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Abstract

We study various graphs associated with symmetric groups. This leads
to a quick understanding of automorphisms, dualities and polarities both
for the Desargues configuration and the smallest generalised quadrangle.
The results are used to establish the existence of outer automorphisms
of the symmetric group on six symbols, and the exceptional isomorphism
between the alternating group on six symbols and the little projective
group of the projective line over the field with nine elements. For the
latter isomorphism, we present a new proof of uniqueness for the inversive
plane of order 3.

1 Introduction

The Desargues configuration is an incidence structure with ten points and ten lines;
it plays an important role in the foundations of geometry (see 1.3 below). It turns
out that it is also of great interest of its own; this is due to its inherent symmetry.
We give a sleek description of this configuration first:

1.1 Definition. Let F' be a set of 5 elements. As point set, we take the set (I;) of

all subsets of size 2 in F', the set (I;) of lines consists of all subsets of size 3, and

incidence is inclusion: D := ((1;), (1;), C).

It seems that this labelling dates back to [12, IV, §1]. In the present notes, we
will use it to give a simple proof of the (long known) fact that the automorphism
group of I is isomorphic to the symmetric group S;. We will also generalise the
construction, so that the Petersen graph, the doily (viz., the smallest generalised
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quadrangle) and the inversive planes of orders 2 and 3 can be treated together with
the Desargues configuration, in a certain uniform way. The study of dualities will
shed light on the (also known) fact that the group Sg admits automorphisms that
are not inner ones. Finally, we use our observations to show that the alternating
group Ag is isomorphic to the little projective group PSL(2,9) of the projective line
over the field with nine elements (which also acts on the inversive plane described
by the field extension Fq/F3). To this end, we establish an isomorphism between
the incidence graph of the doily and the complement of the confluence graph of an
inversive plane of order 3; see Section 6. Uniqueness of that inversive plane is shown
in Section 7.

1.2 Desargues’ configuration in the plane. Levi’s labelling (as used in 1.1) does
not give a good geometric intuition—unless you are used to looking at projective
spaces in dimension 4, like Levi [12]. There are many ways to draw the Desargues
configuration in the Euclidean plane, see Fig. 1.
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Figure 1: Different drawings of the Desargues configuration, using straight lines.

The shaded triangles in these drawings hint at an interpretation that is used fre-
quently: We have two triangles that lie central with respect to some point (labelled 01
in the drawings on the left in Fig. 1 and in Fig. 2, respectively) and axial with re-
spect to some line (containing the points with the labels 23, 34 and 24 in Figs. 1
and 2, respectively). Any such drawing will hide some of the inherent symmetry of
the configuration (but see Fig. 3 below). However, if one is willing to accept that
some of the lines are represented by curves rather than straight lines one can exhibit
the dihedral group of order 10 as a subgroup of the group of all automorphisms. We
show such a drawing in Fig. 2—and thank the anonymous referee for suggesting this
picture.

The following fact has long been known, see [9, §19] for a proof:

1.3 Desargues’ Theorem. If two triangles (a1, az, az) and (by, by, b3) in a projective
space of dimension at least 3 are in central position (i.e., if the lines a; V b; are
confluent) then they are in azial position, as well (i.e., the points (a; V ay) A (b; V by)
are collinear).



DESARGUES, DOILY, DUALITIES 253

Figure 2: A more symmetric drawing, with bent lines (left), and with triangles
(right).

The two triangles, the centre and the points on the axis form a Desargues con-
figuration.

There are, however, many projective planes containing triangles in central posi-
tion that are not in axial position. The reader may consult Hilbert’s classic [8, V § 30]
for the role of the Desargues configuration in the foundations of geometry, or get an
impression of how the Desargues configuration is used to understand the wealth of
projective planes from Chapter 3 of [17] or Sections IV, V and VI in [10]. The early
history of non-Desarguesian plane geometries is traced in [22].

2 Some graphs associated with symmetric groups

Let F be any set (finite or not), and let n be a natural number. By (5 ) we denote
the set of all subsets of size n in F. In order to save some brackets, we denote the
sets {4, 7} and {4, 7, k} by ij and ijk, respectively.

We need some terminology: an incidence structure (with two types) is a triplet
P = (P, B,I) consisting of two sets P and B together with the incidence relation
I C Px B. Often, one calls the elements of P points and those of B blocks (sometimes
lines, edges, or circles), the elements of I are also called flags. The dual P* =
(B, P,I*) of P is obtained by interchanging the roles of points and blocks; with the
incidence relation I* := {(b,p)| (p,b) € I}. If each block b € B is determined by its
point row P, :={p € P| (p,b) € I} then we may replace B by the set {P,| b € B};
the incidence relation is then just “€”. The set of blocks through a point p is denoted
by B,.

A graph! is an incidence structure G = (V, E, €) where E C (‘2/) Traditionally,
the points are called wvertices, the blocks are called edges, and two vertices are called
adjacent if they form an edge. The complement graph G := (V7 (‘2/) N E, G) has the
same vertex set, but two vertices are adjacent in G° precisely if they are not adjacent

“We only consider unordered graphs without loops here.
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in G.
Two different graphs are naturally defined on the set (}; ):

2.1 Definitions. The graph Er has (I;) as vertex set, and two vertices (i.e., two
subsets of size 2 in F') are adjacent if they are disjoint®>. The graph Mp := Ez°
is the complement graph of Ep. If F' is finite of size n, we replace it by the set
{j € N| j < n} of the same size, identifying E,, := Er and M, := Mp.

2.2 Buttons and laces. For any set F' of small size n, one obtains nice (and self-
explaining) labels for the elements of (5 ) and for subsets of (5 ) by fixing a set of n
points (“button holes”) in a suitable arrangement, endowed with marks (“laces”)
that indicate the subsets in question. We have taken inspiration from [18, 4.3, p. 54]

(cf. also [19] and [24]).

2.3 Definition. To any incidence structure P = (P, B, I) we associate the following
graphs:

o The incidence graph Jp := (P B,{{p,b}| p € P,b € B,(p,b) € I}, €) has the
disjoint union® P[] B as vertex set; a point and a block are adjacent precisely
if they are incident.

e The collinearity graph Cp of P is the graph with vertex set P where an edge
is put between two vertices if, and only if, these points are joined by a block
in P.

e The confluence graph of P is the collinearity graph Cp« of the dual P*.
2.4 Examples. Let F':={0,1,2,3,4} be the standard set of size 5.

1. The Desargues configuration D = ((g), (g), C) has My = Mp as its collinearity
graph.

2. Various graphical representations of the incidence graph Jp of D are shown in
Fig. 3: in Fig. 3(a), one sees an automorphism of order 5 (and its powers) plus
five involutions; these elements clearly form a dihedral group of order 10. The
pictures in Figs. 3(b), 3(c) and 3(d) should be thought of as spatial representa-
tions of the graph. These pictures allow to “see” actions of groups isomorphic
to So X Sz and Sy, respectively. It is also possible to see certain polarities.
See 5.3 below.

3. The graph Ej is the famous Petersen graph, see Fig. 4.
2.5 Definition. Let G = (V, E, €) be a graph. A clique in G is a subset C C V

such that any two vertices in C' are adjacent in G; we call a clique C mazimal if it
is not contained as a proper subset in any other clique in G.

2We think of Meeting sets and Empty intersections.
3If PN B # 0 we have to use one of the standard tricks to replace them by a pair of disjoint
sets.
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(b) showing v, v7, and Sz x S3

(d) showing S,

Figure 3: Pictures of the incidence graph Jp; cf. 5.1, 5.2, and 5.3.
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Figure 4: Collinearity graph Cp = Mj of the Desargues configuration (with two
maximal cliques indicated, on the left, cf. 2.6), and its complement (in the middle
and once more on the right): this is the Petersen graph Es.

2.6 Theorem. Let F be a finite set with at least 4 elements.

(a) If|F| is even then the set Pr of mazimal cliques in Er consists of all partitions
of F into two-element subsets (of F).

(b) If |F| is odd then Pg consists of all partitions of complements of singleton
subsets in F into two-element subsets (of F).

(c) The mazimal cliques in Mg fall into two disjoint sets, namely' Tp =
{{ab,bc,ca}| abc € (I;)} and Vp := {{az| z € F~{a}}| a € F}.

Proof. We note first that any clique in Er must consist of a collection of pairwise
disjoint elements of (I;) If |F| is even then every such clique is contained in a
partition by subsets of size two, and these partitions are the maximal cliques. If |F|
is odd, then there do not exist any partitions of F' into subsets of size 2. The union
over any clique in Er will then miss at least one point of F', and the maximal cliques
miss precisely one. This proves the first two assertions.

In order to prove the last one, we note first that the elements of Vp and those
of 7 are in fact maximal cliques of Mp. If ab and ac lie in a maximal clique C' then
{ab,ac} # C because |F| > 3. For yz € C ~\ {ab,ac} we then obtain yz = bc or
a € yz. Thus C € Tp or C ={az| z € F ~{a}} € Vp, as claimed. O

3 Reconstruction, and full groups of automorphisms

We start with a general observation:

3.1 Lemma. Let G = (V, E, €) be a graph, and let B be a set of cliques such that
for each edge e € E there exists at least one B € B with e € B. Then the collinearity
graph Cyv,pe) coincides with G, and Aut (V, B, €) < Aut (G).

4Here we think of 7riangles and Vertices.
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Proof. Tt follows immediately from our assumption that two vertices z,y € V are
collinear in (V, B, €) precisely if they form an edge in G. Thus Cype) = G. It
is true in general that every automorphism of an incidence structure induces an
automorphism of the collinearity graph of that structure. As different automor-
phisms of (V, B, €) act differently on V', we obtain our last assertion: Aut (V, B, €) <
Aut (Cvp,e))- U

We return to our incidence geometries constructed from subsets of a set F'. The
group Sg of all permutations of F' acts in an obvious way by automorphisms of the
incidence geometries M, Efp, ((5),’]}:, 6), ((g),VF, G), or ((g), Pr, G). The action
in question is faithful if |F'| > 2; we will then identify Sg with the induced group of
automorphisms.

3.2 Lemma. For any set F, the incidence structure ((5) ,Vr, G) 1s dual to (F, (g), E).
This is the complete graph on F, and Aut ((‘;)7 Vr, G) = Aut (F, (‘;)7 G) = Sp.

3.3 Theorem. Let F be any set, and let X be one of Mp, Ep, ((g),TF,E),
((g),VF,E), or ((5),771:,6). If |F| > 5 then Sp = Aut (X).

Proof. We already know that Sp is contained in Aut(X). It is also true that
Aut (Mp) = Aut (Er) because Ep is the complement of M.

The members of 7r have size 3 while those of Vi have size |F'|—1. For |F| # 4, this
means that Aut (Mp) leaves both 7 and Vp invariant. Now Aut (M) is contained
in the automorphism group of ((1;),’]}76), of ((1;)71/1:,6)7 and of ((5)7771:,6)7
respectively.  Conversely, Lemma 3.1 yields Aut ((1;), Tr, G) < Aut(Mpg) and
Aut ((};),PF, G) < Aut (Er) = Aut (Mp). Finally, we have Aut ((};),VF, G) = Sp
by Lemma 3.2. (|

3.4 Corollary. The full automorphism group of the Petersen graph Es is Aut (E5) =
Ss. O

3.5 Remark. The graph Ep is also known as a Kneser graph, and denoted by Kg .
One knows in general that Aut (Ep) = Sp if |F| > 5, cf. [15] or [7, 7.8.2]. The
automorphism groups Aut (Ey) and Aut (E,) form exceptions to this general pattern,
see Examples 3.7 below.

3.6 Theorem. The full automorphism group of the Desargues configuration is
Aut (D) = S5.

Proof. The group Aut (D) contains S5 and is embedded in the automorphism group
of the collinearity graph Cp = Mj, see Examples 2.4. Our claim follows from the
fact that Aut (M) = Ss, see Theorem 3.3. O

3.7 Examples. The small values n € {2, 3,4} form exceptions to our general results,
as follows:

1. The symmetric group Sy acts trivially on (g), and the trivial group Aut (E) is
a proper quotient of Ss.
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2. The graph M3 s just one clique. There is only one type of maximal clique; the
set V3 does not consist of mazimal cliques.

3. The sets 7; and V, are fused under the action of Aut (E4). The group Aut (E4)
is indeed larger than Sy, it is a semi-direct product of S3 with an elementary
abelian group of order 23. Thus |Aut (E,) | = 2* - 3 = 2|S,]. Indeed, the graph
E, has 6 vertices and 3 edges; every vertex belongs to precisely one edge.

4 The doily

Generalised quadrangles play an important role in Jacques Tits’ theory of buildings,
but they are also a quite classical object of geometry because a large family of
“classical” examples is provided by certain ruled quadrics. We will only consider the
smallest specimen here (which represents the unique isomorphism type of generalised
quadrangles of order 2, cf. [21]).

Figure 5: The doily W, and its dual.

4.1 Example. Let S := {0,1,2,3,4,5}, and recall that Pg denotes the set of all
partitions of S into three subsets of size 2, cf. 2.6. The incidence structure W :=
((‘;),PS, G) is a generalised quadrangle (i.e., its incidence graph Jw has diameter 4
and girth 8, and every vertex has valency at least three). In fact, it represents the
isomorphism type of the smallest generalised quadrangle, known as the doily, see
Fig. 5.

The incidence structure W is shown in Fig. 5, its incidence graph in Fig. 7. The
collinearity graph of the doily is Cyw = Eg, shown in Fig. 6 (it is isomorphic to the
confluence graph because the doily admits dualities, see 5.4).

4.2 Theorem. The automorphism group of the doily is Aut (W) = Sg.

Proof. This is a special case of 3.3. (|
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Figure 6: The collinearity graph Cw of the doily.

4.3 Remark. There are two actions of Aut (W) on geometrically defined sets of
size 6, namely the set of ovoids (i.e., maximal sets of pairwise non-collinear points
in W) and the set of spreads (defined dually, as maximal sets of pairwise non-confluent
lines in W).

One of those ovoids is {{0,5},{1,5},{2,5},{3,5},{4,5}}; the stabiliser of that
ovoid is the stabiliser S5 of the subset {0,1,2,3,4} C S, taken in S.

4.4 Remarks. Freudenthal [6] has used this description of the doily, extending it
to a description of the generalised quadrangle of order (2,4) (i.e., with 3 points
per line and 5 lines per point). The extra points come as two copies S and S’ :=
{07,1/,2/,3', 4,5’} of the set S of size six, new lines are obtained as sets {7, {j, k}, '}
for {j,k} € (;) That description shows that the action of Sg extends to an action
of Sg on the larger generalised quadrangle. However, the determination of the full
group of automorphisms is harder than the study of Aut (W).

See [16, 6.1.3] for a brief résumé of Freudenthal’s paper, and [21] for another
elementary approach to the generalised quadrangles with 3 points per line (including
proofs of uniqueness).
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It is quite amazing what can be done with a set of six elements, together with its
subsets of size two and its partitions into sets of size two (viz., the points and lines
of the doily). Among the structures accessible via constructions in this vein are the
projective plane of order 4, the Hoffman-Singleton graph and the 5—(12,6, 1) design,
see [2, Ch. 8] (or the extended version in [3, Ch. 6]). The 5—(12,6, 1) design can then
be used to find an outer automorphism of the Mathieu group Mis; we do this for the
small case Sg in Section 5 below.

5 Dualities

Recall that a duality of an incidence structure P = (P, B, I) is an isomorphism from
P onto its dual P*. Every duality induces an automorphism of the incidence graph Jp
interchanging P with B. The duality is called a polarity if this automorphism of Jp
is an involution.

Both D and W admit polarities. These induce (via conjugation) involutory au-
tomorphisms of Aut (D) = S5 and Aut (W) = Sg, respectively. We study these in
detail now.

5.1 Example. Let F' = {0,1,2,3,4}. Interchanging X with its complement F' ~\ X
gives a polarity v of D = ((5)7 (g), E). This polarity commutes with every element
a € Aut (D) = S5 because F' . X* = (F \ X)*. Therefore, it induces the identity
on Aut (D) = Ss, and Aut (Jp) = Ss x Ss.

Every other duality of D is obtained as ya for some o € Aut (D), and induces an
inner automorphism of S5. We note that o is a polarity precisely if a2 = id.

For 8,0 € Aut (D) we have 37!(y0)3 = v371o3. This yields that dualities ya,
and yay are conjugates under Sy precisely if o and ap are conjugates in Sy. Using
the representatives 7 = (01) and § = (01)(24) of involutions in S5, we obtain:

5.2 Theorem. The set of all polarities of D is the union of three conjugacy classes,
represented by 7y, yT, and 9.

5.3 Remark. One sees v as the reflection at the centre of the drawings of the
incidence graph in Fig. 3(a), in Fig. 3(b), and also in Fig. 3(c) — note that the latter
representations are meant to be three-dimensional. The reflection in a horizontal
plane shows ¢ in Fig. 3(c), and a half-turn around the vertical axis describes 7 in
Fig. 3(b) (we also have to interchange the two inner vertices on the vertical axis).

An edge of the incidence graph is called an absolute flag with respect to a polarity
if it is fixed by the polarity. One sees immediately that v does not have any absolute
flags at all. It is less obvious but still true that 7 does not have absolute flags, cf.
Fig. 3(b).

The set of absolute flags of 7§ is {{02, 230}, {40, 340}, {12,123}, {41, 341} }; this
can be seen conveniently with the help of Fig. 3(c) where v occurs as the reflection
in a horizontal plane.
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Figure 7: The incidence graph Jyw of the doily—and the complement of the confluence
graph of the inversive plane Ip; of order 3.

5.4 Examples. The doily W admits polarities.
One of these can be seen in the representation of the incidence graph Jw in Fig. 7,

as the reflection p at a vertical axis. The conjugate m = (35)p(35) of the polarity p

is also visible in Fig. 5: we map each label p € (;) used in the left image to the

partition p™ used as the label for the same position in the right image.
For the sake of easy reference, we number the six holes, as shown

in the drawing on the right. Then the polarity m can be described

explicitly, as follows (we write elements of (‘;) as sets here, for the

(1)
sake of clarity): (2)

e For a point of the form {5, 5} with j € {0,1,2,3,4}, the image under = is the
partition {{5,7},{j +1,j —1},{j +2,j — 2} }.

e For {j,j + 2} with 5 € {0,1,2,3,4}; the image under 7 is the partition
{5+ 1 {57 —2h{j+2j - 1}}.
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e For {j,j + 1} with 5 € {0,1,2,3,4}; the image under 7 is the partition
{{5.5-20 {57 —1hL{i+1j+2}}

Of course, addition in {0, 1,2, 3,4} is performed modulo 5.

We use different conjugates because the polarity p in Fig. 7 should invert® the
“visible” automorphism ¢ := (01234) of order 5, while the polarity 7 in Fig. 5 should
centralise .

Conjugation by a duality of an incidence structure P induces an automorphism
of Aut (P). In particular, the polarity = of W induces an involutory automorphism

of Aut (W) = S.

5.5 Theorem. For any duality § of W, conjugation by 6 induces an automorphism
of Se that is not an inner automorphism of Sg. In particular, conjugation by the
polarity ™ induces an involutory automorphism of Sg¢ that is not inner.

Proof. For each ab € (g)7 the transposition 7 = (ab) € Sg is an automorphism
of W fixing precisely 7 points; namely, the point ab and each point collinear with ab.
The lines fixed by 7 are precisely those through the point ab. Conjugation by any
duality ¢ (such as 7) interchanges the set of fixed points of 7 with the set of fixed

lines of §~!7§. Thus 7 and §~'76 cannot be conjugates in the group Sg. (|

The sets of points and lines of the doily W can be interpreted as the two con-
jugacy classes (represented by (01) and (01)(23)(45), respectively) of involutions
in Sg \ Ag; two such involutions from different classes are incident if they commute.
Every automorphism of Sg either preserves each one of these classes (and induces
an automorphism of W) or interchanges them (and induces a duality of W). In any
case, that automorphism of S¢ induces an automorphism of the incidence graph Jyw.
Thus we obtain:

5.6 Theorem. The group Aut (Jw) of all automorphisms of the incidence graph of
the doily is isomorphic to the group of all automorphisms of Sg. In particular, we

have |Aut (Sg) | = 2 |Se|. O

5.7 Remark. Among all symmetric groups, the group Sg is singled out by the
existence of automorphisms that are not inner. For a nice proof, see [14]. An
analogous result holds for the alternating groups, see [15], cf. [26, 2.4.1]. See [26,
2.4.2] for a purely group theoretic construction of an outer automorphism of Sg (using
the fact that S has 6 Sylow 5-subgroups).

5.8 Classification of polarities. The doily is just the start W = W(2) of the
infinite family of (finite) symplectic quadrangles W(q) where ¢ is a prime power.
Note that W(q) admits dualities precisely if ¢ is even, and that W(q) admits polarities
precisely if ¢ is even and not a square, cf. [20, 4.9]. One knows that there is just one
conjugacy class of polarities, cf. [20, 5.4] (and use the fact that there is at most one
Tits endomorphism in a finite field).

5The polarity p centralises ((01245)).
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One could also derive directly from our present description that there is only one
conjugacy class of polarities of the doily. However, this requires a detailed study of
the action of 7 on (conjugacy classes in) Sg; cf. [24, 5.3].

6 Inversive planes

6.1 Definition. An incidence structure I = (P, C, I) is called a finite inversive plane
of order n if for each point p € P the affine derivation I, := (P~ {p},C,, I,) at p is
an affine plane of order n; here I, denotes the intersection of I with (P~ {p}) x C,.

We note that this is not the standard definition of inversive plane, but equivalent
to the usual one (see [4, 6.1, p. 253]) — and very well suited for our discussion here.
The blocks of an inversive plane are called circles because of the following fact (which
is, in fact, one of the axioms in the standard definition):

6.2 Lemma. Through any set of three points in an inversive plane there is precisely
one circle. O

6.3 Example. We construct an inversive plane Ip; of order 3, as follows. As point
set, we take the set P of all partitions of S := {0,1,2,3,4,5} into three-element
subsets. The set C' of circles is the union of (g) and the set of all partitions of S
into elements of size two. We resume our convention that ab denotes {a,b} and zyz
denotes {z,y, z}.

If xyz € (g) then [zyz] denotes the partition {zyz, S \ zyz}. A point [zyz]
and a circle ab are incident if zyz N ab has an even number of elements (i.e., if ab
is completely contained in one of the members of the partition). The point [zyz]
is incident with the partition {ab,cd,ef} if each one of the intersections zyz N ab,
zyz Nab, and xyz Nef has precisely one element.

Clearly Sg acts by automorphisms on this incidence structure, and that action is
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In Table 1, we list the point rows of these lines in columns (skipping the point 024
which belongs to each of these blocks); the black button on top indicates the line;
the white buttons below denote the points. In Fig. 8 we have labelled the points of
the affine plane of order 3 with these point labels; one checks without difficulty that
the lines of Table 1 are those in the image of the affine plane. Thus we have verified
that the affine derivation of Ip; at 024 is an affine plane of order 3. Transitivity of
the automorphism group on the point set now gives that Ip; is indeed an inversive
plane of order 3.

The incidence graph and the collinearity or confluence graph of Ips are quite
complicated to draw. However, the complement of the confluence graph is rather
simple: it is the same as the incidence graph of the doily, see Fig. 7.

6.4 Lemma. The automorphism group of the inversive plane Ips contains Sg and is
contained in Aut (Jw) = Aut (Se).

Proof. We have already observed the inclusion Sg < Aut (Ip;). The automorphism
group of Ip; acts on the confluence graph Cpp: and then also on its complement
graph. The latter is isomorphic to the incidence graph of the doily, and we obtain
Aut (Ip;) < Aut (Jw) = Aut (Se), cf. 5.6. O

6.5 Remark. There is only one isomorphism class of inversive planes, respectively,
of order 2 or 3. In fact, each inversive plane of order 2 is isomorphic to (F , (5), 6)7
for any set F' of order 5. The case of order 3 can be solved by direct and elementary
arguments ([27], see 7.2 below); it can be deduced with more help from geometry
and group theory (as in [13, (2.1)—(2.5)]), and it also follows from a general — and
much deeper — result, cf. [25].

The inversive planes of orders 2 and 3 are members of an infinite family of finite
inversive planes, constructed as follows: Take the field K := F, of order ¢, and
let L = Fp denote the quadratic extension field. The point set of the projective
line over K is embedded in the point set PG(1,L) = {Lv| v € L? \ {0}} of the
projective line over L as

PG(1,K) := {Lv| v € K2~ {0}}.

Let Ck denote the orbit of this subset under the natural action of PI'L(2,1L). Then
Ipg = (PG(1,L),Ck, €) is an inversive plane of order ¢ = |K|. The full group of
automorphisms of Ipg is just the group PT'L(2,L), cf. [4, 6.4.1]. In 6.6 below, we
will only need the rather obvious part of this assertion; namely, that PT'L(2,L) is
contained in Aut (Ipg).

Of course, we have Ip; = Ipg,, and Aut (Ipy) = PI'L(2,9) follows. This group
has order 2°-32-5 = 6! - 2.

6.6 Theorem. The automorphism group of the inversive plane Ipy coincides with
the automorphism group of the incidence graph of the doily; and thus with Aut (Sg).
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Proof. We have remarked before that PT'L(2,9) acts on Ipgp,. The isomorphism
Ipp, = Ips from 6.5 thus yields

|Aut (Ipg) | = [Aut (Ipg,) | > [PTL(2,9)] =2°-3*-5=6!-2 = 2|Sq|.

On the other hand, we know Aut (Ip;) < Aut (Jw) = Aut (Se) from 6.4. Thus we
find |[Aut (Ips) | < |Aut (Jw) | = 2 |Aut (W) | = 2|Sg| = |Aut (S) |, and the assertion
follows. O

As a corollary, we obtain one of the famous exceptional isomorphisms between
finite simple groups:

6.7 Theorem. The groups PT'L(2,9) and Aut (Sg) are isomorphic, and so are their
commutator subgroups PSL(2,9) and Ag.

Note that PGL(2,9) and Sg are not isomorphic; there are three different groups
of order 6! between Ag and Aut (Sg).

7 Uniqueness of small inversive planes

It is easy to see that affine planes and inversive planes of order 2 are unique up
to isomorphism—we just obtain (A, (‘3),6) and (F7 (g),e), with |A] = 4 and
|F| = 5, respectively. The automorphism groups are Aut (A7 (‘3), 6) =S54 =8,
and Aut (F7 (z), G) = Sp = Ss, respectively, cf. 3.2. Figure 8 gives graphical repre-
sentations of the affine planes of order 2 and 3.

Figure 8: The affine planes of order 2 and 3.

7.1 Proposition. Any two affine planes of order 3 are isomorphic. The automor-
phism group of any affine plane of order 3 acts transitively on the set of non-
degenerate quadrangles (i.e., sets of four points such that no three of them are
collinear).
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Proof. In any non-degenerate quadrangle () in an affine plane of order 3, the six lines
joining the four points form three sets such that two of them consist of parallel lines,
the third contains two lines intersecting in a point outside Q.

We choose a quadrangle and draw the two classes of parallels to the two non-
intersecting pairs of joining lines. Adding the missing lines (avoiding to add lines
that contain two points that are joined already) one finds that these missing lines
are just those marked in the drawing in Fig. 8. Thus there is just one isomorphism
type of affine planes of order 3. As our drawing of the plane may start with any
non-degenerate quadrangle, we obtain the transitivity assertion, as well. O

Now if we want to construct an inversive plane I of order 3, we may start with
the affine plane of order 3 and take it as the affine derivation I,. Then it remains
to find the circles not passing through p; each one of these is a set of four points in
the affine plane such that no three of them are collinear. From 7.1 we infer that we
may choose one circle S arbitrarily among the non-degenerate quadrangles. We have
fixed such a choice in Fig. 9(a); it consists of the black points.

(a) starting with circle S (b) finding the circle Qo
Figure 9: Finding circles for an inversive plane of order 3.

In I, there are 1 +9 = 10 points, we have 12 circles through any given point
(this is the number of lines in an affine plane of order 3), and every circle contains
143 =4 points. This yields that there are 10- 12 flags, and thus 120/4 = 30 circles.
We know 12+ 1 = 13 of them already, and proceed to determine the remaining ones.
We use the observation 6.2 that each circle is determined by any three of its points.

Consider the circle @)y through the three points on the lower right corner of our
drawing, marked black in the first image in 9(b). The circle S contains two of
these points. Therefore, no other point of S (marked grey in the image) lies in Q.
The points marked by dots are on lines containing two black points; thus none of
these points belongs to Qp. Only one point remains to complete (Qy. Anti-clockwise
rotation of the triplet of points yields the circles @1, @2, and Q3.

Now we start with the three black points in the image of 10(a). The grey points
belong to Q1 and Qs, respectively. The dots mark points on lines through two of the
black points. We obtain the circle Yy, and rotation gives Y7, Y3, and Y.

We proceed in 10(b) and 11(a) in analogous ways: grey points belong to already
established circles sharing two points with the new circle in question (we use @3, Yy
in 10(b) and @3, S in 11(a)), and dots mark points on joining lines.
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(a) finding the circle Yy (b) finding the circle Ry

Figure 10: Finding more circles for an inversive plane of order 3.

(a) finding the circle Jy (b) finding the circle L

Figure 11: Finding the last circles for an inversive plane of order 3.

We have thus found the 17 circles

S7 Q07Q17Q27Q37 %7}/17}/27}/37
R07R17R27R37 J07‘]l7<]27<]3

in addition to the 12 lines (i.e., circles through p). It remains to find one last circle L;
this is done in 11(b) using Y] and Y5 (or Ry and Ry). After the choice of S (which was
unique up to an automorphism of the affine plane) the set of the remaining circles is
determined uniquely. This means:

7.2 Theorem. There is precisely one isomorphism type of inversive planes of or-
der 3. O

8 Further exceptional isomorphisms

We briefly mention some more isomorphisms between classical groups that are related
to the topics discussed in this note.

It is well known (cf. [11, I, 8.14]) that there is only one isomorphism class of simple
groups of order 60, containing As, PSL(2,4), PSL(2,5) and the commutator group
Q7(4,2) of the orthogonal group with respect to a quadratic form of Witt index 1
on a 4-dimensional vector space over the field with two elements.

The semi-direct product Aut (Fy) x SL(2,4) =: ¥1L(2,4) = PXL(2,4) is contained
in Sp(4,2) = PSp(4,2) = PI'Sp(4,2), the automorphism group of the symplectic
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quadrangle over the field with 2 elements. This yields a natural action of PX1L(2,4)
on the doily; a spread is left invariant, and we find PXL(2,4) = S5 (cf. 4.3). See [23]
for details on the embedding and the action, for general ground fields.

The dual of the symplectic quadrangle is (in the finite case) the orthogonal quad-
rangle defined by a quadratic form of Witt index 2 on a vector space of dimension 5.
If the ground field admits a suitable quadratic extension (in particular, if the ground
field is finite) then that vector space contains a hyperplane such that the restriction
of the quadratic form has Witt index 1. This hyperplane then defines an ovoid in
the orthogonal quadrangle, invariant under the corresponding orthogonal group. For
the case of the finite field of order ¢, we obtain the group O~ (4, ¢), and for ¢ = 2 we
find the group O~(4,2) in the stabiliser of an ovoid in the orthogonal quadrangle of
order 2 (that quadrangle is isomorphic to the doily, by uniqueness). The stabiliser
in this smallest case is isomorphic to S5 (for instance, any member of Vs is such
an ovoid in W, cf. [24, Sect. 4]), the orders coincide, and we obtain O~(4,2) & Ss.
The restriction of that isomorphism to the commutator groups is the isomorphism
07 (4,2) = A5 mentioned above.

The isomorphism from Sg onto Aut (W) (cf. 4.2) yields group homomorphisms
from Sg into O(5,2) (using the isomorphism from W onto the orthogonal quadrangle
over Fy) and from Sg into Sp(4, 2) (using the isomorphism from W onto the symplectic
quadrangle over Fy), respectively.

The linear representations of S5 on F3 and Sg on F3 afforded by the embeddings
into orthogonal groups can also be interpreted as the actions on the sets of all subsets
of even size in a set of size 5 or 6, respectively. Here symmetric difference serves as
addition; the quadratic form maps such a subset X to the residue of | X|/2 modulo 2.
The embedding of Sg into Sp(4, 2) comes from the action on the quotient modulo the
radical of the polar form associated with that quadratic form.

Finally, we remark that the isomorphism from Ag onto PSL(2,9) also gives an
isomorphism onto 7(4,3) because there is a generic isomorphism PSL(2,¢?) &
Q7 (4,q) ([5, 198, p.194], see [1, Thm. 5.21]).

Acknowledgements

The authors gratefully acknowledge the hospitality and generous support at the
University of Canterbury (Christchurch, New Zealand) where the present paper was
finished during a stay as a Visiting Erskine Fellow.

We thank the anonymous referee for suggesting the picture in Fig. 2, and several
other very helpful remarks.

References

[1] E. Artin, Geometric algebra, Interscience Publishers, Inc., New York-London,
1957.

[2] P.J. Cameron and J. H. van Lint, Graph theory, coding theory and block designs,
Cambridge University Press, Cambridge, 1975.



3]

[4]

[5]

[6]

7]

DESARGUES, DOILY, DUALITIES 269

P.J. Cameron and J. H. van Lint, Designs, graphs, codes and their links, London
Math. Soc. Student Texts 22, Cambridge University Press, Cambridge, 1991.

P. Dembowski, Finite geometries, Ergebnisse der Mathematik und ihrer Grenz-
gebiete 44, Springer-Verlag, Berlin, 1968.

L.E. Dickson, Linear groups with an exposition of the Galois field theory, Teub-
ner, 1901.

H. Freudenthal, Une étude de quelques quadrangles généralisés, Ann. Mat. Pura
Appl. (4) 102 (1975), 109-133.

C. Godsil and G. Royle, Algebraic graph theory, Graduate Texts in Mathematics
207, Springer-Verlag, New York, 2001.

D. Hilbert, Grundlagen der Geometrie (Festschrift zur Feier der Enthillung des
Gauss-Weber-Denkmals in Géttingen), B. G. Teubner, Leipzig, 1899.

D. Hilbert and S. Cohn-Vossen, Anschauliche Geometrie, Springer, Berlin, Hei-
delberg, 1996.

D.R. Hughes and F. C. Piper, Projective planes, Graduate Texts in Mathematics
6, Springer-Verlag, New York, 1973.

B. Huppert, Endliche Gruppen. I, Die Grundlehren der Mathematischen Wis-
senschaften 134, Springer-Verlag, Berlin, 1967.

F. Levi, Geometrische Konfigurationen. Mit einer Finfihrung in die kombina-
torische Flichentopologie, S. Hirzel, Leipzig, 1929.

H. Liineburg, Uber die Gruppen von Mathieu, J. Algebra 10 (1968), 194-210.

H. Maurer, Zur Automorphismengruppe der symmetrischen Gruppen, Mitt.
Math. Ges. Hamburg 11 (2) (1983), 265-266.

H. Maurer, Die Automorphismengruppe des Durchschnittsgraphen der k-Teil-
mengen einer Menge, Mitt. Math. Sem. Giessen 165 (1984), 69-76.

S.E. Payne and J. A. Thas, Finite generalized quadrangles, Research Notes in
Math. 110, Pitman (Advanced Publishing Program), Boston, MA, 1984,

G. Pickert, Projektive Ebenen, Die Grundlehren der mathematischen Wis-
senschaften in Einzeldarstellungen mit besonderer Berticksichtigung der Anwen-
dungsgebiete LXXX, Springer-Verlag, Berlin, 1955.

B. Polster, A geometrical picture book, Universitext, Springer-Verlag, New York,
1998.

B. Polster, A. E. Schroth and H. Van Maldeghem, Generalized flatland, Math.
Intelligencer 23 (4) (2001), 33-47.



270

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

B. STROPPEL AND M. STROPPEL

M. J. Stroppel, Polarities of symplectic quadrangles, Bull. Belg. Math. Soc. Si-
mon Stevin 10 (3) (2003), 437-449.
Corrigenda: Bull. Belg. Math. Soc. Simon Stevin 11 (4) (2004), 635.

M. J. Stroppel, An affine proof of uniqueness for the smallest generalized quad-
rangles, including the determination of their automorphism groups, Note Mat.
27 (1) (2007), 153-169.

M. J. Stroppel, Early explicit examples of non-desarquesian plane geometries, J.
Geom. 102 (1-2) (2011), 179-188.

M. J. Stroppel, Actions of SL(2) on generalized quadrangles, Manuscript,
Stuttgart, 2012.

M. J. Stroppel, Buttons, holes and loops of string: lacing the doily, Preprint
2012/006, Fachbereich Mathematik, Universitat Stuttgart, Stuttgart, 2012.

J.A. Thas, The affine plane AG(2,q), q odd, has a unique one point extension,
Invent. Math. 118 (1) (1994), 133-139.

R.A. Wilson, The finite simple groups, Graduate Texts in Mathematics 251,
Springer-Verlag London Ltd., London, 2009.

E. Witt, Uber Steinersche Systeme, Abh. Math. Sem. Hansischen Univ. 12
(1938), 265-275,

(Received 4 Oct 2012; revised 14 Mar 2013)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


