given by ¢(a, b), Theorem 5-1 is true for any
reduced Wu invariant £, (f).

Recall from Example 2.7 that the reduced Wu invariant of 2K is twice the linking num-
ber. Thus applying Theorem 5-1 to an embedding of 2K gives us the well known fact that
the minimal crossing number of a 2-component link is at least twice the absolute value of
the linking number. Applying Theorem 5-1 to Examples 22 and 2.3 shows that the minimal
crossing number of any spatial embedding of K5 or K3 3 is at least the absolute value of the
Simon invariant.

Example 5-2. Let f be a spatial embedding of K. Consider the generalized Simon in-
variant L.(f) given in Section 3. Since m.(f) = 1 for any projection of f, it follows from
Theorem 5-1 that c(f) = |L.(f)|.

Example 5-3. Consider the oriented and labelled K illustrated in Figure 16. We introduce
a new generalized Simon invariant for K¢ where the epsilon coefficients are given by:

8(xi,xj) = S(Zi,Zj) =1
e(yi, yj) = E(Xi,Zj) = -1
S(X,‘, y]) = 5()’1'71/‘) =0.

It is not hard to check that these epsilon coefficients indeed give us a generalized Simon
invariant for K. Alternatively, if we let 7} be the triangle with vertices y;, y,, and y; and
let T, be the triangle with vertices y4, ys, and yg, then we can define L.( f) as the sum of
2Ik(f(Ty), f(T»)) together with the Simon invariant of the oriented K3 3-subgraph obtained
from K¢ by deleting 77 and T5.

Let f be the spatial embedding of K illustrated in Figure 18, where 2n + 1 is the number
of positive crossings. We compute the generalized Simon invariant Le( f) as:

Lo(f)=e(n,ys) @+ 1D +e(s22) - 14806 y3) - 1=—Qn+1)—1=-2n-3.

Since m, = 1, it follows from Theorem 5-1 that c(f) > |Zg(f)| = 2n+ 3. The projection
in Figure 18 has 2n 4+ 3 crossings. Thus this projection has a minimal number of crossings.
In particular, this means that for every odd number k > 3, there is an embedding g of K in
S3 such that c(g) = k.

Example 5-4. Let f be the embedding of the Heawood graph illustrated in Figure 19,
where the numbers in each of the rectangles is the number of positive crossings. Using the
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Fig. 19. This projection of an embedded Heawood graph has a minimal number of crossings.

generalized Simon invariant from Section 3, we find that fg( ) =5Ck+1)+5Cm+1)+
52n + 1). Also, m, = 5. Now it follows from Theorem 5-1 that c¢(f) > 2(k +m + n) + 3.
Since this is precisely the number of crossings in Figure 19, it follows that this projection
has a minimal number of crossings. Since we can choose any values for k, m, and n, it
follows that for every odd number / > 3, there is an an embedding g of the Heawood graph
in $3 such that ¢(g) = [.
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