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Preface

The student facing incidence geometry for the first time is likely to wonder if this
subject is some fanciful departure from the more familiar territory of Euclidean and other
metric geometry.

The geometry most commonly featured in high school curricula is that of the Euclidean
plane. This setting has the advantage and the disadvantage of familiarity. Certainly the
relative familiarity of the Euclidean allows many of the concepts to be accepted intuitively
in a short time, and to create an impression that these concepts are somehow useful as
representations, or at least idealizations, of the ‘real world’.

In fact the Euclidean plane is neither as simple nor as ‘real’ as the typical high school
student (or teacher) supposes. Moreover the Euclidean plane is often used as a setting
for learning the axiomatic method, which Euclid so capably promoted. Unfortunately
the Euclidean plane carries far too many implied notions for the average student to fully
appreciate and capably use in proving propositions. Indeed many of these notions were
only vaguely understood by Euclid himself, or by his strongest successors. In addition to
incidence, there are also the notions of distance, angle, continuity, betweenness/separation,
etc. Moreover the Euclidean plane is no less complicated than the real number system: for
example the Euclidean plane contains subsets whose area cannot be meaningfully defined
(non-measurable subsets in the Lebesgue sense). Even if one avoids such subtleties, the ar-
ray of mathematical tools arising in typical Euclidean plane geometry is rather formidable.
Thus it is not surprising that the independence of Euclid’s fifth postulate remained in ques-
tion for centuries.

By stripping away all the extra baggage of distance, length, angle, continuity, be-
tweenness, etc. and retaining only the notion of incidence, we find that what remains is
still quite fascinating and highly nontrivial. In this setting the student will have ample
opportunity to experience the richness of many examples, while seeing every step of the
proofs built firmly upon a surprisingly small set of axioms. In this respect the study of
incidence geometry stands alongside group theory, topology and graph theory as a subject
area from which a very small set of axioms yields surprising bounty.

We intend our choice of topics be as self-contained as possible, while highlighting
the use of tools from other areas of mathematics, including finite fields, linear algebra,
groups, number theory, algebraic geometry, coding theory and invariant theory. The main
definitions and tools needed from these areas are therefore summarized in a number of
appendices.

To any experts who happen to be peeking at this (how embarrassing!), I beg your
indulgence as I occasionally oversimplify certain notions, and even omit some major results
and research trends. For instance, I know it is inexcusable to omit flocks of cones, BLT-
sets, g-clans, Kantor families, explicit triality automorphisms, construction of the Ga(q)
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hexagons, the actual definition of a building, or indeed of a polar space, etc. Sorry. Maybe

in the next revision!
A list of errata will be posted at
http://www.uwyo.edu/moorhouse/courses/5700/

With each mistake/misprint that you encounter in this manuscript, please first check the
website to see if it has already been listed; if not, please email me at moorhous@uwyo.edu

with the necessary correction to add to this list. Thank you!

Eric Moorhouse
September, 2007

Note on First Corrected Edition

Thanks to Colin Garnett, Dan May, Reshmi Nair, Stan Payne and Ryan Price for listing
errata in the first edition of these notes. The current version takes into account corrections
based on their comments.

Eric Moorhouse
January, 2008

Subsequent Corrections

Thanks to Anurag Bishnoi for a further correction (p.187). I intend to update this docu-
ment periodically as further mistakes are brought to my attention.

Eric Moorhouse
July, 2014
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PARrT I

Incidence Structures
1. Definitions and Examples

An incidence structure, or incidence system, consists of certain objects (usually called
points, lines, planes, etc.) together with certain incidence relations between these objects.
We begin our study with just two types of objects: points and lines. This course begins
simply with point-line incidence structures (3, £, ) (often simply abbreviated (3, £)) in
which 8 and £ are sets of points and lines respectively, and incidence relation I C ¥ x £
is a binary relation indicating which point-line pairs are incident. For example consider
the incidence system with point set Py = {P,Q, R, S, T}, line set £y = {¢{,m,n,r} and
incidence relation

I=A{(P0), (P,m), (@, 1), (Q,n), (T,€), (S,0), (S,r), (R,m), (R,n)}.

We informally say that P lies on ¢ and on m, but not on n or r; also ¢ passes through
P,Q,S, T but not R; etc. The incidence structure (Po, Lo, ), or simply (Po,Lo), is
informally represented by the picture:

£ m n r
1 1 0 0]|er
& r 1 0 1 0]e
m/ \n A=10 1 1 0|=r
p 1 0 0 1]s
tQ T S 1 0 0 0fr

To the right we have also shown an incidence matrix for this structure: this is a matrix
with rows and columns indexed by the points and lines respectively, and with entries 0
and 1 corresponding to non-incident and incident point-line pairs, respectively. Neither the
picture nor the incidence matrix are unique; alternative choices for our example (Bo, £o)
are given by

O~ = O OS
_ o O o O s
—_ O = == s
O = OO =3
nw 3 v ™8O

Observe that the incidence matrix depends on the order in which points and lines are listed,
and so is not strictly unique. (We do not consider incidence matrices in the case of infinite
structures, i.e. having infinitely many points or lines.) Regarding the choice of picture, it is
important to note that the structure is determined by its incidence information only: there
is no relevant notion of distance, angle, betweenness, inside/outside, continuity, etc. Our
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pictures represent the same incidence structure (PBo, £o) because they represent exactly
the same sets of points and lines and incidences.

Consider two point-block incidence structures (8, £) and (F/, £'). An isomorphism
from (B, L) to (P, L) is a pair of bijections P — P’ and £ — £, which preserves
incidence. It is natural to assume that B and £ are disjoint (similarly P’ and £') so that
any such pair of bijections can be considered as a single bijection B U £ — P’ U £'. Let
us say precisely what we mean by an isomorphism, in this setting: An isomorphism from
(B, £) to (P, £') is a bijection o : PU L — P’ U L', such that

(i) P =P’ and £° = £'; and

(ii) for all P € P and ¢ € £, we have P € (iff P7 € (7.

An isomorphism from (3, £) to itself is called an automorphism. The set of all au-
tomorphisms of (B8, £), denoted Aut(P, £), is a group under composition. Our example
(Bo, £o) above has just one nontrivial automorphism o = (P, Q)(m,n) interchanging the
points P and @; and simultaneously interchanging the lines m and n. In this case we
have Aut(Po, Lo) = (o) = {1,0}. In terms of the incidence matrix A given above, this
means that if the first two rows are interchanged, and the 2nd and 3rd columns are also
interchanged, then the matrix A is preserved.

An automorphism group of (I3, £) is a subgroup of Aut(3, £), the latter being
the (full) automorphism group. (Compare terminology: a permutation group is
a subgroup of S,,, the latter being the symmetric group.) Consider the triangle A =
{P,Q, R}, {¢,m,n}) embedded in (Po, L£o); then A has exactly 6 automorphisms:

m i i n AutA = ((PQ)(mn), (PR)({n))

The dual of a point-line incidence structure (3, £) is the structure (£,P) with points
and lines exchanged, and with the same (or rather the reversed) incidence relation. The
dual of our example above, along with an incidence matrix for this dual structure, is

n P Q@ T S R
1 1 1 1 0]c¢

r/ \Q@ /T r 1 00 0 1|m
S 01 00 1]|n

me—ps—y 00 01 0]f¢r

Observe that an incidence matrix for the dual structure (£,%0) is simply the transpose of
an incidence matrix of the original structure (I3, £). A self-dual incidence structure is
one which is isomorphic to its dual. For example a triangle is self-dual. Considering the
triangle A presented above, we present an explicit isomorphism from A to its dual:

R m
P/ {— Q

Qr—n mis P m n _, P R
R—m n— R P 7 Q 14 0 n
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We seldom have use for point-block incidence structures in their full generality; rather
we consider those structures that satisfy certain well-chosen properties. For example a
partial linear space is a point-line incidence structure satisfying the axioms

(PLS1) Any two distinct points lie on at most one common line.
(PLS2) Every line has at least two points.

Thus for example A is a partial linear space; but neither are the example (o, £o) nor its
dual, which fail the second axiom (PLS2). Note that axiom (PLS1) says that the situation

1.1 Figure e

(called a digon) never occurs in our structure. Although such structures are sometimes
of interest, we shall reserve the term ‘line’ for subsets meeting in at most one point. If
Figure 1.1 occurs in a given structure we may use the term ‘block’ in place of ‘line’, referring
to such structures rather as point-block incidence structures.

A linear space is a point-line incidence structure satisfying the stronger conditions

(LS1) Any two distinct points lie on exactly one common line.
(LS2) Every line has at least two points.

Our example (Po, Lo) fails both axioms, but A is an example of a linear space.
When it becomes necessary to distinguish between a line ¢ and the set of its points,
we shall denote by [¢] the set of points on the line ¢. For example in the structure

m

P 14

we have [¢] = [m] = {P} although ¢ # m. Also in Figure 1.1 we see two ‘lines’ (or rather,
blocks) with the same point sets. This issue never arises in a partial linear space, where it
is easy to see that [¢] # [m] whenever ¢ # m.

Likewise for any point P we denote by [P] the set of lines through P. Thus for example
in (Po, £o) we have

[P] = {E,m}, [Q] = {E,n}, etc.;
) ={P,Q,S,T}, [m]={P,R}, etc.

In (Po, Lo) we write £ A'm = P to say that P is the unique point on both lines ¢ and
m. We also write PV Q = /¢ or simply PQ = /¢ to say that ¢ is the unique line through
both P and (). These operations are not always defined; for example RV S is undefined
in (Po, £o). But in any linear space we may safely write X V'Y for the unique line joining
two distinct points X and Y (and extend the definition to the case X = Y by writing
X VX = X). Similar remarks apply for the binary operation ‘A’.
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Exercises 1.
1. Give an example of a partial linear space which is not a linear space.

2. Find the automorphism group of each of the following point-line incidence structures:
(a) R (b)

U
Pe—370

3. Draw (and label) the dual of each of the point-line incidence structures shown in Exercise #2.

4. (a) Show that the dual of any partial linear space satisfies (PLS1).

(b) Give an example of a partial linear space whose dual is not a partial linear space.









PArT II

Affine Planes

2. Definitions and Examples

An affine plane is an incidence system of points and lines such that

(AP1) For any two distinct points, there is exactly one line through both.

(AP2) Given any line ¢ and any point P not on ¢, there is exactly one line through P
that does not meet /.

(AP3) There exist four points such that no three are collinear.

The most familiar model for these axioms is the Euclidean plane. (A model for a set of
axioms is an example which satisfies the axioms. The notions of points, lines and incidence
are not defined by our axioms; rather, any particular model provides an interpretation of
these notions.) More generally, if F' is any field, one constructs an affine plane over F' by
taking ordered pairs (z,y) € F? as points; and subsets of the form y = mz +bor r = a
(for fixed a,m,b € F') as lines; that is, point sets of the form

{(z,mx+b): x € F} for m,be F;
{(a,y) :y € F} forac€ F.

The incidence is the natural one: a point is on a given line iff it satisfies the required linear
equation. This plane is denoted A?(F), or often AG2(F), and is known as the classical
affine geometry of dimension 2, i.e. affine plane, over the field F. Note that A?(R)
is simply the Euclidean plane, but with attention given to just the incidence information,
disregarding the additional structure of distance, angle, topology, etc.

For every finite field IF, (where ¢ is a prime power) there is a corresponding classical
affine plane A?(FF,). The smallest two such planes are as shown:

Y=z
y=1
(0,1) (1,1)
(0,0) (1,0)
y=0
x=0 r=1 ‘y=xz+1

2.1a Figure 2.1b Figure
AQ(FQ) : AQ(Fg) :
4 points, 6 lines 9 points, 12 lines
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Observe that A?(FF,) has exactly ¢ points and ¢* + ¢ lines. We now proceed to show
that every finite affine plane has n? points and n? 4 n lines for some positive integer n. Let
¢ and m be two lines in an affine plane. We say that ¢ is parallel to m (denoted ¢ || m)
if either £ = m or the two lines have no points in common. By (AP1), any two lines are
either parallel or they meet in a unique point.

2.2 Proposition. Parallelism is an equivalence relation on the lines of an affine
plane.

Proof. Parallelism is clearly a reflexive symmetric relation on the class of lines. To prove
that this relation is transitive, let ¢; be lines of an affine plane (i = 1,2, 3) such that ¢ || {2
and ly || £5. We may assume that ¢1, s, (3 are distinct. If /1 and ¢35 are not parallel then
they meet in a point P; but then ¢; and ¢3 are distinct lines through P parallel to /o,
contrary to (AP2). Thus ¢; || ¢35 and we are done. ]

2.3 Theorem. In an affine plane, any two lines have the same number of points,
finite or infinite. More precisely, given any two lines £ and ¢, there is a bijection
between the points on ¢ and the points on ¢'.

Proof. Let £ and ¢’ be distinct lines. Thus there exists a point P on ¢ but not on ¢, and
a point P’ on ¢’ but not on ¢. Let p = PP’ (the unique line joining P and P’). For an
arbitrary point R on £, let r be the unique line through R parallel to p. Since r || p Jf ¢/,
the lines r and ¢ must meet, say in a point R’. The map R — R’ is a well-defined map
from points of ¢ to points of ¢'. Interchanging ¢ and ¢’ (also P and P’) gives a similar map
from the points of ¢’ to the points of £, which maps R’ — R; but this is clearly the inverse
of the previous map. L1

The order of an affine plane is the number of points on any given line of the plane.
It is clear from the axioms that the order is at least two. Observe that the classical finite
affine plane A%(F,) has the same order as the finite field F, used to construct the plane,
namely g. Moreover the Euclidean plane has infinite order (more precisely, its order is
the cardinality of the real numbers, namely |R| = 2%, the cardinality of the continuum).
Similarly A%(Q) has countably infinite order |Q| = R .

2.4 Theorem. Let 2 be an affine plane of finite order n. Then every point of 2 lies
on exactly n+1 lines, representing the distinct parallel classes of lines. Moreover every
parallel class of lines consists of n lines which partition the points of 2. In particular
2 has exactly n? points and n? + n lines.
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Proof. Let £ be any line of 2. There exists a line m not parallel to ¢. (Observe that ¢
has n > 2 points, and by (AP3), not all points lie on ¢. If P is any point on ¢ and @
is any point not on ¢, we may take m = PQ.) Let Mj,..., M, be the points of m, and
for each i € {1,2,...,n}, let ¢; be the unique line through M; parallel to ¢. (Note that

e {ly,...,0,}; we may assume that £ = ¢1.) We see that every line parallel to ¢ is one of
l1,...,0y . Indeed if ¢’ is a line parallel to ¢, then ¢’ || ¢ f m so ¢’ meets m in a point M;
which forces ¢/ = ¢;. Moreover the point sets of /1,..., ¥, partition the points of 2; for
if P is any point and ¢’ is the unique line through P parallel to ¢, then as we have seen,
e {51, - ,fn}

By (AP3) and (AP1) there is at least one line ¢. Let {¢1,...,¢,} be its parallel class.
Since the lines /4, ..., ¢, partition the points of 2, and each ¢; has exactly n points, it

follows that 2 has exactly n? points. Let P be any point of 2 and let r be the number
of lines through P. Count in two different ways the number of points @) distinct from
P. Since every point ) # P determines a unique line PQ) with n points, and every line
through P has n — 1 points distinct from P, we have n? —1 = (n —1)r so that r = n+1. ]

We now give an example of an affine plane that is not classical. The easiest example
is perhaps the following infinite affine plane, formed by perturbing the Euclidean plane.
The Moulton plane has point set R?, and lines are of the form z = a (for a € R constant,
the ‘vertical lines’); and the lines y = m oz + b for m,b € R; here the binary operation o
is defined by

mx, ifm<0oraz<0;
mox = }
2mz, ifm > 0and x > 0.

Note that if m < 0 then the line y = m o x 4+ b is simply a Euclidean line of non-positive
slope. If m > 0 then the line y = m o x + b bends as it crosses the y-axis; the slope of the
portion to the right of the y-axis is double that of the portion to the left of the y-axis.

2.5 Theorem. The incidence system defined above is in fact an affine plane.

The proof, which we omit, is a straightforward if slightly technical matter of checking
cases.

The following table lists the number of isomorphism types of affine planes of order
n for some small values of n. Complete enumeration of planes has been accomplished to
date only for n < 10; thus for n > 11 only lower bounds are currently available.

n 2 3 4 9 7 8 9 10 11 13
no. of affine A U S T T S O I A A N S O IS
planes of order n — —

n 16 17 19 23 25 27 29 31
B e | 255 | 21| 21 | 21 | oo | sa | o1 [
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The most basic open problems in finite geometry may be stated as follows:
e If there exists an affine plane of order n, must n be a prime power?
e Is every affine plane of prime order p isomorphic to the classical plane A?(F,)?

These problems will be reformulated in terms of projective planes in Part III, where we
will describe the very modest progress to date towards answering these questions.

Exercises 2.

1. A t-(v,k, ) design is a point-block incidence structure with v points such that each block contains
exactly k points, and such that every t-set of points is contained in exactly A blocks. Show that an
affine plane of order n > 2 is the same thing as a 2-(n2, n, 1) design.

2. Find complex coordinates for the four unlabelled points in the following incidence structure so that
the indicated incidences hold in the complex affine plane:

(0,2)

;0)

(2,0)
Conclude that the affine plane of order three embeds in the complex affine plane A%(C). Similarly
show that A2(F3) embeds in A%(F,) for infinitely many primes p (which ones?).

3. An inversive plane, or a Mdbius plane, is an incidence structure (P,C) with a point set P and a
set C of blocks called circles, such that .

~N
/
(IP1) Every set of 3 distinct points lies on a unique circle. / o
| C

(IP2) If P,Q are points and C is a circle containing P but not |\ P,

Q, then there is a unique circle C’ containing @ such that  \ _

N
Cc'nC ={P}. or

(IP3) There exist 4 points not on a common circle.

(a) If S is a sphere in Euclidean 3-space, show that the points and circles lying on S form an inversive
plane. (This example is known as the real inversive plane.)

(b) If (P,C) is any inversive plane with a point P € P, show that (P~{P}, £) is an affine plane where
L is the collection of all point sets C~{P} where P € C € C.

(c) Show that a finite inversive plane is the same thing as a 3-(n?+1,n+1, 1) design for some n > 2.
(Equivalently, a finite incidence point-block structure is an inversive plane iff it is a 3-(n2+1, n+1, 1)
design for some n > 2.) We call n the order of the inversive plane.

(d) How many circles does an inversive plane of order n have?

(e) Explicitly construct an inversive plane with as few points as possible.

4. Consider the more general Moulton plane constructed using
mz, ifm<0orax<O0;
mox = .
cmz, ifm>0and x>0
where ¢ € R is fixed. Which values of ¢ give affine planes? Which values of ¢ give the Euclidean plane
(up to isomorphism)? Can two distinct values of ¢ give isomorphic planes? Explain.
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3. Translation Planes

Let V be a 2n-dimensional vector space over a field F'. A spread of V is a set 3 consisting

of n-dimensional subspaces which partition the nonzero vectors. If F' = F, then V has

¢*>"™ — 1 nonzero vectors and so the number of spread members is

2n
" —1

We typically write ¥ = {Vp, V1, Va,..., Vyn }. The members V; € ¥ are called the compo-
nents of the spread, and they satisfy V; @ V; =V for all © # j. Given a spread ¥ in V' we
consider the point-line incidence structure 2(X) defined by

(i) Points are vectors in V.
(ii) Lines are components of ¥, or more generally cosets of the form v + U where
veVand U € .

3.1 Theorem. The incidence structure 2((X) is an affine plane. The group of trans-
lations x — z+w for w € V' is an automorphism group acting regularly on the points
of this plane.

Proof. The last assertion is clearly true since the translation x — x+w maps a typical
line w+ U to the line (w+x) 4+ U. Let z,2’ € V' be two distinct points; we must show that
there is a unique line passing through x and 2’. There is no loss of generality in assuming
2’ = 0; otherwise translate by the vector —z’ to shift x and 2’ to some pair of distinct
vectors, one of which is zero. Now there is a unique member U € ¥ containing z, and U
is the unique line containing  and 0. Thus (AP1) holds.

Consider a non-incident point-line pair, say € V and w+U where z ¢ w+U. Again
we may assume x = (; otherwise translate by —x. Now U is a line through z = 0 which is
disjoint from w + U. To show that this line is unique with these properties, consider any
line U’ € ¥ through 0 disjoint from w + U. If U' # U then V =U & U’ so w = u +
for some u € U, v € U’; but then u =w—u" € UN (w+ U’) = @, a contradiction. This
proves (AP2).

To verify (AP3), let U, U’ be distinct spread members, and consider any nonzero vec-
tors u € U, u' € U'. It is straightforward to check that no three of 0,u,u’, u+u’ are
collinear. L]

3.2 Example. Let V be a 2-dimensional vector space over a field F', and let ¥ be the
collection of all 1-dimensional subspaces. Then () is simply the classical affine plane
A%(F).
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3.3 Example: Regular Spreads. Let V = C? considered as a 4-dimensional vector
space over F' = R. Let ¥ be the collection of all subspaces U < V which are 1-dimensional
over C, considered as 2-dimensional subspaces over R. It is easy to verify that (X)) =
AZ%(C), so again this construction gives nothing new. More generally if £ D F is any
field extension of degree n, and V = E? considered as a 2n-dimensional vector space over
F, we may take X to be the collection of all U < V which are 1-dimensional subspaces
over E, hence n-dimensional over F; but then 2(X) = A2(E). Such spreads are called
regular for reasons that we will explain in Section 26 (not just because someone thought
the word ‘regular’ wasn’t used enough in mathematical contexts). The affine planes defined

by regular spreads, are simply the classical affine planes.

To obtain examples that are genuinely new (not just disguised versions of classical
planes) consider a finite field F' = F,. Consider the 2n-dimensional vector space

V=A{(z,y) : z,y € F"}.

Suppose My, My, ..., My _1 are n X n matrices over F' such that M; — M; is nonsingular
whenever ¢ # j. (There are many examples to show this is possible; the smallest is given
in Example 3.5 below.) For i =0,1,2,...,¢"—1 define V; to be the subspace ‘y = zM;’,
i.e.

Vi=A{(z,zM;) : z € F"}.
Also define V;» to be the subspace ‘x = 07, i.e.
Vgr ={(0,y) : y € F"}.

Let X = {Vo,Vl,...,an}.

3.4 Theorem. The set 3 defined as above is a spread in V.

The matrices Mo, My, ..., Mg 1 used in the construction of ¥ are called spread matri-
ces, or slope matrices for the spread . There is a veritable industry in constructing
examples of such sets of slope matrices, consuming entire careers of certain mathemati-
cians.

Proof of Theorem 3.4. Consider distinct 4,5 € {0,1,2,...,¢"—1} and suppose
(x,xM;) = (z,2M;) € V;NVj;

then x(M;—M;) = 0. Since M;—M; is nonsingular, this forces x = 0 and so V;NV; = {0}.
Also if (z,2M;) = (0,y) € ViNVgm then x =0 =1y so V; NV =0. Since ¥ has ¢"+1
members, by the remarks at the beginning of this Section we are done. L1
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The field Fyn can be represented as a subring of the n x n matrices over F, (see
Appendix A1.2). The resulting set of n x n matrices forms a spread set as above; however,
not surprisingly, the resulting translation plane is isomorphic to A?(F;» ) since such spreads
are regular as observed in Example 3.3. For example the following nine matrices over s
form a matrix representation of Fy:

R At R S R I B VR R R e

Accordingly they define a regular spread, which (boringly) yields the classical translation
plane A?(Fg). The following example is different, and therefore deemed more interesting.

3.5 Example: The Hall Plane of Order 9. Let F' = 3. The nine matrices

0 0 1 0 2 0 1 1 2 2 0 1 0 2 1 2 2 1
A e N R A A
satisfy the required condition that the difference of any two is nonsingular. This gives rise
to the Hall plane of order 9. This plane is one of seven nonisomorphic affine planes of
order 9, the smallest order for which nonclassical planes exist. One way to verify that this
plane is non-classical, would be to verify that it does not satisfy Desargues’ Theorem or
Pappus’ Theorem (Section 11). In principle this can be done directly from an incidence
matrix, but we omit the details. In Section 13 we will give another verification that the

Hall plane of order 9 is nonclassical, using 3-ranks of incidence matrices.

This example generalizes to an infinite family of translation planes, one of order ¢?
for every prime power ¢, called the Hall planes; see [31] for details of this construction.

3.6 Example: An Infinite Family of Nonclassical Planes. Let ' = F, where ¢
is an odd prime power, and let £ = [F > D F be its quadratic extension. Recall that of the
¢>—1 nonzero elements of E, exactly half are squares. The map

EF—-FE x—2

is an automorphism of F fixing every element of F', and mapping squares to squares. Define
a new binary operation ‘o’ on F by

{ xy, if y is a square (possibly zero);
roy=
Y x%y, if y is a nonsquare.

Consider the incidence structure with point set V = E? = {(z,y) : z,y € E} and with
lines of the form
{(z,xom+10b) : x € E} for m,b € E (lines of the form ‘y =z om +b’); and
{(a,y) : y € E} for a € E (lines of the form ‘z = a’).
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This gives a translation plane whose components are the lines through the origin:

(i) {(x,zom) : z € E} for m € E (lines of the form ‘y = x om’); and

(ii) {(0,y) : y € E} (the line of the form ‘x = 0’).
We check that two lines of the form (i) intersect only in {0} as required: Suppose (x,zom) =
(x,z om') with x # 0. Since z is a square in F iff 29 € F is a square in E, clearly m is a
square iff m’ is a square. So either xm = xm’ or x%m = z9m/, and in any case m = m’ as
required. The other requirements of a spread follow easily.

The case ¢ = 3 gives the Hall plane of order 9. The quasifields we have constructed
above are special cases of André quasifields (see Exercise #6) and the resulting planes are
André planes.

3.7 Quasifields. A loop is a set L with a binary operation ‘o’ such that

(L1) There exists a two-sided identity 1 € L: we have lox =x 01 =2z for all z € L.
(L2) For all a € L, the left-multiplication map L — L, x — a o z is bijective; also the
right-multiplication map L — L, x — x o a is bijective.

An example of a loop is the binary operation with Cayley table for z oy given by

12345
21453
34512
45231
53124

The Cayley table of a finite loop with elements 1,2,...,n and identity 1, is simply an
n x n table with first row and column (1,2,...,n) (in that order); and where every row
and column contains every element exactly once. (This is a special type of Latin square;
see Section 4 for more general Latin squares.) Note that an associative loop is the same
thing as a group.

A (right) quasifield is an algebraic structure @ with binary operations called addi-
tion ‘+’ and multiplication ‘o’ such that

(Ql) @ is an abelian group with identity 0 under the addition ‘+’.
(Q2) We have 0ox =200 =0 for all z € ). The nonidentity elements of @) form a
loop under multiplication ‘o’.
(Q3) Q is right-distributive: (r+y)oz=x0z + yoz forall z,y,z € Q.
(Q4) If a,b,c € Q with a # b, then the equation xoa = zob+ ¢ has a unique solution
r € Q.
If @ is finite then property (Q4) need not be stated explicitly since it follows from the
other three properties. Every field is a quasifield. A nonclassical example of a quasifield is
defined in Example 3.6 above. Every quasifield defines a vector space

V=QoQ={(ry):2yecQ}
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such that the subspaces of the form
{(xz,zom): 2z € @Q} form e Q,

together with the subspace {(0,y) : y € Q} form a spread of V.

Consequently every quasifield @) gives rise to a translation plane of order |Q|. Con-
versely, every translation plane can be coordinatized by a quasifield in this way. Given
a collection {My, Mi,..., Mg _1} of slope matrices for a spread ¥, where My = 0 and
M; = I without loss of generality (Exercise #2(b)), one obtains a quasifield @ of order ¢"
as follows: Elements of ) are vectors in Fy with the usual vector addition. Multiplication
is defined by

xoy=axzM; where y=(1,0,0,...,0)M;.

To see that this is well-defined, note that the matrices M; have distinct first rows since the
difference of any two is nonsingular. Since there are ¢" slope matrices, every vector y € F"
is the first row of M; for a unique ¢ € {0,1,2,...,¢"—1}. One checks that the resulting
structure () is a quasifield, and that the plane it coordinatizes is just the translation plane
coordinatized by the original spread.

Let (3, £) be a translation plane, and let G = Aut(B, £). The group T' consisting
of all translations is transitive on the points; so by Theorem A2.4, we have G = GyT
where G is the stabilizer of the origin of the underlying vector space F2*. The group Gy
must in fact be the set of all semilinear transformations of F?" preserving the spread, i.e.
mapping components to components. So if F' = [F,, then Gy actually consists of all linear
transformations preserving ¥.. Moreover T is a normal subgroup of G (see Appendix A2.7
where we see that the translation group is normalized by AI'Lg,(F)) and Go NT = 1,
so G =T x Gy is a semidirect product (see Appendix A2.7). The group G is called the
translation complement. In the case of classical planes A%(F), we have Gy = 'Ly (F).

Exercises 3.

1. Write down an explicit set of slope matrices for the translation plane of order 25 constructed in
Example 3.6.
2. Let Mo, M1, ..., Mgn_1 be a set of n X n slope matrices over [Fy.
(a) Assuming A, B,C are n X n matrices over Fq with A, B invertible, show that
{AM;B+C : 0<i<q"}
is also a set of slope matrices (The translation plane defined by this new set of slope matrices is
however isomorphic to that arising from the original set.)
(b) Show that any set of slope matrices is equivalent to a set containing 0 and I, the zero and identity

matrices of size n X n over Fy.

3. Let Mo, Mq,...,Mgn_1 be a set of n x n matrices over F; with Mg = 0. Show that these matrices
form a set of slope matrices iff M1, ..., Myn_1 are invertible, and whenever 1 <13 < j < ¢", the matrix
M, "M does not have eigenvalue 1.
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4. Let G = (M1, Ms) < GL2(F5) be the subgroup generated by

2 0 1 1
M, = , My = .
0 3 2 3
Show that the elements of G, together with the 2 X 2 zero matrix, form a set of slope matrices for a
spread.
Hint. Use Exercise 3.
5. Let Mo, My,...,Mgn_1 be a set of n x n slope matrices over Fq with My =0, My = 1. Let K be the

set of all n x n matrices A € Fy " such that

AMi = Mz‘A for all .
Show that

(a) K is a field with respect to the usual matrix addition and multiplication. (You may use Wedder-
burn’s Theorem in the final step to conclude that K is commutative; see Appendix A3.)

(b) K has a subfield isomorphic to Fg; thus |K| = ¢" for some integer r > 1.
(c) We have r |n where 7 > 1 is as in (b).
We call K the kernel of the associated translation plane.

6. Consider a finite field F'=F, and its extension F=Fgr of degreer. Let ¢ : E — E be the automorphism
x — z9, so that G = {1,0,02,...,0" "1} is the group of all automorphisms of E fixing every element

of F'; see Appendix Al. Let N = Ng,p : E — F be the norm map = — gltoto®+ 4o Also let
¢ : F* — G be any map satisfying ¢(1) = 1. Define a new multiplication ‘o’ on E by

0, if y = 0;
ey {x¢(y)y, if y # 0.
(a) Show that F is a quasifield with respect to its usual addition and the new multiplication ‘o’.
(b) Show that the quasifields of Example 3.6 are a special case of this construction.
(c) Show that if ¢ is a homomorphism, then the quasifield in (a) is associative.

This construction gives the André quasifields. Those described in (c) are the André nearfields.

4. Latin Squares and Nets

Let S be a set of n > 1 distinct symbols, such as {1,2,3,...,n}. An n X n matrix with
entries from S and having no repeated entries in any row or column, is called a Latin
square of order n. Here are three examples of Latin squares of order 5:

01234 12345 bedca
12340 21453 caebd
Li=|23401]|, Ly=34512|, L3 =|adceb]|.
34012 45231 ebadc
40123 53124 dcbae

Note that L; is the Cayley table (addition table) for the additive group of integers mod 5.
More generally, a Cayley table for a group of order n is a Latin square. The example
Ly cannot be a Cayley table for any group; if it were, then {1,2} would be a subgroup,
violating Lagrange’s Theorem.

Consider two Latin squares L = (aij)m. and L' = (a;j)i,j with entries in the same
set S. We say L and L' are orthogonal if for every pair of symbols («, 3) € S x S occurs
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as (aij,az;) for some (necessarily unique) pair of indices (4, 7). For example every pair of

the Latin squares

01234 (01234 01234 01234
12340 23401 34012 40123
23401, 140123}, 12340, [34012
34012 12340 40123 23401
40123 34012 23401 12340

is orthogonal; therefore these constitute a set of four mutually!ortho-
gonal Latin squares. Every affine plane of order n gives rise to a set
of n—1 mutually orthogonal Latin squares of order n, as follows: The
n? points are the pairs (i,7) where i,7 € {1,2,...,n}, thought of as
the n? positions in an n x n matrix. One parallel class of lines is given
by rows (positions with constant i-value); another is given by columns

(positions with constant j-value). Each Latin square defines a parallel
Marcus Tullius

class of lines by taking the positions of each symbol o € S as the points  Cicero (106-43 BC)

of a line in that parallel class. For example the affine plane of order 3 (it not attend the

as shown: Music Festival

is defined by the pair of orthogonal Latin squares

012 |012
120,201
201 120
which specify the parallel classes
and

respectively. The remaining two parallel classes are specified by the rows and columns,
thus:

1 Some would say ‘pairwise’ orthogonal Latin squares. Others, notably Coxeter, would say that ‘pairwise’ is a
non-word made up by those who are unaware of the pre-existing word ‘mutually’.
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*——o—0

*—0—O0

Conversely, any set of k& — 2 mutually orthogonal Latin squares of order n specifies an
incidence structure consisting of n? points and nk lines such that

(N1) Parallelism is an equivalence relation on the set of lines. (We say two lines are
parallel if they are either equal or disjoint.)

(N2) Every line has exactly n points, and every parallel class has n lines. Thus each
parallel class of lines partitions the point set.

(N3) There are k parallel classes of lines. Each point lies on exactly k lines, one from
each parallel class.

Such an incidence structure is called a k-net of order n. Note that an (n+1)-net of order
n is the same thing as an affine plane of order n. If P is a point in a k-net of order n and
01,0, ..., Ll are the lines of the net through P, then the point sets ¢;~{P} are mutually
disjoint for i = 1,2,...,k and so the number of points of the net collinear with P is

k(n—1)<n?-1

from which it follows that & < n+1 (and equality holds iff the net is an affine plane).
Thus every set of mutually orthogonal Latin squares of order n has at most k—1 members.
Given n > 2, whether or not there exists an affine plane of order n, one can always ask for
the largest k for which there exists a k-net of order n. For small values of n this maximum
value of £ is listed in the following table.

w

n| 2 41516 | 7|8 9 10 | 11 12 | 13 14 15 | 16 | 17

kK3 |4 5|6 |3 |8]9]|10|>4]12|>5| 14| >4 | >4 | 17 | 18

n| 18 | 19 20 | 21 | 22 | 23 24 | 25 26 | 27 281 29 | 30 | 31

k| >4120 ] 26| >3 | 28|24 | >210| 26 | 212 | >5 | >214 | >4 | >4 | 32

Note that it is still unknown whether there exist three mutually orthogonal Latin squares
of order 10. The cover of this book shows two orthogonal Latin squares of order 10.

Our construction of a k-net from a collection of k—2 mutually orthogonal Latin
squares, appears to distinguish two parallel classes (the ‘horizontal’ and ‘vertical’ lines)
as somehow different from the other lines of the net. This is an accident of the presenta-
tion, which we hope to overcome by presenting nets in another way. A k-net of order n may
be specified by a collection N consisting of n? vectors of length k (i.e. k-tuples), where
each of the k coordinates comes from a set of n symbols, such that every vector in N is
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uniquely determined by any two of its coordinates. For example the pair of orthogonal

Latin squares’

1 2 3 1 2 3
a B v a b c
B8 v «al’ cab
v a f b ¢ a

corresponds to the 4-net

N: {(a7a7 17 1)7 (ﬁ7b7 172)7 (’}/707 173)7
(ﬁ? C? 27 1)7 (’}/7 a? 27 2)7 (a7 b? 27 3)7
(’}/7 b? 37 1)7 (a7 C? 37 2)7 (ﬁ? a’? 37 3)};

the rule is that

where ¢;; is the (4, j)-entry of the first Latin square, and £;; is the (i, j)-entry of the second
Latin square. The lines of the net are the subsets with specified value of any one coordinate;
for example specifying the second coordinate to be ¢ gives the line

{(’y,c, 1,3), (6,¢,2,1), (a,c,3,2)}.

This procedure extends to arbitrary k, and the last two coordinates behave no differently
than the first k—2 coordinates. In particular any of the four coordinates may be used to
index the rows, and any of the three remaining coordinates may then be used to specify
the columns. For example if we index the rows by the 4th coordinate and columns by the
2nd coordinate, then the values of the 1st and 3rd coordinates become the entries of the
following two orthogonal Latin squares:

a b ¢ a b ¢
a vy B 1 3 2
v B oal’ 213
8 o vy 3 21

which give an alternative description of the same 4-net of order 3. This alternative de-
scription of nets will be examined further in Section 5.

4.1 Example: Translation Nets. Let F' be an arbitrary field, and let X be a collection
of n-dimensional subspaces of F?", any two of which intersect only in {0}. We call ¥
a partial spread. The members of ¥, and their cosets in F?", form the lines of a
translation net on the point set F?". If |Y| = k then this is in fact a k-net of order

1Here we illustrate the historical origin of the term ‘Latin square’. We have a pair of orthogonal Latin
squares, the first with Greek letter entries, and the second with Roman letter entries; hence a pair of Graeco-
Latin Squares.
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|F™|. Starting with an affine translation plane, any subset of the parallel classes will form
such a translation net. Given a translation net, one can therefore ask whether additional
parallel classes can be added to extend the net to an affine plane. This is not always
possible. However, if F' is an infinite field, then given any partial spread > with fewer than
|F'| members, there always exists an extension of ¥ to a spread; that is, the translation
net may be completed to an affine translation plane. This may be shown by transfinite
induction, an argument which relies on the Axiom of Choice (or Zorn’s Lemma).

Exercises 4.

1. Let L be the Latin square of order 4 arising from the Cayley table of a cyclic group of order 4. Show
that there is no Latin square of order 4 orthogonal to L.

2. Generalize Exercise 1 to the case of cyclic groups of even order.

3. Let Ny be a k-net of order 3 for k = 2,3,4. (Note: Each of the point-line incidence systems Na, N3,
Ny is unique up to isomorphism, and is formed by choosing k parallel classes from AZ(F3).) Find
|[Aut(Ng)| for k = 2,3,4.

4. A strongly regular graph with parameters (v, r, A, u) is a graph I with v vertices such that

(SR1) Every vertex has exactly r neighbours (i.e. I is r-regular).
(SR2) Every pair of adjacent vertices has exactly A common neighbours.
(SR3) Every pair of nonadjacent vertices has exactly p common neighbours.

Given a point-line incidence structure (3, £), the collinearity graph of the structure is the graph
with point set 3, in which two vertices are adjacent iff the corresponding points are collinear. Show
that the collinearity graph of a k-net of order n, is strongly regular, and find its parameters (v, r, A, )
in terms of the parameters (n, k) of the net.

5. Nets and Webs

The most basic open problems concerning affine planes, listed at the end of Section 2, may
be reduced to certain open problems regarding codes of nets. We prefer to introduce this
approach by describing the analogous situation of webs over R and C.

Let ' = R or C; you are encouraged to think first of the more familiar case F' = R.
Consider two parameterized curves

it B — F™ t— (t)

for i = 1,2. We will assume that v;(0) = 0; otherwise simply translate 7; appropriately
without changing any of the essential geometry we are about to describe. In the case F' = R,
we think of «;(t) as the position of particle i at time . We require that v, : F¥ — F™ be
sufficiently smooth: in fact we assume that the n coordinates of ~;(t) are real or complex
analytic functions of ¢, according as F' = R or C. Actually we do not require v;(t) to be
defined for all t € F', but rather just for all £ in some open neighbourhood of 0 (say, in an
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open interval (—¢,¢) in the real case, or in an open disk {z € C : |z] < £} in the complex
case). The Minkowski sum of the two curves is the surface

S ={7(s) +72(t) : s,t € F}.

(Here we may restrict s,¢ to the appropriate neighbourhood of 0 € F' as necessary.) The
surface S will be a smooth surface, in which every point 71 (s) +~2(¢) is uniquely specified
by the pair of coordinates (s,t), assuming that at every point of the surface S the curves
defined by s = constant and ¢ = constant intersect transversely. This condition may
simply be stated as the requirement that the tangent vectors {~1(s),v5(t)} be linearly
independent for all s, ¢ in the appropriate domain.

We are especially interested in the case when there exist two additional curves 3 and
~v4 in &, whose Minkowski sum is also S. When this very strong condition holds, we call
such a surface S a double translation surface, following Sophus Lie who first studied
this situation. Double translation surfaces were a prominent theme in Lie’s early papers, as
they arose as solutions of many interesting systems of differential equations; in particular
many examples of minimal surfaces are examples of double translation surfaces. Note that
the surface S is ‘ruled’ by four families of curves, these being translates of the four curves
v;. These four families of curves form the structure of a 4-web on the points of S.

5.1 Example. Fix c € F with ¢ ¢ {0,1} and let

~v1(s) = 3,0,032);

) = (
2(t) = (0,t, —t%);
v3(u) = (u, cu, c(1 — c)u?);
1(v) = (v, v, (¢ — 1)v?).

The Minkowski sum of the curves 1 and s, or of the curves 3 and 74, is easily found to
be the quadric surface

S={(z,y,2) € F? : 2 =ca® —y*} C F3.
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5.2 Example. Fix ¢ € F with ¢ ¢ {0,1} and let

= (s, 0, %sg—k(c—kl)s);
c(1=e7), t, 5o (1-e7>));

0, u, e*C“—l);

It is straightforward to check that the Minkowski sum of the curves v; and 72, or of the
curves 73 and 7y, is the surface

S={(z,y,2) € F* : 2= (z+1)e”Y—1+La’+cx} C F°.

Here we must restrict the parameters to an appropriate neighbourhood of zero; for example
in the real case we require v > —1.

In the preceding examples n = 3. Do there exist double translation surfaces in F™
with n > 4?7 Surprisingly, the answer is: No. Of course any surface in F'> may be embedded
in '™ where n can be as large as we like. But any double translation surface in F” with
n > 3 must actually lie in a 3-dimensional subspace. This result was first shown by Lie [40],
who actually showed much more! than we are able to present here:

5.3 Theorem (Lie [40]). Every double translation surface S in F™ for n > 3, must
lie in a 3-dimensional subspace.

Before outlining a proof of this result, or describing its relevance to the study of finite
planes, we describe a generalization of Lie’s result. A k-web? is a connected open neigh-
bourhood of the origin which we denote W C F? (or more generally a connected open
neighbourhood of a point in any F-surface, i.e. 2-dimensional manifold) together with a
k-tuple of smooth functions

zi W —F, 1=12,... k,

such that at each point w € W, every pair of the gradient vectors Vzi(w), Ve (w), ...,
Vi (w) € F? are linearly independent over F'. By the Inverse Function Theorem it follows
that

1The ‘more’ is that the tangent lines to the four curves 7; meet the plane at infinity at points whose locus is

an algebraic curve of degree 4 and genus 3. This curve need not be irreducible. If this conclusion does not make
sense to you now, take another look after reading Section 18 and maybe Section 19.

2Actually what we define here is the special case of a 2-dimensional web. For the more general case, see
e.g. [16].
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(5.4) a general point w € W is uniquely determined by any two of its coordinates
z1(w), z2(w), ...,z (w); for example given s = z1(w) and t = zo(w), we
may write the remaining coordinates as smooth functions of s and t.

We regard W as the point set of an incidence structure whose ‘lines’ are the level curves
x,; 1(a) C W for every a € F sufficiently close to zero. The condition on the derivatives
simply ensures that these curves intersect transversely, i.e. never tangentially; and assuming
W is sufficiently small, every point w € W is uniquely determined by any two of its
‘coordinates’ 1 (w), z2(w), ..., xr(w). We may assume that z;(0) = 0 for all . Consider
the vector space V = V(W, z1,...,xy) consisting of all k-tuples (41, @2, ..., ¢r) of smooth
functions F' — F such that

¢1(z1(w)) + d2(w2(w)) + -+ + dr(zr(w)) =0

for all w € W. Also consider the subspace Vy C V consisting of those k-tuples of functions
satisfying the additional condition that ¢;(0) = 0 for all i. The quotient space V/V, has
dimension k£ — 1 simply because

V=VydC

where C is the space of all k-tuples of constant functions (c1,ca,...,cg) with c1+ca+---
+cr = 0. The rank of the web W is by definition the dimension of Vy. We have

5.5 Theorem. The rank of a k-web W is at most (k—1)(k—2)/2.

For a proof in the complex case, see [16, p.49]. Webs of maximal rank (k—1)(k—2)/2
exist and are constructible from affine algebraic curves of degree k and maximal genus
g = (k—1)(k—2)/2 using Abel’s Theorem (or rather the converse thereof). We proceed to
show that

5.6 Proposition. Every double translation surface may be viewed as a 4-web. More-
over, Theorem 5.3 is the special case k = 4 of Theorem 5.5.

Proof. Consider a double translation surface S C F™ formed by curves «; (i = 1,2,3,4) as
above. For every point 71 (s)+v2(t) € S there exists a unique pair (u,v) = (u(s,t),v(s,t))
such that

(5.7)  s(uls,t)) +7a(v(s, 1)) = n(s) +12(t) €S,

Write
Y1(s) = [111(5), 112(5), -, Y1n(s5)] € F",

Ya(v) = [’741(?1), Yaz2(v), ..., ’74n(v)} e .
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Define the coordinate functions z; : F2 — F by
(xl(svt)v wg(S,t), xS(Svt)v .774(8,0) = (37 t, u<37t)7 U(S,t)).

One checks from the assumptions on the curves 7; that these coordinate functions are as
required for a 4-web. For each i = 1,2,...,n we have (y1, Y2i, —73i, —7V4:) € Vo since the
i-th coordinate of (5.7) yields

Y1i(8) + v2i(t) — v3i(u(s,t)) — vai(v(s,t)) =0 for all s,t.
By Theorem 5.5 we may choose a basis for V of the form
{(@1i, P2is P34, Paq) i =1,2,...,m}

where m < 3is the rank of W; also there exists an m x n constant matrix C' = |:Cz‘jj| € Fpmxn
such that

I'=oC
where

[ 711(s) Y12(8) Y1n(8)

_— Y21(t) V22(t) Yan(t) _
—ys1(u(s,t)) —ys2(u(s,t)) —an(u(s, 1) |’
| =721 (v(s, 1)) —va2(v(s, 1)) —Yan(v(s,1))
[ d11(s) P12(s) P1m(5)

o | P2 Gaa(t) - Pam(t)
pa1(u(s,t)) @sa(uls,t)) - dam(uls,t))
[ a1 (v(s,1)  Paz(v(s,t)) -+ Pam(v(s,t))

The assertion I' = ®C' simply says that the columns of I' are F-linear combinations of the
columns of ®, as required. Interpreted another way, however, it says that the rows of I’
are R-linear combinations of the rows of the constant matrix C, where R is the F-algebra
of smooth functions of s,t,u,v. This means that for all s, ¢, u, v, the rows of I, namely the
vectors v1(s), v2(t), —y3(u), —ya(v), all lie in the row space of C, which has dimension at
most m < 3. This proves Proposition 5.6. L]

Proof of Theorem 5.3. We restate the hypotheses in the language of 4-webs using Propo-
sition 5.6, as follows. We have a neighbourhood W C F?2 of the origin, and four coordinate
functions

z, W — F

such that at every point w € W, every pair of the four gradient vectors Vz1(w), ..., Vaa(w)
are linearly independent. Let
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Y1 Y12 0 Yim
(5.8) I — Y21 Y22 V2m
Y31 Y32 V3m
Y41 Y42 0 Ydm

be a matrix of smooth functions v;; : F' — F' such that the columns of ¢ form a basis for
Vo; in particular «;;(0) = 0 and

(5.9)  mj(@(w)) + 25 (22(w)) + vs5(w3(W)) + 7a5(2a(w)) =0 for all w e W.

Consider the four parameterized smooth curves

Yi(t) = [¥i1(®), 72®), ..., vim(t)] € F™,  i=1,2,3,4.

By (5.4) there exist smooth functions u(s,t) and v(s,t) such that every point w € W has
coordinates

(21 (w), z2(w), w3 (w), 2a(w)) = (s, £, uls, ), v(s, 1))
for some s, t; thus (5.9) becomes
M15(8) + 725 (1) + 73 (uls, 1) + 745 (v(s, 1)) = 0.
Partial differentiation with respect to s (holding ¢ constant) yields

1506) + 200t s, ) + 220D (s, 1) = 0

This gives the j-th coordinate in the vector relation

(5.10)  71(s) + (0)z(uls, 1)) + (+)va(v(s, 1)) = 0

in F™ where (x) denotes smooth F-valued functions of s and . Now we invoke (5.4) again,
this time solving for all coordinates in terms of s and u:

(xl(w)vxQ(w)v'x3(w)v'x4(w)) = (37 y(svu)v u, qu(‘977‘))
Substituting into (5.10) gives
(5-11)  71(s) + (+)r3(w) + ()7a(0(s,u)) = 0

where the expressions (k) are rewritten as smooth F-valued functions of s and u. Partial
differentiation of (5.11) with respect to s (holding u constant) yields

(5:12)  A7(s) + ()3(w) + (4)72(0(s,w)) + ()74 (0(s, u)) = 0.
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Now let U; < F™ be the subspace spanned by the tangent vectors 7;(0) to the curves ~;
at the origin, for i = 1,2,3,4. Evaluating (5.11) at (s,¢,u,v) = (0,0,0,0), we see that
71(0) € (v5(0),74(0)) p < F™. By similar arguments with different subscripts, we see that
the subspace U; < F™ is spanned by any two of the vectors 1(0),~5(0),v5(0),~v4(0).

Let Uz < F™ be the subspace spanned by the tangent vectors +;(0) and the bitangent
vectors v, (0) for i = 1,2,3,4. Evaluating (5.12) at (s,t,u,v) = (0,0,0,0), we see that

71 (0) € (73(0),74(0), 74 (0)) r. It follows that Uz = (v3(0),v4(0),74(0))F.
Next we check that

(5.13)  all higher derivatives v\*)(0) € Us for all k > 1 and all i € {1,2,3,4}.

(3

To see this, solve for all coordinates in terms of z1(w) = s and z4(w) = v as

(xl(w)vxQ(w)v'x3(w)v'x4(w)) = (37 g(svv)v 17(8,1)), 1}).

Rewrite (5.12) in the form

1 (8) + ()73(5(s,0)) + ($)74(0) + ()75 (v) =0

where (*) denotes smooth F-valued functions of s and v. Take the partial derivative of
(5.13) with respect to s (holding v constant) to obtain

' (5) + ()W (s, v) + ()75 (U (s, v) + ()7a(v) + ()74 (v) = 0.

Again evaluating at (s,t,u,v) = (0,0,0,0), we obtain v{”(0) € Uz, and similarly v/”(0) €

7
U, for all 7. Repeated differentiation yields a similar conclusion for higher derivatives.

Since 7;(0) = 0, the Taylor series for v;(t) takes the form

AN
w0 =Y Ha0)
k>1
which yields v;(t) € Uz = (75(0),74(0),74(0))r for all i € {1,2,3,4}. Thus
I' =TI

where I is given by (5.8), ® is a 4 x 3 matrix whose entries are smooth F-valued functions
of the coordinates s,t,u, v, and

131(0) 732(0) -+ 73, (0)
Lo = | 741(0) 712(0) - 4 (0) | € FP™
71(0) 742(0) - 75,(0)

is a constant matrix. The assertion I' = ®I'g simply expresses the requirement that the
rows of I are R-linear combinations of the rows of I'y, where R is the F-algebra of smooth
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functions in the coordinates s,t,u,v. Interpreted another way, however, it says that the
columns of I are F-linear combinations of the three columns of matrix ®. Therefore V,
lies in the F-span of the three columns of ®. L1

We proceed to show how finite nets can be presented in a manner quite analogous to
our discussion of webs. We will see that nets are in some ways easier, and in other ways
more difficult, than webs. The finite case is a little easier in the sense that no smoothness
conditions are required of functions, and their identities and relations will hold globally
rather than in neighbourhoods of the origin. One difficulty that we face is that many of
the arguments based on differentiation as used in the case of webs, do not directly apply
in the finite case. This is because there is no appropriate notion of differentiation for
functions defined over a finite field. Although we can easily differentiate polynomials, the
representation of a function as a polynomial is not unique, and this becomes an obstacle
if we try to mimic the proof of Theorem 5.3 in the finite case. Nor is the problem solved
by simply replacing derivatives by finite differences.

For ease of presentation, we consider here only nets of prime order. We may view a
k-net of prime order p (where k > 2) as a collection of k-tuples N' C IF’; such that every
w € N is uniquely determined by any two of its coordinates. The points of the net are the
elements of A/. The lines are the point sets with i-th coordinate equal to a for some fixed
i€{1,2,...,k} and a € F),. The analogue of the coordinate functions of web theory, are
the maps

zi N —=F,, (a1,a2,...,a5) — a;.

For example the affine plane of order 3 is the 4-net of order 3 defined by
N = {0000, 0112, 0221, 1011, 1120, 1202, 2022, 2101, 2210}.
More generally the classical affine plane A?(F,) is given by
N ={(a, b, a+b, a+2b, ..., a+(p —1)b) : a,b € F,}

and by deleting p+1—Fk of these coordinates we obtain a k-net of order p. In particular
the case k = 3 gives the cyclic 3-net

{(a, b, a+b) : a,b e F,},

so-called because it arises from a cyclic Latin square of order p (formed by the addition
table of IF,,, a cyclic group of order p).

We define the vector spaces V = V(N) and Vy = Vy(N) as before. Thus V is the
vector space over F,, consisting of all k-tuples (¢1, ¢2, ..., ¢x) of functions F, — F, such
that

d1(ar) + ¢p2(az) -+ + ¢r(ar) =0
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for all (a1, az,...,a;) € N. We have
V=V C

where Vy <V is the subspace consisting of all k-tuples satisfying the additional condition
that f;(0) = 0 for all ¢; and C < V is the subspace consisting of k-tuples of constant
functions (c1,co,...,c) € IF’; with c¢;+co+---+c, = 0. Thus dimV =k — 1 + dim V.

5.14 Conjecture. dimVy < (k—1)(k —2)/2 and equality holds iff A/ is isomorphic
to a subnet of A%(FF,), i.e. a net formed by k of the p+1 parallel classes of the classical
plane of order p.

To date only very limited progress has been made toward establishing this conjecture.
For example it is known to hold in the first nontrivial case k& = 3; see Theorem 5.15
below. Even a proof of the conjectured upper bound dimV, < 3 for k£ = 4 (the finite
analogue of Theorem 5.3) would be a major breakthrough in this area! since the validity

of Conjecture 5.14 would imply that every affine plane of prime order is isomorphic to
A%(F,).

5.15 Theorem ([42], [45]). Conjecture 5.14 holds for k = 3. That is, if N is a 3-net
of prime order p, then dim Vy(N) < 1, and equality holds iff N is cyclic.

Proof. Let ¢ € C be a complex primitive p-th root of unity, for example ¢ = ¢2™*/P. For
any function f : F, — [F,, define the exponential sum

Sp=>Y_ ¢ ez|].

a€lf,

Note that |Sf| < p, and equality holds iff f is constant. Moreover Sy = 0 iff f is a
permutation of F,,. Now given (f,g,h) € Vo we have

(5.16) f(a) + g(b) + h(c) =0 for all (a,b,c) €N,

SO
¢Fla)+a(®) — ¢—hle),

Summing over all (a,b,c) € N gives
(5.17)  S;S, = pSh.

Multiplying by S}, gives
SngSh = p’ShP.
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By symmetry we must in fact have
S§SgSh = ISy = p|Sg|2 = p|Sh*.

If the latter expression does not vanish then |Sf| =[Sy = |SL| # 0 and so from (5.17)
we obtain |Sf| = |S4| = |Sk| = p, so that the functions f,g,h are constant; but since
f(0) =¢(0) = h(0) =0 this means that f =g =h=0. We may assume that this is not
the case, so that Sy =S5, =S5, =0; that is, f, g and h are permutations of IF,. Changing
these permutations only amounts to permuting the lines in each parallel class, which is an
isomorphism of nets; therefore there is no loss of generality in assuming that

f)y =t gt)=t, h(t)=—t

for all t € F,. Now (5.16) becomes a +b—c¢ = 0 for all (a,b,¢c) € N, so that
N ={(a,b,a+d) : a,b € F,} as required. L]

Exercises 5.

1. Find an explicit basis for Vg in the case of the 4-web defined in Example #5.1. What is the rank of
this web? Compare with the upper bound of Theorem 5.5.

2. Consider the two curves in R* defined by
y1(s) = (s(s+2), s, (s+1)*—=1); ya(t) = (=2t, 0, —2t2—4t).

The Minkowski sum of the two curves 71 and 72 is the surface

S: 2z=y*+4y> + 4° + 22y® + dzy + 42 — 22
Compete the missing entries in the expressions

’73(1‘) = (_u27 u, ?); 74(”) = (_U(U+2)7 v, ?)
so that the curves 3 and 4 also have Minkowski sum equal to S, thereby forming a double translation
surface.

Eric’s white whale: Find optimal bounds for ranks of nets, and thereby
solve some of the long-standing open questions on possible orders of planes.

Or die trying!
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PArT III

Projective Planes
6. Definitions and Examples

A projective plane is an incidence system of points and lines such that

(P1) For any two distinct points, there is exactly one line through both.
(P2) Any two distinct lines meet in exactly one point.
(P3) There exist four points such that no three are collinear.

Given any two distinct points P and ), we denote the unique line joining P and @ by
PV @ (pronounced ‘P join Q) or simply PQ. Given any two lines ¢ and m, we denote
the unique point of intersection of ¢ and m by ¢ A m (pronounced ‘¢ meet m’) or simply
¢ Nm. It is sometimes convenient to write PV P =P and { AN { = /.

The classical projective planes are constructed as follows: Let V' be a 3-dimensional
vector space over an arbitrary field F. Take as points and lines the subspaces of V' of
dimension one and two, respectively. In this case PQ = P V (@ is the subspace spanned by
P and Q; and /Nm = ¢ AN'm is the intersection of the subspaces ¢ and m. Incidence is
containment: a point P lies on a line ¢ iff P C ¢ as subspaces of V. The resulting plane is
denoted P2(F) or PG5(F). In the case of a finite field F' = F, we also denote this plane
P2(q) = P?(F,). The smallest projective planes, constructed from the field Fy , is shown:

((0,1,0))

6.1 Figure
The smallest projective
plane P?(Fs):

7 points, 7 lines

((1,0,0)) &

¥ ((0,0,1))

)
0

We have chosen to label each point as ((z,y, z)), the 1-dimensional subspace spanned by
a nonzero vector (x,y,z). We refer to x,y,z as homogeneous coordinates for this
point, since these coordinates are defined only up to multiplication by a nonzero scalar
A € F: here ((A\z, Ay, A\z)) = ((x,y, 2)). Each line is a 2-dimensional subspace of the form
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aX +bY +cZ=0, where a, b, c € F are not all zero. Again, scaling the coefficients a, b, c by
any nonzero scalar gives the same line; so the line itself may be coordinatized as ((a, b, c)")

(a,b,c)" = (Z)

is defined only up to nonzero scalar multiple. In summary, points and lines may be viewed

where the column vector

as row and column vectors of length 3 respectively, using homogeneous coordinates in each
case; and the point ((x,y, z)) lies on the line ((a, b, c)”) iff

a
0= (z, vy, 2) (b) = ax + by + cz.
c

By choosing row vectors for points and column vectors for lines, the incidence relation is
thus expressed very simply in terms of matrix multiplication.

In the field Fo the only choice of nonzero scalar is A = 1. So let’s consider the
next-smallest projective plane, coordinatized by [Fj :

((0,1,0))

6.2 Figure

The second-smallest

projective plane
IEDQ (Iﬁ‘g )2
13 points, 13 lines

((0,1,1))

Q)

((0,0,1))

((1,0,1)) ((2,0,1))

Here we have shown homogeneous coordinates for only seven of the points and three of
the lines. In Exercise #1 you are asked to fill in the missing coordinates.

Note that if V is 3-dimensional over F, then V has ¢> — 1 nonzero vectors, whereas
every point (1-dimensional subspace) contains ¢—1 nonzero vectors; therefore the number
of 1-dimensional subspaces (i.e. points) is (¢ —1)/(¢ — 1) = ¢*> + ¢ + 1. The number of
lines must also be ¢? 4+ ¢ + 1, by applying the same argument to column vectors instead
of row vectors. Every line has ¢ + 1 points, which we check as follows: Each line is
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a 2-dimensional subspace, with ¢> — 1 nonzero vectors, partitioned into subsets of size
g — 1 by the 1-dimensional subspaces, so the number of 1-dimensional subspaces (points)
is (¢> —1)/(¢g—1) = ¢+ 1. Similarly (interchanging row vectors and column vectors)
every point lies on g+ 1 lines. Alternatively, consider a point (1-dimensional subspace) P.
Then lines (2-dimensional subspaces) containing P correspond bijectively to 1-dimensional
subspaces of the quotient space V/P which is 2-dimensional. As we have seen, the number
of such subspaces is exactly ¢+ 1.

We now consider more general projective planes than the classical planes P?(F).

6.3 Theorem. Let (I3, £) be a projective plane. Then there are equally many points
and lines, i.e. the sets B and £ have the same cardinality, finite or infinite. Moreover
any two lines contain the same number of points, and this number equals the number
of lines through any point. If n + 1 is the number of points on every line (hence also
the number of lines through every point) then |B| = |£| = n? +n + 1.

The number n is called the order of the projective plane. This means that the order of
the classical plane P?(F) is exactly |F|, the order of the field F' (finite or infinite) although
the number of points on every line is |F| 4 1.

Proof of Theorem 6.3. Denote by [P] the set of lines through a point P, and by [¢] the
set of points on a line ¢. If P ¢ ¢ then an obvious bijection [¢] — [P] consists of mapping
each point @) € ¢ to the line PQ.

Q

Let ¢ and m be distinct lines. By axiom (P3) there exists a point P ¢ [¢(] U [m], and the
previous argument gives |[¢]| = |[P]| = |[m]|. Thus any two lines have the same number of
points; denote this cardinality by n + 1 (finite or infinite). Let P be any point. By axiom
(P3) there exists a line ¢ not passing through P; then |[P]| = |[{]| =n + 1. []

We say that the theory of projective planes admits duality in the following sense:

6.4 Theorem. If (B, £) is a projective plane, then the dual structure (£,B) is also
a projective plane.
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Proof. Let (B, £) be a projective plane. Since (B, £) satisfies (P1) and (P2), the dual
structure (£,P) satisfies (P2) and (P1). Since (B, £) has four lines with no three concur-
rent by Exercise #2, (£,B) satisfies (P3). L]

By contrast, note that the dual of an affine plane is not even an affine plane. The dual
of an affine plane contains pairs of points which are not joined by any line; such a pair of
points arises as the dual of a pair of parallel lines.

We show here the projective plane of order two, along with its dual, which is also a
projective plane of order 2:

Here it happens that the dual plane is isomorphic to the original plane; we say therefore
that this plane is self-dual. Not every projective plane is self-dual, but every classical
plane P?(F) is:

6.5 Theorem. Every classical plane (I3, £) is isomorphic to its dual.

Proof. Consider the map o : (B, £) — (£,P) which transposes each vector of length 3.
Writing
P=(@)=((zy,2) and (=" = ("),

we have
Pet iff vwt =0 iff wvt =0 iff ¢7 € P° .
—— ——
in (P, £) in (£,9) L]

There are exactly four projective planes of order 9 up to isomorphism: the classical
plane P?(Fg) and the Hughes plane of order 9, both of which are self-dual; the Hall plane
(the projective completion of the plane constructed in Example 3.5) and its dual.

A list of orders of the smallest known planes is given in Table 6.6. To show that
planes of order less than 9 are classical, is rather straightforward and has been known
for a long time. The classification of planes of order 9 is also relatively recent [37], and
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relies heavily on case-checking by computer. The proof of
nonexistence of a projective plane of order 10 due to Lam
et. al. is almost as recent and also largely based on com-
puter [36], [38]; some of the work leading up to this result
will be described in Section 13. Prior to 1989 the question of
existence of a projective plane of order 10 was probably the
most prominent open question in finite geometry. Today
the more general question of existence of a finite projective
plane whose order is not a prime power, is the most signifi-
cant open problem in finite geometry; and the second may
well be the question of whether projective planes of prime
order are necessarily classical.

6.6 Table. Projective Planes of Small Order

no. of planes no. of planes
n of order n . of order n ) Remarks
up to 1somorphism| up to iso./duality
2 1 1 P2 (F,)
3 1 1 P2(FF3)
4 1 1 P2(FFy)
5 1 1 P2(FF5)
7 1 1 P2(FF7)
8 1 1 P2(FFg)
9 4 3 Lam et. al. [37]
10 0 0 Lam et. al. [36]; [38]
11 > 1 > 1 P2?(Fy1)
13 >1 >1 P2(F13)
16 > 22 > 13 Royle [56]
17 >1 >1 P2(F17)
19 > 1 > 1 P?(Fy9)
23 >1 >1 P2(Fa3)
25 > 193 > 99 [22], [46]
27 >13 >8 [26], [46]
29 > 1 > 1 P2 (Fa9)
31 >1 > 1 P2 (Fs;)

Exercises 6.

39

1. Finish labelling Figure 6.2 by finding homogeneous coordinates for the six remaining points and the

ten remaining lines.

2. Show that in every projective plane, there exist four lines such that no three are concurrent. (This is

the dual of axiom (P3).)
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3. A t-(v,k,\) design is a point-block incidence structure with v points such that each block contains
exactly k points, and such that every t-set of points is contained in exactly A blocks. Show that a
projective plane of order n > 2 is the same thing as a 2-(n?4n+1, n+1, 1) design.

Remark. The case n = 1 gives a 2-(3,2,1) design, which is just a triangle (3 points, 3 lines). This
geometry is therefore often called the projective plane of order 1, or the thin projective plane
(those of order n > 2 being thick). More about this in Section 19.

4. Let S? be the unit sphere in R3. For each point € S? denote by —z € S? the antipodal point
opposite to z. Consider the incidence system (%, £) in which points P € ‘B are defined as pairs
P = {x, —x} of antipodal points of S?; and lines £ € £ are great circles of S2, i.e. intersections of S2
by planes passing through the centre of S2.

(a) Show that (B, £) is a projective plane.

(b) By considering the intersections of subspaces of R? with the unit sphere S?, show that (8, £) is
isomorphic to the real projective plane P?(R).

7. Projective Completion of Affine Planes

Let (B, £) be a projective plane, and let £y € £ be any line. Deleting ¢y and all its points
from (P, £) gives an incidence structure (Po, £9) where

q30 = {P c q3 : P §é go}, £0 = E\{go}

It is not hard to verify that (o, £o) is an affine plane. Clearly any two points of By are
joined by a unique line of £y. If P € PBp and ¢ € £y with P ¢ ¢y, then the unique line of
£o through P not meeting /g, is the line PR where R = ¢ N ¢y € P. (Note that R ¢ Py so
the lines ¢ and PR meet only at a point of ; they have no point of Py in common.)

The map (P, £) — (Po, L£o) described above is uniquely reversible: given an affine
plane (Po, £o), one may uniquely reconstruct the missing line along with its points, thereby
forming the projective completion (I3, £) of the given affine plane. This process is
described as follows:

(1) For each parallel class of lines in (o, £o), add one new ideal point to all lines in
the class.

(2) Add one new line whose points are the ideal points added in Step (1).

The new line added in Step (2) is sometimes called the line at infinity and may be denoted
lo . From the viewpoint of the original affine plane, this new line looks rather different
from the other lines; but from the viewpoint of the projective plane (I3, £), there is not
typically any feature that distinguishes one line from another.

7.1 Example: The Projective Plane of Order 2. Let (B, £) be the projective
plane of order 2, as shown on the left below. By deleting the line d and its three points
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D, E,G we obtain the affine plane of order 2 with point set Py = {A, B,C, F'} and line
set £o = {CL, ba Ge, fag}

b e d e f g_ a b e e f g
0 00 1 0 1]a 1 0 0 1 0 1]a
1 00 0 1 0= 1 1 0 0 1 0=
1 1 0 0 0 1]c 0 1 1 0 0 1]c
0O 1 1 0 0 0f»r 0 0 1 1 1 0]c¢
1 01 1 0 0fe

1 0 1 1 i

0O 1 0 1 o

s o
I
o
&
&V,
T Q

From the resulting affine plane we may uniquely reconstruct the original projective plane,
as follows:

(1) Add the ideal point D to both lines of the parallel class {a, c};
add the ideal point E to both lines of the parallel class {b, e};
add the ideal point G to both lines of the parallel class { f, g}.

(2) Add the ideal line d whose points are just the ideal points D, F,G added in
Step (1).
The choice of the line d € B was arbitrary; by deleting any of the seven lines, along with
its points, we obtain an affine plane of order 2; and any of the resulting affine planes are
in this case isomorphic.

7.2 Example: Classical Planes. Now consider a general field F'. Let (3, £) be the
classical plane P?(F), and let £y be a line. We may suppose, after a linear change of
coordinates if necessary, that ¢y is the line ((0,0,1)"). Thus By consists of all points
((x,y, 2)) not lying on £y. All such points have z # 0, so we may multiply coordinates by
2~ to write every point of Py uniquely in the form ((x,y,1)) where z,y € F are arbitrary.
Every line ¢ € £y arises from a line ((a,b,c)”) where (a,b) # (0,0) since ¢ # ¢y. If b # 0
then ¢ has the form y = —(a/b)z — (¢/b); otherwise b = 0 and a # 0 so ¢ has the form
r = —c/a. Clearly (Po, £o) is isomorphic to the classical affine plane A%(F) under the
map ((z,y,1)) = (,y).

The reverse process of reconstructing the projective completion of a given classical
affine plane A?(F) is also clear:

(1) For each m € F'U {00}, lines of slope m form a parallel class of lines in the affine
plane (Po, £9). Add a new ideal point to every line of such a parallel class. (Lines
of slope oo are simply vertical lines of the form z = constant.)

(2) Add an new line, whose points are just the ideal points named in Step (1).

It is worth emphasizing that when completing a given affine plane to a projective plane,
each pair of parallel lines in the affine plane picks up just one ideal point of intersection
in the projective completion. If one stares down a railroad track and imagines the two
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parallel rails meeting ‘at infinity’, one might be tempted to associate two ideal points of
intersection, one at each ‘end’, +00 and —oo. This viewpoint misses the fact that the
two endpoints of the projective line are effectively identified as one. In particular the real
projective line is homeomorphic to a circle S*. And for more general fields, which are not
generally ordered, there is no distinction between positive and negative anyway; so there
is no way to distinguish more than one sign of infinity.

We also emphasize that our process of completing the affine plane to a projective
plane (whereby many new ideal points are added ‘at infinity’) is distinct from forming the
‘one-point compactification’ of a plane (in which just one new ideal point co is introduced).
Note that the one-point compactification of R? is homeomorphic to the sphere S?, often
identified with the Riemann sphere P*(C) = CU {oo}, e.g. via stereographic projection.

Consider the embedding of the classical affine plane A?(F) in its projective completion
P2(F) as the complement of a line ¢, which we may take to be the line ((0,0,1)7); this
embedding, as described above, maps points, lines, and more general algebraic curves, via

A%(F) P2(F)~/o
point (x,y point ((z,y, 1))
point (% point ((X,Y, %)), Z#0

)
curve f T y): ,} homogenize curve Zkf( Y) 0
deg f k Z'Z
)_0 dehomogenize {Curve g(X, Y, Z):O,
B 9(X,Y, Z) homogeneous

curve g(z,y, 1

For example consider the affine parabola y = 2. Substituting (z,y) = (%, %), and then
multiplying both sides by Z2 to clear the denomlna,tors, the equation becomes Y Z = X2.
The latter curve in P?(F) has one more point than the original curve, namely the point
((0,1,0)) € £y . Likewise the affine hyperbola zy = 1, when homogenized, becomes XY =
Z%; here the curve picks up two points at infinity, namely the points ((1,0,0), {(0,1,0)) €
?o . Of course the two conics YZ = X2 and XY = Z? are equivalent under a simple change
of variable (interchanging X and Z). Thus the original two affine conics, one a parabola
and the other a hyperbola, although not affinely equivalent, nevertheless are projectively
equivalent regardless of the choice of field F.

Put another way, one may start with the conic XY = Z?2 in the projective plane, one
may delete the line ¢y : Z = 0, a secant line meeting the conic in two points, ((1,0,0)) and
((0,1,0)), to obtain the affine hyperbola xy = 1 in the (z, y)-plane, where (x,y) = (%, %)
Or one may delete the line /1 : X = 0, a tangent line meeting the conic in just one point
((0,1,0)), to obtain the affine parabola y = 22 in the (y, z)-plane, where (y, z) = (%, %)

We return our consideration to the case of general (not necessarily classical) affine
and projective planes. Every affine plane (o, £0) has a unique completion to a projective
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plane (I3, £) as described above. But given a projective plane (I3, £), distinct choices
of line ¢y, 01 € £ yield affine parts (by the deletion of ¢y or ¢1) which in general need
not be isomorphic. If there exists o € Aut(*P, £) such that ¢§ = ¢;, then o induces an
automorphism from the affine plane (~[¢y], £~{¢o}) to the affine plane (P~[(1], £~{¢1}).
Because the projective plane (I3, £) is uniquely reconstructible from either (P~[¢o], £~{¢o})

or (P~[l1],£~{¢1}), the condition that these two affine planes are isomorphic forces ¢
and /1 to be in the same orbit of Aut(3, £). Thus

7.3 Theorem. Let {y,¢; € £ be lines of a projective plane (8, £). Then the affine
planes (P~[lo], £~{lo}) and (P~[¢1], £~{¢1}) are isomorphic iff /] = ¢; for some
o € Aut(B, £).

7.4 Example: Planes of Order 9. It is known [37] that there are exactly four isomor-
phism classes of projective planes of order 9: the classical plane P?(Fg), the (projective)
Hall plane of order 9 (the projective completion of the affine translation plane described
in Section 3.2), the dual of the Hall plane, and the Hughes plane of order 9. The num-
ber of line orbits in these planes is 1, 2, 2, 2 respectively. This gives a total of exactly
1+24 2+ 2 =7 isomorphism classes of affine planes of order 9.

Exercises 7.

1. The known projective planes of order 27 are listed as follows, along with the number of line orbits of
the full automorphism group in each case:

No. Plane Line Orbit Sizes
(a) P2(Fa7) (classical) 757

(b) Generalized twisted field plane 1, 27, 729
(c) Hering plane 1, 756
(c") dual of (c) 28,729
(d) Flag-transitive affine plane (completed) 1, 756
(d") dual of (d) 28,729

(e) Another flag-transitive affine plane (completed) 1, 756
(e/) dual of (e) 28,729
(f) Sherk plane 1, 27, 729
() dual of (f) 1, 27,729
() André plane 1, 54, 702
(g) dual of (g) 2, 26,729
(h) Figueroa plane 13, 312, 432

Planes (a), (b), (h) are self-dual. How many isomorphism types of affine planes of order 27 are known?

3

2. Show that the cubic curves y = 23 and y? = &3 are projectively equivalent.

3. Show that the curves y = z2 and z2 + y2 = 1 are projectively equivalent over F3 and over F5, but
not over Fo .
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8. Advantages of the Projective Viewpoint

The axioms for projective planes are clearly simpler than those for affine planes. This
suggests that for many purposes, the projective point of view is simpler than the affine
point of view. We proceed to provide instances of this.

First of all, as we have seen, the theory of projective planes exhibits duality: the dual
of every projective plane is also a projective plane. And because the dual of a classical
plane is again classical, every theorem valid in the classical plane has a dual which is also
valid in this plane. To illustrate the utility of this principle, consider the following result,
known as the Theorem of Pappus. This basic result of classical plane geometry says that
if

e / and m are distinct lines in P?(F), meeting in a point O;
e Py, P, P, are distinct points of £ other than O;

e (Do, Q1,2 are distinct points of m other than O;

o l;; = PQ; for all i # j in {0,1,2};

o Ri=/Viy1i+2Nlivo 11 (with subscripts mod 3)

then the three points Ry, R1, R2 must be collinear.

8.1 Figure.
Pappus’ Configuration

This property does not hold in more general planes; a projective plane satisfies this con-
dition iff it is isomorphic to P?(F) for some field F. Later (Theorem 11.2) we will prove
one direction (the ‘only if’ part) of this result. The dual of Pappus’ Theorem, which also
must hold in classical planes, states that if

e ¢ and m are distinct points in P?(F), joined by a line O;
Py, P1, P, are distinct lines through ¢ other than O;

Qo, Q1, Q2 are distinct lines through m other than O;
li; = P,NQ; forallijin {0,1,2};

R; = liy1 i+20it2,i41 (with subscripts mod 3)
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then the three lines Ry, R1, Ro must be concurrent.

8.2 Figure.
Dual Pappus’ Configuration

The Theorem of Pappus yields many theorem valid in the classical affine plane A%(F), in
particular the Euclidean plane A%(R). One such theorem is illustrated by the figure

¢ B h 5

mQ, Q @,

where we have chosen /, to be a line through O other than ¢ or m; the picture shows the
affine plane formed by the complement of ¢/, . In the following figure we have designated
pairs of parallel lines as usual with matching arrow markings. Here we choose ¢ itself to
be the line ¢, at infinity:

And in the following example, the line /15 is taken as the line ¢, at infinity:
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Of course the original version of Figure 8.1 (with no parallel lines) also holds in the classical
affine plane. Further affine versions of this result may be listed; and then many affine
versions of the dual of Pappus’ Theorem may also be listed. But all of these theorems valid
in the classical affine plane are summarized a single result of classical projective geometry,
namely the original Theorem of Pappus.

A generalization of Pappus’ Theorem, known as Pascal’s Theorem, holds in the
classical projective plane P2(F): here the pair of lines {¢,m} is replaced by a conic. The

8.3 Figure.

Pascal’s Configuration

sense in which this generalizes Pappus’ Theorem, is that a pair of lines may be seen as
a degenerate conic. This theorem (whose proof we omit) has also a dual form, valid in
the classical projective plane; to dualize, points of the conic are replaced by tangent lines,
thus:

8.4 Figure.

Dual of Pascal’s Configuration

Both Figures 8.3 and 8.4 have multiple affine versions, as we saw with Pappus’ Theorem;
and all these versions are economically summarized in the single Theorem of Pascal. (In
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fact it is possible to give one proof that covers both Pascal’s Theorem and Pappus’ The-
orem.) One of the reasons for the multiple affine versions of Pascal’s Theorem is that in
the affine plane there are three types of nondegenerate conics: ellipses (including circles),
hyperbolas, and parabolas. If one were to prove Pascal’s theorem in the affine setting,
separate arguments would be required for all three cases. In the projective setting, all
three cases are the same! This is because what appears to the affine observer as three
separate types of conic (ellipses, parabolas, or hyperbolas) are simply the affine portions
of a projective conic, formed by deleting some line ¢, , which meets the conic in 0, 1 or 2
points respectively (i.e. £ is a passant line, a tangent line, or a secant line to the conic,

respectively):
Affine Ellipse Affine Parabola

Affine Hyperbola,

In comparing the projective and affine viewpoints to plane geometry, we recognize
several aspects of the projective viewpoint which recommend this as the easier, or more
natural approach in many situations:

(1) The axioms for projective planes are much more concise than those for affine
planes.

(2) The dual of a projective plane is simply a projective plane. The dual of an affine
plane is not an affine plane; it is just ... well, it’s a dual affine plane, OK?

(3) If one’s goal is to classify planes, the list of projective planes of a given order is
usually much simpler than the list of affine planes of that order. Consider for
example the 7 known affine planes of order 9, which are equivalent to the list of
4 projective planes of order 9 up to isomorphism, or simply 3 projective planes
up to isomorphism/duality (Example 7.4).

(4) It is possible for one object (such as a curve or point-line configuration) in the
projective plane to appear as several distinct objects in its various affine sections.
This means that one theorem in projective plane geometry can replace several
theorems in the affine setting; or that one theorem can require a single proof in
the projective case but many different proofs in the affine case.

(5) Some natural properties of the projective plane have no readily described affine
counterpart.

As an example of (5) we consider the problem of counting intersection points of plane
curves. The curves we consider are algebraic curves, i.e. zero sets of polynomials. The
degree of such a curve is the degree of its defining polynomial. As we have seen, we require
homogeneous polynomials in order to obtain well-defined curves in the projective plane.
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The following examples of curves are defined over the real field R, although the same
principles apply to arbitrary fields. We begin with the observation that a line (a curve of
degree 1) generally meets a conic (a curve of degree 2) in two points; the case illustrated in
Example 8.5 below is typical. In Example 8.6 the line is tangent to the circle and the point
of intersection is a double point; so if points are counted with appropriate multiplicity, the
number of intersection points is again 2. While it is possible to give a precise definition
of intersection multiplicity, as is done in any course on algebraic curves, we will not do so

here and now; we trust that a few examples will convey the general idea.

8.5 Example. 8.6 Example. 8.7 Example.
(1,3)
(2v2,V2)
(3,-1)
x4y’ = 2x+y=> 2 +y?=10  2z4y=5v2 22 4y2=10 2z+y=1

In Example 8.7 no intersection points of the indicated line and circle are visible; this is
because the points of intersection (found algebraically) are (3+22, 5—2) and (3—%2’, %—H)
Although the curves themselves are defined over R (meaning that the defining polynomials
have real coefficients) the actual points of the curve may have coordinates in any algebraic
extension. In particular the set of all points of a curve is considered to be those points
with coordinates in the algebraic closure of the field over which the curves are defined. All
our examples will be defined over R and so their points will have complex coordinates.
Similarly when intersecting two conics we find typically 4 points of intersection, as

observed below.

8.8 Example.

Four points of intersection.
Compare: deg(f)deg(g) =22=4

Why four points? Simply multiply the degrees of the two curves: 2x2 = 4. Again we must
count points with appropriate multiplicity, and include all points with complex coordinates

which simultaneously satisfy the two defining polynomial equations. Here for example we
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intersect two parabolas and once again find 4 points of intersection:

8.11 Example. 2y=2"+1

Four points of intersection: (1,1)
(1,1) (double point),

(—142d, —1-2i), (—1—24, —1+24).

Compare: deg(f)deg(g) =22=4 2=y + 1

In the following example we intersect a conic with a cubic to obtain 2 x 3 = 6 points
of intersection:

=223 —5x
(_173) ’
8.9 Example. (V3 \/3)
Six points of intersection:
(—1,3), (1,—3) (double points),
3,v3), (—v3,—V3).
Compare: deg(f)deg(g) =32=6 (_/3 —V3)
(17 _3)

Similarly, intersecting a line with a quartic (a curve of degree 4) we expect 1 x 4 =4
points of intersection. The following example realizes this total with one single point and
one triple point:

_ 4,3
8.10 Example. y=z +x
Four points of intersection: \

(0,0) (triple point), (—1,0).

Compare: deg(f)deg(g) =4-1 =14 R

(-LON——"  (0,0) y=0

We have included this example so the student will see that what we mean (and have not
defined) by intersection multiplicity, generalizes the usual notion of multiplicity of zeroes
of a polynomial in one indeterminate: in this case f(z) = z* + 2® = 23(z + 1) has four
zeroes counting multiplicity, with a triple zero at 0.

Now consider the following example, which at first seems to be a counterexample to
the principle observed up to this point. We intersect a hyperbola with a line, and we
expect to find 2 x 1 = 2 points of intersection. We see only one point of intersection (with
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real or complex coordinates); where is the missing point? It is out there, at infinity!

8.12 Example.

Just one affine point
35

of intersection: (_Zv Z)'

Compare: deg(f)deg(g) =21 =2

The two curves have homogeneous equations Y? — X2 =72 and Y = X +2Z. Now the
two projective points of intersection are the points

((=3,5,4)) =((-%,3,1)) and ((1,1,0)).
The second point lies on the line ¢/, , which is defined by Z = 0.

All these examples illustrate Bezout’s Theorem, which says that given two plane
curves of degree m and n respectively, assuming the two curves do not coincide or share any
components, then the number of points of intersection equals mn. This elegant statement
is valid if we abide by the following three principles:

e Points whose coordinates lie in the algebraic closure of the original field of definition,
should be included.

e Points of intersection should be counted with appropriate multiplicity.

e The curves should be considered as curves in the projective plane, not just in the affine
plane.

Exercises 8.

2 3

1. Consider the two Euclidean plane curves y = x“ and y = z°. Find all points of intersection in the
complex projective plane. What are the corresponding intersection multiplicities?

9. Closed Configurations

We pause to consider a class of point-line incidence structures which slightly generalizes
the notion of a projective plane, by allowing ‘degenerate’ cases which may fail the axiom
(P3). Thus a closed configuration is an incidence system of points and lines such that

(P1) For any two distinct points, there is exactly one line through both.



9. Closed Configurations 51

(P2) Any two distinct lines meet in exactly one point.

A closed configuration satisfying also (P3) (i.e. containing at least four points of which
no three are collinear) are of course projective planes; those which fail (P3) are said to
be degenerate. Note that the point-line dual of a closed configuration, is again a closed
configuration.

Closed configurations arise naturally as substructures of projective planes which are
closed under the meet ‘A’ and join ‘V’ operations, as any such substructure will inherit
the properties (P1) and (P2) from the plane in which it is embedded. To appreciate the
motivation for studying substructures which are closed under the operations of meet and
join, the student is encouraged to recall that in the study of groups, one encounters very
early the notion of a subgroup: a subset closed under the group operation, also satisfying
the usual axioms of group theory. Same for subgraphs of graphs, subfields of fields, etc. In
the case of projective planes, such closed substructures include not only subplanes (which
are projective planes in their own right) but also degenerate closed configurations.

It is not hard to see that the following lists all possible closed configurations.

9.1 Proposition. A point-line incidence structure is a closed configuration iff it is
one of the following:
(i) (9,9);
(ii) a single point;
(iii) a single line;
(iv) a line ¢ and a point P € ¢, together with m > 0 lines through P other than
¢, and n > 0 points on ¢ other than P;
(v) aline £ and a point P ¢ ¢, together with m > 0 lines through P and their m
points of intersection with ¢; or
(vi) a projective plane.

Examples typical of cases (iv) and (v) are shown:
9.1a Flgure ! ; 2 /_/. 9.1b Flgure
Case ( Case (
Two examples of closed configurations, which are the smallest cases of (iv) and (v) respec-

tively, are the flag (an incident point-line pair) and antiflag (a non- 1n(:1dent pomt line

ai%./ an aw
[ ]

A typical projective plane contains many more degenerate closed configurations than
subplanes. In finite classical planes P?(F), every subfield K C F gives rise to a subplane

pair), as shown:
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isomorphic to P?(K), given by those points and lines coordinatized by the subfield. In the
classical case such subplanes, and their images under automorphisms of P?(F), account for
all subplanes. Thus for example in a finite classical projective plane P?(F,), a subplane of
order qo exists iff ¢ = ¢ for some r > 1. For example we present an incidence matrix for
the projective plane P?(IF4) of order 4, having 21 points and 21 lines. We have partitioned
the incidence matrix so that three of its subplanes of order 2 are evident:

OO ODOOHOODO HOFROOO
HFOOOOOoOO OOrROOOoOOD OO OoOOoO
OO+ OO0 ODOOOD ROOOoO—FO
OO OO OD RHFOOODODOD OO
OO OHOO OO0+ OO ORO
OO OHROOOD OO OO—RD OO OO
OOHROOODO OO0 OROOD RFROFrROOO
OO OHROOOD RORrROOOH ROOOoOOoOOoOO
OOrROOOO OrROOOFH OOOoOOOoOOoOH
OO0 ROOORRFROD OOoOOoOo0oO—O
HOOOOODO OO OO0~ OO
OO~ OO HOHO OOOoOHrOOO
SO OOHHO OFHHFHOHOO OOHFHOOOO
ODOOO—RODO HHEOHOODOD OFrROODOOO
RFOROOORr RPFOOOOoOOoOOD OO OOoOOoOOo
OO OOrH OO0+ OrRrOOOoOOoO
—ROOORHRO OO0 0OrO ROOOOOoOOo
OOOHRHROHF OO0 OOD OO OoO -
OO OHRO ODOOHOODO OO —O
OO OO OO OOO0OOD OOoOoOoo—OO
RFROROOO OO0 ODOOoO—ROOoOOo

No such Lagrange-like condition holds for orders of subplanes in general; for example the
Hughes plane of order 9 has a subplane of order 2. However the following bound holds.

9.2 Theorem. Let (3, £) be a plane of order n with a proper subplane (o, £o) of
order ng. Then n3 < n, and equality holds iff every line £ € £ meets some point of
Po , iff every point P € P lies on some line of £ .

Proof. Every £ € £y has (n+1) — (no+1) = n—nyg points of B~P, . Since no two lines of
£o share any point of P~y , the total number of points covered by lines of £y is

(nd4+mno+1) + (ng+no+1)(n—ng) < n*+n+1,
—_——

(. J (. J/

points of Po 1 ints of P~
covered by lines of £

points of P

which simplifies to
(n —no)(n —nd) > 0.
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Since (Po, Lo) is a proper subplane we have ng < n and so n3 < n. If equality holds here
then equality must hold throughout, which means that every point of 3 lies on some line
of £y. A dual argument (interchanging points and lines) shows that this condition is also
equivalent to every line of £ meeting some point of Py . L]

A proper subplane (B, £9) of (B, £) is a Baer subplane if every line of the plane
meets some point of the subplane (Bo, L£o). The conclusion of Theorem 9.2 shows that in a
plane of finite order n, a Baer subplane is simply a subplane of order y/n ; and this cannot
exist unless n is a perfect square. By the remarks above, every finite classical projective
plane of square order has Baer subplanes.

Exercises 9.

1. Let (B, £) be a projective plane of order n having a proper subplane (B, £o) of order ng, so that
n% < n by Theorem 9.2. If n% < n, show that n% + ng < n. Say as much as you can about the case
of equality: n% + ng =n (giving examples if possible).

Hint. Suppose n% < n, so there exists a line £ € £ not containing any point of B,. Consider
intersections of ¢ with lines of £g .

2. We have shown that the points and lines of P2(IF4) can be partitioned into three subplanes of order 2.
Can they also be partitioned into
(a) 21 flags?

(b) 21 antiflags?
(c) 7 triangles (‘subplanes of order 17)?

Do similar partitions exist if P?(IF4) is replaced by a more general projective plane? Find such gener-
alizations if possible.

10. Collineations and Correlations

Automorphisms of a projective plane (3, £) are often called collineations. (One reason
for introducing the new term ‘collineation’ is to distinguish this type of automorphism
from a ‘correlation’, which we define later in this Section.) Thus a collineation o of (‘F, £)
may be viewed as a permutation of P U £ mapping points to points, and lines to lines,
such that P? € (7 iff P € ¢. The (full) automorphism group Aut(P, £) is the (full)
collineation group, and subgroups of Aut(3, £) are collineation groups. For example
consider the projective plane of order two, shown in Figure 10.1; here we have labelled the
points P = {1,2,...,7} and the lines £ = {a,b,...,g}.

10.1 Figure
An Incidence Matrix A
of the Plane P?(F5)

OO OO Q
OO O o
O—RORFROO O
—ORR,ROOO &
OrRr—ROOoOO+— ®
RFROOORrRO S
—ROoOOoOOoOrRORr Y
N OO WN =
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The full collineation group of this plane has order 168, and is generated by the two
collineations (1234567)(abcdefg) and (14)(67)(cg)(de).

Assume that the plane (3, £) has order n. Enumerate the points and lines as P =
{P,Py,...,Pn}, £ = {l1,0a,..., 0y} where N = n? +n + 1. Every collineation o €
Aut (B, £) gives rise to a pair of permutation matrices M (o), M’(o) representing the ac-

tion of o on points and lines, respectively; thus M(o) = (mij(a))1<z.j<N and M’ (o) =
(m;j(a))lsiijN where
0, if PY # P, , 0, if 67 £0;,
MmO =y wpe—p MO T e —

Let A = (aij) be the incidence matrix of A, so that

1, if P e Ej;
Y=o, ifP ¢,

Given two collineations o, 7 € Aut(‘P, £), the (7, j)-entry of M(o)M(7) is

Zm e (0)m; () = 1, if there exists k such that P, — P}, —— P;;
’ / 0, otherwise
_J 1, if P ¥S Py
0, otherwise

= m,-j(aT)

which shows that M(o)M (1) = M(oT), i.e. M : Aut(B, £) — GLy(Q) is a homomor-
phism. Note also that
M(o)"=M(o) " = M(o )

since M (o) is a permutation matrix, hence orthogonal. Similar properties hold for M’ :
Aut(P, £) — GLN(Q) in place of M. Now if o € Aut(P, £) then the (i, j)-entry of M (o)A
is
1, if there exists k such that P, — P, € £, :
Z mzk akj . J
0, otherwise
~ 10, otherwise

whereas the (i, j)-entry of AM'(0) is

Z P _ J 1, if there exists k such that P; € {g s U
’ / 0, otherwise

= O’

otherwise
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and so M (o)A = AM'(c). Conversely if My, My are N x N permutation matrices satisfying
M AM, " = A, then the corresponding pair of permutations of 8 and £ is a collineation
of the plane (3, £). This proves

10.2 Theorem. Aut(B, L) = {pairs (M, M) of N x N permutation matrices
MiA = AM).

For example in the case of the projective plane of order two listed above, the generators
for the collineation group listed above are represented in matrix form as

I 07 r1 T i 1770

SO ORRFO
OO~ OO
Bl RFORPFROOC
ORrFRPROOoOO -
OO~ O
oo O
I
OO O—RO =
SO ORFO
OO~ OO
ORrPRPROOoOO -
R, OoOOoOoO O
oo O
SO
SO oOoOoO—O
SO0 O—HOO
OO OOO
SO OODODOO
OO O

coococoOor
coococOoORO

{oococoroo
coor~rooO
corocooOo
OO0 OoOO

RO OoOOoOoOOo
RO OoOOoOoOOo

SO OH—RO

AN J/

(abedefg)

7\

2l RFORROOO

(1234567)

OO ~,O
O OoOOoOFRO
I
OO O—RO =
SO OR RO
OO~ OO
ORrFRPROOoOO -
OO ~,O
O oo O
OO oOoOoO -
SO OoO O
—HO OO OoO
SO OODODOO
SO OHrROOO
OO O
SO0 O—HOO

SO OH—ROOO
SO O OO RO
SO OHROO
{ocococococor
S OHRODOOO
el er e Rer e Nan)
OO OO
OO OH—RO =
SO OR O
OO~ OO
2l RFORROOO
ORrFRPROOoOO

AN J/

(cg)(de)

AN

Bl RORROOO

—~
—
=~

~

—~
(=)
3

~

A consequence of Theorem 10.2 is

10.3 Corollary. Every collineation of a plane (3, £) has equally many fixed points
and fixed lines.

Proof. Let o € Aut(3, £). Note that the trace of M (o) is

Zm“(a) = [{ie{1,2,...,N} : PY = P}

is simply the number of points P € P fixed by o. Similarly the trace of Ms(o) is the
number of fixed lines. However the incidence matrix A is invertible:

A(LA"— —n(n1+1)J) =1l +J)— 7n(n1+1)(n+1)J =1.

Thus the matrices M; (o) and My(o) = A 'M; (o)A are similar. Since similar matrices
have the same trace, the result follows. L]
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The argument used in our proof of Corollary 10.3 is based on concepts from represen-
tation theory; see Appendix A3. Here we have a pair of homomorphisms 7; : Aut(3, £) —
GLN(Q), 0 — M;(o) for i =1,2. Since the matrix A is invertible, the representations m;
and o are equivalent. The same technique applies to any invertible matrix A, where we
consider an automorphism of A as a pair of permutations of the rows and the columns;
the argument shows that any such automorphism fixes equally many rows and columns.
A more general formulation of this fact is given by

10.4 Theorem. Every group G of automorphisms of a finite projective plane (5, £)
has equally many orbits on points and on lines.

Before proving Theorem 10.4, consider the following example: Let (3, £) be the projective
plane of order two shown in Figure 10.1, and let G = (g, h) be the group of order four
generated by g = (12)(57)(bg)(ef) and h = (15)(27)(ad)(bg). Then G has four point
orbits {1,2,5,7},{3},{4},{6} and four line orbits {a,d},{b, g}, {c},{e, f} in accordance
with Theorem 10.4. Note that the point orbits and line orbits do not have the same size!
Moreover there is no canonical bijection between point and line orbits. Nevertheless every
nonidentity element of G has the same number of fixed points and fixed lines, in this case
three.

Proof of Theorem 10.4. For every point P € ‘B, denote the corresponding stabilizer
Gp = {9 € G: P9 = P} and orbit P¢ = {P9 : g € G}. Recall that |P%| = [G : Gp];
see Theorem A2.2. Let Pi,..., P. € P be representatives of the distinct point orbits, and

ly,...,0s € £ representatives of the distinct line orbits. We count
> trMi(g) =Y |{P:P¢ =P}
geG g

= |{(P,g) € B xG: P =P}
= ) IPFlGr|

1<i<r
=) G
1<i<r
=r|G|.
Since trM; (g) = trMz(g) we obtain
rlGl =Y trMy(g) =) trMs(g) = s|G]. ]
geG geG

Let o be a collineation of a finite projective plane (B, £), and let (P, L,) be the
substructure formed by the fixed points and lines; thus

Bo={PeP:P =P} and L, ={le L : 7 =/}
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It is easy to see that this is a closed substructure of (I3, £): if P,Q € B, then
(PQ)O’ — PO’QO’ — PQ

and if /,m € £, then
(Nm)? =L7Nm? =LNm.

The possibilities for a closed configuration were listed in Proposition 9.1; of these, Corol-
lary 10.3 requires that we select only those with equally many points and lines as possible
fixed substructures of collineations. This yields

10.5 Theorem. Let o be a collineation of a finite projective plane (3, £). Then
the fixed substructure of ¢ is a closed configuration of one of the types listed in the
following table:

case | description of o (Bos, Lo)
(i) | fixed-point free (0,0)

. line ¢ and a point P € ¢, together with
. generalized a . )
(ii) (P, f)-elation | ™ > 0 lines through P other than% 0 L)Z

and m > 0 points on ¢ other than

: a line ¢ and a point P ¢ ¢, together with P
(iii) ( ng)r_lﬁgilllgff m > 0 lines through P and their :f SE
’ 8Y | m points of intersection with ¢ ¢

(iv) planar subplane

Technically, the identity is planar, since its fixed substructure is the entire plane. In cases
(ii) and (iii), o is called a generalized (P,{)-perspectivity. As special cases, we call
o a (P,{)-perspectivity if m = n, the order of the plane. This means that o fixes
every point of ¢ and every line through P; then we call o a (P,{)-elation if P € ¢, or a
(P, ¢)-homology if P ¢ ¢. Also in such cases we call P the centre and ¢ the axis of the
perspectivity o. For a fixed group of automorphisms G < Aut(B, £) and point-line pair
(P, ?), the set of all g € G fixing every point of £ and every line through P forms a subgroup
denoted G(P,¢) < G} this group consists of the identity and all (P, £)-perspectivities in G
(if any).

Another special case of (ii) and (iii) is where m = 0: in this case (P,, £,) = ({P}, {¢}).
Here we say o is a flag collineation or an antiflag collineation, according as P € ¢ or
P ¢ (. Also case (iii) includes the case m=2 where ¢ is triangular: its fixed substructure
is a triangle. In this case any of the three vertices of the triangle can be considered the
centre of 0. Perhaps this should be considered a special case of (iv) really (a ‘subplane of
order 1’ i.e. a ‘thin’ subplane; see Exercise #6.3).

More generally, every collineation group G has a fixed substructure (P, £5) whichis a
closed configuration in the plane (I3, £). However, such closed configurations need not have
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equally many points and lines (see the example given after the statement of Theorem 10.4
above, with three fixed points and only one fixed line). More general collineation groups
can have fixed substructures of any of the types listed in Proposition 9.1.

As first examples illustrating Theorem 10.5, we classify some collineations of the
projective plane of order 2 illustrated in Figure 10.1:

(37)(56)(bf)(cd) is an (1, a)-elation;

(24)(3576)(bdfc)(eg) is a flag collineation with centre 1 and axis a;

(235)(476)(age)(cdf) is an antiflag collineation with centre 1 and axis b;

(1234567)(abedefg) is a fixed-point-free collineation.

This plane has no nontrivial homologies or planar or triangular collineations.

Consider now the classical plane P?(F) over a field . Here the full collineation group
is G = PI'L3(F), the group generated by all semilinear transformations F? — F3 i.e.
transformations of the form v +— v*A where A € GL3(F') and o € Aut F’; here we view
F3 as consisting of row vectors. (See Appendix A2.) In the group PI'L3(F), all scalar
transformations v — Av where 0 # X\ € F fix every point and every line of P?(F) and
so are the identity collineation. The elation group G({(1,0,0)), ((0,1,0)")) consists of the
transformations

o O =

c 0

1 0f, ie (z,vy,2) +— (z, y+czx, 2).

0 1

1,0,0)), ((0,1,0)")) consists of the transformations

—~

The homology group G(

, le. (z,y, 2) — (cz, ¥, 2)

SO0
O = O
— o O

where ¢ # 0. Note that the elation and homology groups with fixed axis and centre are
abelian, in fact isomorphic to the additive group of F' and the multiplicative group F*
respectively. Nonclassical planes can however have nonabelian groups of perspectivities.

Generalizing the previous two examples, it is the case that invertible matrices of the
form I + B where B has rank one, represent perspectivities. The centre and axis are the
row and column spaces of B, respectively. (Reverse these, if the underlying vector space
F3 is considered as column vectors.) Every nontrivial perspectivity of P?(F') has this form.

Diagonalizable matrices with three distinct eigenvalues, represent triangular colline-
ations (and conversely). For example the diagonal matrix

o O Q
o o O
o O O

has fixed substructure consisting of the triangle with vertices

((1,0,0)),  ((0,1,0)), {(0,0,1)).
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More generally a diagonalizable matrix with three distinct eigenvalues, has three 1-dimen-
sional eigenspaces, and these are the vertices of its fixed triangle.
A matrix of the form

1 b
A=1|0 c
0 1

S = Q

with ab # 0 has a unique eigenspace ((0,0,1)) which is the centre of the corresponding
collineation; its axis is the line z = 0, i.e. ((1,0,0)") so A represents a flag collineation.
A matrix of the form

1
A=10
0

o 8 o
ISUS o)

assuming the 2x2 matrix [‘i Z] has an irreducible characteristic polynomial, has ((1, 0, 0))
as its unique eigenspace. In this case A represents an antiflag collineation with centre
((1,0,0)) and axis ((1,0,0)").

A field automorphism a € AutF acts on P?(F) as (z,y,2) — (z%,y% 2%). The
corresponding collineation is planar with fixed substructure P?(K) where K = {z € F :
x® = z} is the fixed subfield of «.

10.6 Proposition. Let (B, £) be a projective plane of finite order n, and consider
any group of automorphisms G < Aut(3, £). Then |G(P,¢)| divides n or n—1 accord-
ingas Pelor P ¢/

Proof. Let m be a line through P other than ¢. Let S be the set of points of m other
than P, and not on ¢. Then G(P,{) permutes S. If 0 € G(P,{) fixes a point of S, as well
as fixing every point of m and every line through P, then by Theorem 10.5 we must have
o = 1. Thus every orbit of G(P,¢) on S has size |G(P,¢)| by Theorem A2.2. Since |S| =n
or n—1 according as P € £ or P ¢ {, the result follows. []

From the explicit description of the groups G(P,{) above in the classical case, we see
that the upper bound of Proposition 10.6 is attained in this case. Thus in the classical
plane P?(F) with full collineation group G' = PT'L3(F):

e If P € ¢ and m is any line through P other than ¢, then the group G(P,¢) of
(P, ¢)-elations permutes the points of m~{P} regularly. The group G(P,{) is
isomorphic to the additive group of F. In particular if F = F, then G(P, /) is
elementary abelian of order q.

o If P ¢ ¢ and m is any line through P other than ¢, then the group G(P,¢) of
(P, ¢)-homologies permutes the points of m~{P, £ N m} regularly. The group
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G(P,?) is isomorphic to the multiplicative group F'*. In particular if ' = F,
then G(P, /) is cyclic of order ¢ — 1.

An element 7 € Aut(P3, £) of order two is called an involutory collineation, or
simply an involution.

10.7 Theorem. Let 7 be an involutory collineation of a projective plane (3, £).
Then 7 is one of the following:

(a) an elation;

(b) a homology; or

(c) Baer planar.

If the plane (I3, £) is of finite order n then cases (a), (b), (c) require that n is even,
odd, or a perfect square, respectively.

Proof. 1t is not hard to see that every point P lies on some fixed line. If £ € £ is not fixed
by 7, then ({N¢7)" =" N{L =¢NL". In particular every non-fixed line passes through
a fixed point. From the list of possible fixed substructures (i)-(v) above, we see that the
fixed points consist either of all points of some line, or a subplane (which by Theorem 9.2
is necessarily Baer). Thus every involution is either an elation, a homology or Baer planar.
If 7 is a perspectivity then G(P, ) contains an element of order 2 and so the parity of n
follows from Proposition 10.6. L1

A correlation of a projective plane (3, £) is a permutation of 8 U £ which maps
points to lines, and lines to points (thus interchanging the sets 8 and £) while preserving
(or, more correctly, reversing) incidence. So a correlation o has the property that ¢7 € P?
ifft P € £. Such a correlation ¢ can be seen as an isomorphism between the original plane
(B, £) and the dual plane (£,B), so only a self-dual plane can have any correlations at all.
For example we illustrate here a correlation (AaDdEbCg)(BcGe)(F' f) of the projective
plane of order two:

E b
(AaDAEbCg) 10.8 Figure
(BeGe)(F )
— @ Incidence
Graph of
P2(FFy)
A S a D a =D d

We may view both collineations and correlations as automorphisms of the incidence
graph of the projective plane (B3, £); this is the bipartite graph I' = I'(3, £) having
vertex set P U £, and with an edge from vertex P € B to vertex ¢ € £ iff the point P lies
on the line £. In fact the automorphisms of the graph I' are of two types:



10. Collineations and Correlations 61

(i) Those o € AutI' preserving both B and £. These correspond to collineations of
the plane (B, £); and

(ii) Those o € AutT interchanging P and £, if they exist. These correspond to
correlations of the plane (33, £).

So either the plane (B, £) is self-dual, in which case Aut(B, £) (the collineation group) is a
subgroup of index 2 in Aut I" (identified with the group of all collineations and correlations
of (B, £)), or the plane (B, £) is not self-dual, in which case Aut I’ may be identified with
the collineation group Aut(3, £).

Figure 10.8 shows the projective plane of order two, along with its incidence graph,
which evidently has automorphism group of order 2 x 168 = 336.

Note that every correlation of (I3, £) must have even order. A polarity of (I3, £)
is a correlation of order 2. Given a polarity ¢ and an enumeration of points as P =
{P1, P2,..., PN}, it is natural to list lines in the corresponding order £ = {P{,PJ,...,
Pg}; in this case the incidence matrix is symmetric since P; € P? it Py € PP (Here
we have used the fact that ¢2 = 1 in order to simplify (P7)° = P;j.) Conversely, if a
projective plane has a symmetric incidence matrix for some enumeration of its points P;
and lines ¢;, then the projective plane has a polarity P; < ¢; .

For example the projective plane of order two illustrated in Figure 10.8 has a polarity
(Aa)(Be)(Cc)(Dg)(Ef)(Fb)(Gd), giving rise to the following symmetric incidence matrix.

aecyg fbd
AT1 10100 07
Bl11000110
10.9 Figure Clo011010
The Polarity D|1010001
(Aa)(Be)(Ce)(Dg)(Ef)(Fb)(Gd) £ 10 100011
F|10110100

GLOOO0O110O0 1. A B C D E F (G

Let o be a polarity of a projective plane (B, £). A point P is absolute if P? € P;
otherwise P is nonabsolute. Similarly a line ¢ is absolute if (7 € /; otherwise £ is
nonabsolute. The absolute points and lines are identified by 1’s on the diagonal of the
symmetric incidence matrix corresponding to o. For the example illustrated in Figure 10.9,
the absolute points are A, C', G and the absolute lines are a, c,d. Since the accompanying
incidence graph lists points and lines in consistent order (corresponding via o), the graph is
symmetric about a horizontal axis of symmetry and the vertical edges identify the absolute
points and lines. Note that the absolute points are collinear, and the absolute lines are
concurrent. In general we have

10.10 Theorem. Suppose o is a polarity of a projective plane (B, £) of order n,
where n is not a square. Then o has n + 1 absolute points. These points form a line
if n is even, or an oval if n is odd.
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For a proof, see [31, Thm 12.7]. For a finite classical plane P?(FF,), one possible polarity is
given by the transpose map which interchanges row and column vectors. Clearly, a point
((x,y, z)) is absolute iff

0= (z,y,2)(z,y,2)" = 2+ y? + 22

Such points form a nondegenerate conic if ¢ is odd, or a line x +y + 2 =0 if ¢ is even. For
classical planes of non-square order, every polarity has this form (called an orthogonal
polarity) for some choice of coordinates. But suppose ¢ = ¢3, so that the quadratic
extension F, D I, has an automorphism xz +— = = z9° of order two. In this case the
conjugate-transpose map v — v" interchanges row and column vectors of length 3 and
gives a polarity of P?(F,), called a unitary polarity. The absolute points of this polarity
are those satisfying the condition

0= (z,u,2)(T,7,2)" = %t 4 g2+l 4 a0+l

One checks in this case that there are g5 +1 absolute points (and lines), and ¢3 (g2 —qo+1)
nonabsolute points (and lines). Moreover, the absolute points and nonabsolute lines form
a 2-(g+1, go+1, 1) design embedded in (B, £), called a Hermitian unital of order ¢ .
We will encounter this example again in Example 18.7. Every polarity of P?(FF,) is either
an orthogonal polarity (for arbitrary ¢) or a unitary polarity (for ¢ a square only). Such
polarities are as described above, after a change of coordinates of necessary.

Exercises 10.

1. For each of the planes indicated, find the number of collineations of each of the types listed in Theo-
rem 10.5.

(a) The projective plane of order 2.
(b) The projective plane of order 3.

2. Let 71 and 72 be involutory collineations of a finite projective plane. Can 7172 be fixed-point-free?
Justify your answer.

3. Let o be an automorphism of a projective plane (53, £). Show that o fixes all lines through some point
P, iff o fixes all points on some line £. Thus o has a centre iff o has an axis.

Note: In the finite case this follows from our classification of fixed substructures of collineations, which
relies on the fact that o has equally many fixed points and fixed lines (Corollary 10.3). However one
verifies the required statement directly without any finiteness assumption. Suppose o fixes every point
of £. We may assume that every fixed point of o lies on ¢ (why?). Let R be a point not on ¢, and let
P = (RR?)N¥{. Then R lies on the fixed line RP; and so every point lies on at least one fixed line.
Let S be a point not on U RP and consider how a fixed line through S may intersect RP.

4. How many polarities does the projective plane of order two have? Explain.

5. The Hermitian unital of order 2 consists of all absolute points and nonabsolute lines with respect to
a unitary polarity of P?(F4) as described above. List all points and lines of this unital, and draw it
(showing all incidences). Where have you seen a design like this before in this course? and should you
expect a similar connection between unitals and other designs we have studied, for larger values of g7
Explain.
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11. Classical Theorems

We present here several results that may be called classical, not only because of when these
results were first proved; but because they describe properties of the classical projective
planes P?(F') not shared by more general projective planes.

The group I'L3(F) of all semilinear transformations F* — F'3 acts on the projective
plane P2(F). (See Appendix A2 for the notation and results of group theory used here.)
This is because every semilinear transformation maps subspaces of F3 to subspaces of
the same dimension, preserving the incidence relation of inclusion. The normal subgroup
Z A TL3(F) consisting of all scalar transformations F'® — F2 v+ v for 0 # )\ € F, acts
trivially on P2(F) (i.e. it fixes every point and line) and so the quotient group

PU'Ls(F) =T Ls(F)/Z

acts on P?(F). The subgroup PGL3(F) consists of linear transformations F3 — F3, but
where two linear transformations are identified if one is a scalar multiple of the other (in
which case their action on P?(F) is the same).

An ordered quadrangle is an ordered 4-tuple of points (A, B,C, D), no three of
which are collinear.

11.1 Fundamental Theorem of Projective Plane Geometry. The full colline-
ation group of P?(F) is PI'L3(F). Its normal subgroup PGL3(F) is regular (i.e.
sharply transitive) on ordered quadrangles.

Proof. We prove only the second statement. Recall that the points and lines of P?(F)
are the subspaces of F? of dimension 1 and 2 respectively. Let (A;, Az, Az, A4) be an
ordered quadrangle, so that A; = (v;) for i = 1,2,3,4; and no three of vy, ve,v3,v4 € V
are linearly dependent. There exists a unique linear transformation 7 : F® — F3 such
that T'(v;) = e; for i = 1,2,3 where we denote the standard basis of F'® by

er = (1,0,0); ex=(0,1,0); e3=(0,0,1).

Since T'(v4) is not a linear combination of any two of T'(v;) = e; (i = 1,2, 3), we must have
T(v4) = (a,b,¢) where abc # 0. Define an invertible linear transformation D : F3? — F3
by (z,y,2) — (a 'z,b"'y,c 'z). Then the invertible linear transformation SoT : F3 — F3
maps

A= ((a ,0,0)) = ((1,0,0));
Az = ((0,07,0)) = ((0,1,0));
Az = {(0,0,¢ ) = ((0,0,1));
Ay~ ((1,1,1)).
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Thus PGL3(F) is transitive on ordered quadrangles. Now suppose a linear transformation
R : 3 — F3 fixes the ordered quadrangle ({e1), {e2), (e3), ((1,1,1))). Since R fixes (e;)
for + = 1,2, 3, the matrix of R is diagonal:

R =

o O Q
o o O
o O O

for some nonzero a,b,c € F. Since R also fixes ((1,1,1)), we have

<(17 1, 1)> = R<(17 1, 1)> = <(a7 b, C)>

so that a = b = c and R € Z, which represents the identity in PGL3(F). Thus PGL3(F)
permutes ordered quadrangles regularly (sharply transitively). L]

The Fundamental Theorem is useful in making simplifying assumptions in any com-
putations involving coordinates, as in the following proof.

11.2 Pappus’ Theorem. In Figure 8.1 the points Ry, R;, Rs are collinear.

Proof. By the Fundamental Theorem, we may assume that
Po=((1,0,0)), P1=((0,1,0)), Qo=((0,0,1)), Q:1=((1,1,1)).
We immediately obtain
(=((0,0,1)%), m=({1,-1,0)"), 0=((1,1,0)), P=(1,a,0)), Q2=((1,1,5))
for some «, f € F~{0,1}. Next we determine

501:<(0,1,—1)T>, 510:<(1,0,0)T>, 502:«0, —ﬁ,l)T>7
Loo=((—,0,1)7),  l1o=((—B,0,1)7), Lyy=((—c,1,a—1)7)

and consequently
R0:<(17 Oé—l—(l—Oé)ﬁ, ﬁ)>7 R1:<(170‘70‘ﬁ)>7 R2:<(07171)>
The fact that the latter three points are collinear follows from

1 at+(l-a)f p
det | 1 Q af | =0. ]
0 1 1
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The following result may be proved using coordinates in a spirit similar to the previous
proof. Instead our proof makes use of a plane collineation.

11.3 Desargues’ Theorem. In a classical plane P?(F) consider two triangles ABC
and A’B’C’ sharing no sides or vertices, and suppose that the lines AA’, BB’ and
CC" are concurrent at a point O. Let P, (@, R be the intersection points AB N A’'B’,
AC N A'C', BC N B'C' respectively, as in Figure 11.4. Then P,Q, R are collinear.

11.4 Figure
The Desargues Configuration

Proof. Let { = PQ. By comments following Proposition 10.6, there exists an (O, ¢)-
homology o mapping A — A’. Since o fixes both P and @, while also fixing every line
through O, it maps
B=PANOBw— PANOB = DB';
C=QANOC — QA ' NOC = C’;
BCn({w— B'C'nV.

Since o fixes every point of ¢, this means that BC N /¢ = B'C' N/, i.e. the three lines BC,
B'C’, ¢ are concurrent; thus R = BC N B’C’ lies on / as required. L]

For each of the three preceding theorems, a converse is available. These converses,
which are usually included in the statements of the theorems, state that the only planes
with the given properties are the classical planes. A ‘converse’ of the Fundamental The-
orem of Projective Plane Geometry, is the fact that every projective plane admitting an
automorphism group which is transitive on ordered quadrangles, is necessarily classical.
More is true: for example the Ostrom-Dembowski-Wagner Theorem states that a finite pro-
jective plane admitting an automorphism group which permutes the points 2-transitively,
is necessarily classical.
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Every projective plane which satisfies the conclusion of Desargues’ Theorem, is isomor-
phic to P?(K) for some skewfield K. (Recall that a skewfield is roughly a not-necessarily-
commutative field; see Appendix A3 for a more complete description.) Every projective
plane which satisfies the conclusion of Pappus’ Theorem, is isomorphic to P?(F) for some
field F. Thus the condition of Pappus’ Theorem is stronger than that of Desargues’ The-
orem: it implies commutativity of the underlying coordinate system. Planes of the form
P2(F) for some field F' are called Pappian, while planes of the form P?(K) for some
skewfield K are called Desarguesian. Now by a classical plane we may intend either
a Pappian plane or a more general Desarguesian plane; but for finite planes, these two
concepts coincide since every finite skewfield is commutative (see Theorem A3.4). The al-
ternative name Galois plane is also commonly applied to the finite classical planes P?(F,)
since they are coordinatized by the finite fields Fy , also known as the Galois fields (and
sometimes therefore denoted GF'(q)).

For proofs of the converses of Desargues’ Theorem and Pappus’ Theorem, see e.g. [31].
These proofs rely on the coordinatization of a general projective plane, which is accom-
plished using a planar ternary ring (PTR). Such a PTR consists of a set R with a
ternary operation T' : R x R x R — R, rather than the two binary operations of addi-
tion and multiplication arising in traditional ring theory. In the classical case R is just a
field, and T'(x,m,b) = xm + b; but in the general case the ternary operation cannot be
represented as a composite of two binary operations in such a convenient manner. The
greater the degree of homogeneity, or symmetry, that is assumed for the projective plane,
the nicer will be the algebraic properties of its PTR. For example translation planes, while
not as symmetric as classical planes, are coordinatized by quasifields. A quasifield (defined
in Section 3) is nicer than a general PTR, although not as nice as a field (at least it is
typically neither commutative nor associative, and fails one of the distributive laws).

Exercises 11.

1. The Desargues configuration is the partial linear space shown in Figure 11.4 (with 10 points and 10
lines, including the line £). Each point of the configuration lies on three lines of the configuration; and
dually, each line passes through three points.

(a) Show that the configuration is self-dual. (As a consequence, the dual of Desargues’ Theorem can
be phrased as a ‘converse’ of the original theorem; we omit the details.)

(b) Identify the group of automorphisms of the configuration. (Partial credit will be given for providing
generators and the order of the group. A complete answer will recognize the group as a known
group.)

2. Prove that a classical projective plane P2(F) has a subplane of order 2 iff the characteristic of F is 2.
Hint. Use the Fundamental Theorem to choose nice coordinates for 4 of the 7 points of the subplane,
without loss of generality.

3. Prove that the affine plane of order 3 embeds in P?(Fy), iff ¢ # 2 mod 3.

Hint. Again use the Fundamental Theorem to choose nice coordinates for 4 of the 9 points of the
embedded affine plane, without loss of generality.
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12. Conics and Ovals

A conic in a classical plane P?(F) is the set C of points ((z,y,2)) satisfying a nonzero
homogeneous quadratic polynomial condition of the form Q(x,y,z) = 0 where

QX,Y,Z) =aX? +bY? +cZ? +dXY +eXZ + fY Z.

Note that this condition is well-defined for points ((z,y,z)) since if 0 # A € F, then
Q(\z, \y, \2) = N2Q(z,y,2). We say that C is nondegenerate if it does not contain an
entire line. We show that for F' = F, a finite field, any two nondegenerate conics are
equivalent by an invertible linear change of coordinates. Indeed we show that C can be
transformed to the conic y? = xz using a linear change of coordinates.

12.1 Theorem. Let C be a nondegenerate conic in a finite classical plane P?(F,).
Then C has q 4+ 1 points, of which no three are collinear. Moreover C is equivalent, by
a linear change of coordinates, to the conic y? = zz.

Proof. By Theorem A1.7, C has at least one point P. By a linear change of coordinates,
we may assume that P = ((1,0,0)); so without loss of generality C has the equation

bY? +cZ? +dXY +eXZ+ fYZ =0.

A typical line through P has the form

sy =((0,8,7)") = (P, (0,7,=p))  where (8,7) # (0,0).

Here we may take
(8,7) € {0, U{(L,7) : v € Fg}

in order to list the ¢g+1 lines through P. We claim that

(12.2) exactly one of these lines (the tangent line at P) meets C at a unique point
P; and the remaining ¢ lines through P are secant lines, each meeting C
at just one point other than P.

From (12.2) it will follow that C has exactly ¢+ 1 points; and that no line through P meets
C in more than two points. But since P was an arbitrarily chosen point of C, in fact no
three points of C are collinear. To prove (12.2), consider an arbitrary point of ¢z, other
than P; this has the form ((¢,v,—3)) for some ¢t € F,. The condition for this point to lie
on C is that

(12.3) > = fBy + 0% + (dy — ef)t = 0.
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If (B,7) ¢ ((d, e)) then the coefficient of ¢ is nonzero so there is a unique solution for ¢. This
gives a unique point of C on each line through P other than the line ¢4 .. If (5,7) € ((d,e))
then the coefficient of ¢ in (12.3) is zero and the equation becomes be? + fde + cd? = 0. If
this equation holds then all points of the line ¢4 . lie on C, contrary to the nondegeneracy
of C; therefore be? + fde + cd? # 0 and so C contains no points of £4. other than P itself.
This proves (12.2).

It follows from (12.2) that C has at least three noncollinear points P, ), R. Let ¢
and m be the tangent lines at P and @) respectively, and let S = ¢ N m; then no three of
P,Q, R, S are collinear. By Theorem 11.1 we may choose coordinates so that P = ((1,0,0);
S =((0,1,0)); @ = ((0,0,1)); R={((1,1,1)). Now the equation of C takes the form

bY?2 +dXY +eXZ+fYZ =0

where b+ d+ e+ f = 0. The tangents to P and ) are given by dY + eZ = 0 and
eX + fY = 0 respectively; since these tangents pass through S = ((0,1,0)) we must have
d=f =0 # b and so the equation for C reduces further to bY?2 4+ eXZ = 0 where
e = —b # 0. This gives the required form Y2 — XZ = 0 for the equation of C. L1

A natural combinatorial generalization of a conic is provided by the following defini-
tion: A k-arc in a projective plane is a set O of k points of which no three are collinear. A
line ¢ is called a passant, a tangent or a secant of O according as [{NO| =0, 1or 2. An
oval in a projective plane of order n is an (n + 1)-arc. It is natural to ask what examples
of ovals exist other than conics; and whether larger arcs exist than ovals.

12.4 Theorem. Let O be a k-arc in a projective plane of order n. If n is odd then
k <n+1. If nis even then k < n+42.

Proof. Let P € O. Each of the n+1 lines through P has at most one point of O other
than P itself, so that k = |O] < n + 2. Suppose there exists an (n+2)-arc; we must show
that n is even. Let P € . Since every line through P must be a secant line, O has no
tangents. Let ) be a point not in O; then every line through () is either a passant line or
a secant line. This means that |O| = n+2 is even, so n is even. L]

An (n+2)-arc in a plane of even order n is called a hyperoval.

Consider again the conic XZ —Y? =0 in P?(F,), whose points are given by

C={((1,t,1*)) : t € Fg} U{{(0,0,1))}.

One checks that the tangents at these points are given by

((t?,—2t,1)") for t € Fy; ((1,0,0)7).
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If ¢ is odd then these tangents ((a, 3,7)7) satisfy 4ay — 32 = 0, i.e. they form a dual
conic (a conic in the dual plane); in particular no three tangents are concurrent. However
if ¢ is even then the tangents appear more simply as

((t2,0,1)")  for t € Fy; ((1,0,0)7)

and so all tangents pass through N = ((0,1,0)). Thus C U {N} is a hyperoval. This
distinction in behaviour between conics in even and odd order generalizes to ovals in
arbitrary finite planes for purely combinatorial reasons:

12.5 Theorem. Let O be an oval in a projective plane of order n. Then every point
of O lies on a unique tangent; thus O has exactly n+1 tangents.

(a) If n is odd then no three tangents are concurrent.

(b) If n is even then all n+1 tangents meet in a point N. Now OU{N} is a hyperoval,
the unique hyperoval containing O.

Proof. Let P € O. The n points @ € O~{P} determine n distinct secants through P so
the remaining line ¢ through P is a tangent.

Suppose n is odd. Every point T' € £~{ P} lies on an even number of tangents including
¢ since each tangent through 7" meets O in an odd number (i.e. one) of points, while the
total number of points |O| = n+ 1 is even. Since each of the n points T € ¢~{P} lies
on at least one tangent other than ¢, the tangents other than ¢ must meet ¢ in n distinct
points. This proves (a).

Suppose n is even and let @Q ¢ O. Since |O| = n+1 is odd, @ must lie on an odd
number of tangents. Since every point of O lies on a unique tangent, it follows that every
point lies on at least one tangent. Let ¢y, ¢1,...,¢, be the tangents and let N = /¢y N¥{;.
Let S be the set of points not covered by ¢y U ¢1, so that |S| = n(n — 1). Each of the
remaining tangents ¢; (for j = 2,3,...,n) covers either n or n—1 points of S, according
as ¢; does or does not pass through N. In order that the remaining n—1 tangents cover
all n(n—1) points of S, we therefore require that they all pass through N. L]

For an oval O in a plane of even order, the common point N of intersection of all
tangents is called the nucleus or the knot of O. For an oval O in a plane of odd order n,
Theorem 12.5 shows that every point P is on 0, 1 or 2 tangents of O; the point P is called
interior, absolute or exterior with respect to an oval O accordingly. (An absolute point
is simply a point of O itself.)
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12.6 Figure

P is exterior;
@ is absolute;
R is interior

12.7 Theorem. Let O be an oval in a plane of odd order n. Then O has

n-+1 absolute points, %n(n—l) interior points, and %n(n—kl) exterior points;
1

n+1 tangents, 5n(n—1) passants, and %n(n—kl) secants.
Moreover

(a) Every absolute point lies on 1 tangent and n secants.

b) Every interior point lies on i (n+1) secants and % (n+1) passants.
2 2

c¢) Every exterior point lies on 2 tangents, 4 (n—1) secants and i (n—1) passants.

g 2 2

(d) Every tangent line contains 1 absolute point and n exterior points.

e) Every passant line contains 1 (n+1) exterior points and i (n+1) interior points.
2 2

(f) Every secant line contains 2 absolute points, %(n—l) exterior points and %(n—l)

interior points.

In the dual plane, the tangents of O become the points of a conic @’. Duality in-
terchanges the interior, absolute and exterior points of O (respectively, O’) with the
passant, tangent and secant lines of O’ (respectively, O).

Proof. The number of points and lines of each type follows by simple counting arguments;
for example the n+1 tangents give (”;1) = %n(n—H) distinct points of intersection, these
being the exterior points. The number of interior points is therefore

(n®4+n+1) — (n+1) — 2n(n+1) = in(n-1).

The final assertions concerning duality follow from Theorem 12.5(a). Conclusions (a), (b)
and (c) follow from the definitions by straightforward counting. Statements (d), (e) and
(f) follow by duality. L1

Examples of ovals are known in most of the known finite projective planes. Segre’s
Theorem 12.14 shows that ovals in classical planes of odd order are necessarily conics. Not
all finite projective planes have ovals; among the twenty-two known projective planes of
order 16, four have no hyperovals and hence no ovals [54].

In planes of even order, every oval extends to a hyperoval; removing any point of a
hyperoval yields an oval. So one naturally regards an oval as a hyperoval with one of its
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points distinguished. Consider a conic C in a classical plane P?(F,) where ¢ = 2¢, and let
N be its nucleus. The resulting hyperoval O = C U {N} is called a regular hyperoval.
Let G be the group of all collineations of P?(F,) leaving invariant the hyperoval. For ¢ < 4,
the ¢+ 2 points of the hyperoval are permuted transitively by G and all ovals are equivalent
under GG. However for ¢ > 8, the group G has two orbits on the points of the hyperoval,
namely C and {/N}. In this case two types of oval are available from O, namely a conic C
and a ‘pointed conic’ of the form O~{P} where P € C. It is sufficient, and clearly easier,
to focus our attention on hyperovals rather than ovals when studying planes of even order.

For g < 8, every hyperoval in P?(F}) is regular. Irregular hyperovals exist in P?(F,)
for even ¢ > 16. The unique irregular hyperoval in P2 (F16) is due to Lunelli and Sce [41].
We provide here a very brief introduction to hyperovals; for a more complete survey see,
for example, [18].

Let O be a hyperoval in P?(F,) where ¢ = 2° > 4. By an appropriate choice of
coordinates we may assume that O contains the points P = ((1,0,0)) and @ = ((0,1,0)).
None of the remaining ¢ points of O may lie on the line PQ = ((0,1,0)"), so they all have
the form ((s,¢,1)) with distinct s’s (since no two of them are collinear with P) and distinct
t’s (since no two of them are collinear with ). Thus

O = {{(f(t).t.1)) = t € F,} U{{(1,0,0)),((0,1,0)}}

for some permutation f :F, — F,. It is convenient to regard f(X) as represented by a
polynomial in F,[X], which must therefore be a permutation polynomial; see Appendix
A2. We regard P(Q as the line at infinity, and the points of O outside this line as the graph
of f in the affine plane A%(F,). Since no two affine points of O are collinear, we have

fir)y r 1
det | f(s) s 1| #0
fity ¢t 1

whenever r, s,t € I, are distinct; equivalently,

f(r) = f@®) 2 f(s) = ft)

12.8
( ) r—t s—t

whenever r, s,t € F, are distinct.

Of course all — signs here are just + signs in characteristic two; but we write them as —
signs so that the quotients in (12.8) will be clearly recognized as slopes of secants in the
graph of f. We have reduced the search for hyperovals, to the search for permutations
satisfying the condition (12.8). Again it is convenient to regard f(X) as a polynomial of
degree less than ¢q. Accordingly, any permutation polynomial satisfying (12.8) is called an
o-polynomial. Often it is convenient to add the conditions that f(0) =0 and f(1) = 1.
These conditions we may assume, since with appropriate choice of coordinates we may also
assume that O contains ((0,0,1)) and ((1,1,1)).
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12.9 Example: Regular hyperovals. Let ¢ = 2", f(t) = t2. The resulting hyperoval
consists of the conic XZ — Y2 = 0 together with the nucleus ((0,1,0)). Note that f is
simply the generator of AutF, = (o) = {1,0,0%,...,0"" '}, 0 : x — 2%. One checks
directly that (12.8) reduces to the condition that r +t # s+t whenever r, s, t are distinct.
This condition is clearly satisfied, as well as the condition that f be bijective.

One may also let f(t) =t'/* = tQT_l, ie. f=0 '=0¢""! In this case O is clearly the
conic X2 —Y Z = 0 together with its nucleus ((1,0,0)). Here the condition (12.8) becomes

1 172 +t1/2 gl/2 +t1/2 1

iz /2 4t s+t g2 4 t1/2

whenever r, s,t are distinct. Raising both sides to the power —2 gives r +t # s+t as
before.

The latter example illustrates the more general observation that if f is an o-poly-
nomial, then the inverse function f~ ' is also an o-polynomial whose hyperoval is equivalent
to that defined by f, by an interchange of the x and y coordinates.

12.10 Example: Segre hyperovals. Let ¢=2", f(t):tQk for some k € {0,1,2,...,r—1}
so that f = o” is a field automorphism. Thus f is automatically bijective. Since f is a
field automorphism, (12.8) becomes that

(r — )"
r—t

(s —t)*
s—1

+

whenever r, s, t are distinct; equivalently, the map x — 221 s bijective. This means that
ged(2F — 1,27 — 1) = 29¢dkm) _ 1 = 1, ie. ged(k,r) = 1. The resulting hyperovals are
irregular if k£ ¢ {1,7—1}. The smallest example arises for r = 5 and k = 2, which gives an

irregular Segre hyperoval

{<(t47t7 1)> tte F32} U {<(17 0, 0)>7 <(07 L, 0)>}

in P?(F32). By the preceding remarks, the hyperoval arising from the o-polynomial t® =
f7(t) is equivalent to the one arising from f.

12.11 Example: The Lunelli-Sce Hyperoval. Let ¢ = 16 and write F15 = Fa[w]
where w? = w + 1 (see Appendix A2.3). The unique irregular hyperoval in P?(FF;¢) may
be defined using the o-polynomial

ft) =12+ 10 4 WM 448 4 02t W92

Don’t even think about trying to verify by hand that this is an o-polynomial! Fortunately
this is an easy job using appropriate computer software. The remarkable thing is that
Lunelli and Sce discovered this hyperoval in 1958 by computer!
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The subject of hyperovals (and connections to flocks and g-clans) is too big a subject
to cover here! But I can’t resist giving a couple further examples.

12.12 Example: Trinomial Hyperovals. We describe two infinite families of hyper-
ovals for ¢ = 22¢t1, the Payne hyperovals and the Cherowitzo hyperovals. Both are
described using o-polynomials with only three terms. Here F is cyclic of order ¢ —1 =1
mod 6, so the map = — % is bijective, which means that every x € F, has a unique
sixth root z'/¢. This is a monomial in x if the exponent is interpreted mod (g—1). Define
f(z) = /% 4+ x%/° + 2°/°. Payne [52] showed that this is an o-polynomial.

Also, Aut(F,) is cyclic of odd order 2e + 1. Therefore every automorphism of F, has
a unique square root. Let o € Aut(F,) such that o2 is the usual generator z — z? of
Aut(F,). Then f(z) = 2% +2° T2+ 237" is an o-polynomial [17]. Cherowitzo conjectured
this result in 1985 based on computational evidence for small values of e. His proof of this
result, a decade later, was quite a tour de force.

Finally we show that ovals in classical planes of odd order are conics.

12.13 Lemma. Let O be an oval in P?(F,) where q
is odd. Let A, B,C be three distinct points of O as
shown, and let A’, B’, C’ be the vertices of the triangle
formed by the tangents at A, B,C, with A’ opposite
A, etc. Then the three lines AA’, BB’, CC" are con-
current.

Proof. 'We may choose coordinates such that
A=((1,0,0)), B=(0,1,0)), C=1{0,0,1)), A ={((-1,1,1)).
The tangents to O at A, B, C' are
(0,1, =), ((1,0,1)%), ((1,1,0)")
respectively, for some a # 0; this means that B’ = ((—«, o, 1)), C' = ((—1, , 1)).
((ea,1))
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Consider an arbitrary point P € O~{A, B,C}, so that P has coordinates ((z,y, z)) where
xyz # 0. The secants AP, BP, C'P have coordinates

(0,1, —y= )", ((=2z ,0,1)7), ((L,—zy ,0)")

respectively, where the product of the three nontrivial entries satisfies
—1

(—yz N—zz )(-ay ) = —1
Now consider a triple of lines of the form
laa=1(0,1,0)7), Lpp={(b017), Lc.={((1,c0)7)
such that abc # 0. This gives an arbitrary triple of lines distinct from the sides of the

triangle ABC', but passing through A, B, C respectively. These lines must correspond (in
some order) to the secants and tangents at A, B, C' considered above. Therefore

( 11 ) ( 11 b) ( 11 ) = (ca)()(1) (-1)"2.

« % % %,—/H/—/
a€lyg bel, cel, tangents secants
Here the first three factors arise from the fact that the tangents at A, B,C are £4,_o, {B.1,
{c.1 respectively. The latter expression (—1)772 arises from the g—2 triples of secants of
the form AP, BP, C'P, each of which contributes a factor —1 to the product as we have
seen. By Exercise #2 each of the three products on the left is —1, so we obtain o = —1.
Finally we obtain

AA"=((0,1,-1)"), BB =((-1,0,1)"), CC"=((1,-1,0)")

and these three lines all meet at a point ((1,1,1)) as required. []

12.14 Segre’s Theorem. If O is an oval in a finite classical plane P?(F,) where g
is odd, then O is a conic.

Proof. 'We use the same notation as in the proof of Lemma 12.13. Denote the tangent
to O at P = ((x,y,2)) by ((a,b,c)) and consider the triangle formed by the tangents at
B, C, P. This triangle has vertices

<(Cv —C b_a)>7 <(b7 c—a, _b)>7 <(_17171)>
opposite B, C, P respectively, as shown. The secants joining B, C, P to the opposite vertices
of the triangle are

<(G—b,O,C)T>, <(CL—C, b7 O)T>7 <(y_27 _x_27x+y)T>
respectively. By Lemma 12.13 these three secants are concurrent, so that
a—b a—c y—=z
O=det | O b —z—z| =(a—b—c)(bx +by — cx —cz).
c 0 Tty
Since A" = ((—1,1,1)) does not lie on the secant ((a—c,b,0)") through C, we have

b(z+y) = c(x+=2).
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((e,~¢,b-a))

Applying the same argument to the triples AC'P and ABP in place of BC P, and exploiting
the symmetry in the three coordinates, we conclude that (y+z, z+z, z+y) = A(a,b,c) for
some A € F; thus

2(zy + 2z + yz) = AMazx + by + cz) = 0.

Thus every point P € O~{A, B,C}, as well as the three points A, B, C, lie on the conic
C defined by xy+zz+yz = 0. It follows that O = C. L]

Exercises 12.

1. How many ovals and hyperovals does a projective plane of order 2 have? Show that all ovals in this
plane are conics.

2. Show that the product of all nonzero elements in any finite field is —1. (This fact is used in the proof
of Lemma 12.13.)

Hint: Most terms in this product occur in pairs a,a=1.

3. Consider the oval O = {0, 1,2,6} in the projective plane of order 3 with point set ¢ = {0,1,2,...,12}
and line set £ = {A, B,..., M} as labelled below.

9
5 12
Al /G I
S A C v b
1 4 4 B /10
K
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(a) List the interior points; absolute points; exterior points; passant lines; tangent lines; and secant
lines for O.

(b) Complete the following sentences correctly, using your sketch of the plane:

Every interior point lies on passants, tangents, and secants;

every absolute point lies on passants, tangents, and secants;

every exterior point lies on passants, tangents, and secants.

Every passant contains interior points, absolute points, and exterior points;
every tangent contains interior points, absolute points, and exterior points;
every secant contains interior points, absolute points, and exterior points.

4. Let £1,02,...,¢, be k > 1 distinct lines in a projective plane (%3, £) of order n. Suppose that for every
point P € B, the number of i € {1,2,...,k} such that P € ¢; is even.

(a) Show that k > n+2.
(b) Can k = n+2? Does your answer depend on n or the choice of plane (5, £)? Explain.
Hint. (a) Consider the intersections of £2, ..., £, with £1. (b) Think: hyperovals.

13. Codes of Planes

Later in this section, we will require basic terminology and results of coding theory and
invariant theory, as briefly summarized in Appendices A5 and A6. We begin, however, by

introducing the Smith normal form of an arbitrary integer matrix.

13.1 Theorem. Let A be an m X n matrix with integer entries. Then there is a
unique m x n matrix D = [d;;] (the Smith normal form of A) satisfying MAN = D
where M and N are integer matrices of size m x m and n X n respectively, each having
determinant +1, such that the entries of D are non-negative integers satisfying d;; = 0
for i # j (i.e. D is ‘diagonal’) and di; } doo } _ } dy, where = min{m,n}.

Note that if any of the diagonal entries d;; is zero, then all remaining diagonal entries d;;
for 7 > ¢ must also vanish. The diagonal entries d;;, which uniquely determine the Smith
normal form of A, are called the elementary divisors of A. The uniqueness of the Smith
normal form is shown in Exercise #5. The existence follows from Exercise #6, which in
fact gives an algorithm for computing the Smith normal form. This algorithm starts with
the observation that di; equals the greatest common divisor of all entries of A. As a first
example, the randomly generated matrix

-20 —-16 22 —-12 44
-33 —43 40 -8 56
—-14 —-40 22 12 2
—-25 —-13 26 —-20 62

Ay =
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may be factored as

6 7 11 —87[71 0 0 0 0 :1_418_04§
4o |11 20 =150 00 2 0 0 O [ & o 5 4
"Tl6 4 11 9002000, S, ] 3

79 13 —9llooo ool o 0 o

where the square matrices shown have determinant —1 and 1 respectively; thus the ele-
mentary divisors of Ag are 1,2,2,0, which we abbreviate as 11220!.

Once again let A be an arbitrary m x n matrix with integer entries. For any prime p,
the p-rank of A is the rank of A over any field of characteristic p. (The rank of the matrix
A over a field F', depends only on the matrix A and the characteristic of F.) For example
it is clear from the Smith normal form given above, that the matrix Ay has p-rank equal
to 3 (the same as the rank over fields of characteristic zero) for p # 2, whereas its 2-rank
equals 1. More generally the p-rank of A is the number of elementary divisors of A which
are not divisible by p.

If A is an incidence matrix of an incidence structure with m points and n blocks, then
we may refer to the p-rank of A as the p-rank of the incidence structure itself. Although
there are in general exponentially many choices of incidence matrix for a given structure,
arising from permutations of the rows and columns of A, these permutations will not affect
the p-rank of A, and so the p-rank of the incidence structure is well-defined. The p-rank
serves as a useful isomorphism invariant, since it is easily computed by Gaussian elimina-
tion. This is because the only matrix entries which arise during intermediate computations
are 0,1,2,...,p—1. By comparison, computing the rank of a matrix over Q is typically
very expensive, since there is no bound on the complexity of the rational entries which arise
during intermediate computations. Similarly, the algorithm suggested in Exercise #6 for
computing Smith normal forms typically leads to excessively large matrix entries during
intermediate stages of the computation, even if the resulting elementary divisors turn out
to be rather small. Fortunately there are other algorithms which help to overcome this
obstacle when computing Smith normal forms. The elementary divisors of the incidence
structure are also an isomorphism invariant, which in general give stronger information
than the p-ranks themselves, since given the elementary divisors, one can easily read off
the p-ranks for all primes p.

For example two of the four projective planes of order 9 have p-ranks as listed for
small primes p:

plane 2-rank 3-rank 5-rank 7-rank elementary divisors

PG1(9) 90 37 90 91 137318935901
Hall plane of order 9 90 41 90 91 141310939901
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The Smith normal form (or the 3-rank, which is much easier to compute) suffices to
prove that these two planes are non-isomorphic. The p-ranks for primes p not dividing
the order of the plane, however, carry no information useful in distinguishing the plane;
they depend only on the order of the plane. See Exercise #4 for an explanation of this
phenomenon. Unfortunately it is not always possible to distinguish non-isomorphic objects
using p-ranks alone; for example the Hughes plane of order 9 has the same p-ranks as the
Hall plane of order 9. A good rule of thumb is that more classical (or symmetric, or nicer)
objects tend to have lower p-ranks for the relevant primes, as well as larger automorphism
groups.

Let A be an incidence matrix of a projective plane of order two. Any such incidence
matrix will do; we will take

0 01 01 1 07
0011001
0100101
A=101 01010
1000011
1001100
L1 11000 0.

We check that the elementary divisors of A (i.e. of the plane of order 2) are 14226!, and
in particular its 2-rank is 4. Let C < FZ be the row space of A over Fa, so that dimC = 4
and |C| = 2% = 16. The sixteen vectors of C are listed in the table in Appendix A5.8;
that is, C is the [7,4, 3] binary Hamming code as presented there. Its codewords of weight
three and four are simply the rows of A and their complements (obtained by switching
0 < 1); together with the zero vector and the unique vector of weight 7, these account
for all 16 codewords. Different choices of incidence matrix for the projective plane of
order 2 give Hamming codes with the same parameters, differing from our code C only by
a permutation of the seven coordinates. Conversely, every binary [7,4, 3]-code has exactly
seven codewords of weight three, and these form the rows of an incidence matrix for the
projective plane of order 2. This connection between the smallest projective plane and the
(arguably) smallest interesting code, a perfect code. But there is more. ..

Let C < F§ be the linear code obtained from C by adding one extra coordinate as a
parity check. Comparing with the list in Appendix A5.8 we see that

C = {00000000, 00011110, 00101101, 00110011, ..., 11111111}

Note that C has 14 words of weight 4, together with the zero vector and the vector 11111111
of weight 8; thus the weight enumerator of of C is

Ap(z,y) = 2% + 1da’y" + 4°.
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code C is the [8,4, 4] extended binary Hamming code. A generator matrix for C

is given by the 7 x 8 augmented matrix

G=[A1"]

where 1 = (1,1,1,1,1,1,1). Since

(the
that
have

i.e.

whic

avail

GGYr = AA"+1"1=T7TI+J+J =0

7 x 7 matrix of zeroes over F2) it follows that CcC @L; but then comparing dimensions,
C is self-dual; that is, C+ = C. In particular from the MacWilliams relations A5.4 we

As(z,y) = Api(z,y) = f6de(@+y, z—y),

a® + Maty* +° = L [(a+y)® + 1(a+y)  (z—y)* + (2—)°],

h can be easily verified by routine expansion.

Several generalizations of this construction of the [7,4, 3] binary Hamming code are
able:

If ¢ = p” then the code (over any field of characteristic p) of the projective plane P?(F,)
has dimension (p ;1)T +1. This is a special case of Theorem 22.1. However, the weight
enumerators of these codes are not known in general. Indeed, no weight enumerator
has currently been computed for any plane of order exceeding 8. The problem of
computing weight enumerators of general codes, is recognized as exceedingly hard: no

polynomial-time algorithm for this is known, or is likely to exist.

The [7,4, 3] binary Hamming code is the first member of an infinite family of perfect
l-error correcting binary Hamming codes which may be constructed from higher-
dimensional projective spaces over [Fo; see Exercise #19.5.

If a prime p divides the order n of a projective plane, then the extended code of the
plane over any field of characteristic p is self-orthogonal (i.e. C C @L) with respect
to an appropriately chosen symmetric bilinear form. Now suppose that p sharply
divides n, i.e. p | n but p? /fn; this condition is denoted p H n. In this case we will
show that equality holds, i.e. C = C*, so that C is self-dual with respect to B. These
facts we proceed to explain below.

Let A be an incidence matrix for a projective plane of order n, and let p be any prime

dividing n. The extended code C of the plane, over the field F,, has generator matrix

G=[A -1
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of size N x (N+1) where N =n?*+n+1 and 1 = (1,1,...,1) € F). Using the symmetric
bilinear form on IF;V *1 defined by

1 0 - 0 07
01 - 0 0
B(x,y) = xDy" = x1y1 + 22y2 + - + INYN — TN41YN41, D= |: 1 o
00 ---1 0
|0 0 --- 0—1]

Any two codewords have the form zG,yG € C for some z,y € IF;V , so that
B(zG,yG) = 2GDG y" = x(AAT" —1"1)y" =ax(nl + J— J)y" =0
since p } n. This shows that C is self-orthogonal with respect to B. Equivalently,

(13.2) CD C Ct where L is the ¢ perp with respect to the standard dot product
on FI'+1. In particular, dimC < L (N+1) = 3(n®+n+2).

We will show that equality in (13.2), i.e. C is self-dual, whenever p H n:

13.3 Theorem. If a prime p sharply divides n, then every projective plane of order
n has p-rank equal to %(n2+n+2). Moreover the extended code C is self-dual (with
respect to the form B as indicated above).

Proof. It remains only to be shown that dimCt = %(N + 1). Since 17 lies in the column
space of A, the matrix G has the same p-rank as A, i.e. dimC = dimC. Since

(det A)? = det(AAT) = det(n + J) = (n + 1)>n""+D)
by Exercise #2, we have
|det A] = (n+1)n™ " /2 = didy - - dy

where dy,ds, .. .,dy are the elementary divisors of A. Since p H n, at most %( +n ) of the
d;’s are divisible by p, so that the p-rank of A is at least %(n2+n+2) = %(N ) This is
the reverse of the inequality (13.2), so that in fact equality must hold. L]

13.4 Corollary. Let p be a prime sharply dividing n, and suppose C is the extended
code of length N+1 = n?+n+2 (over F,,) of a projective plane of order n. Then the
weight enumerator As(z) satisfies

1
Ap(z,y) = WA (z+(p-1)y, z—y) = Aﬁ(

r+ (p—1)y x—y).

VPP
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Proof. By Theorem 13.3, equality holds in (13.2), i.e. CLt = CD. But D simply multi-
plies the last coordinate of every codeword by —1, and this does not change the weight

of any word. Thus C*+ has the same weight enumerator as C. The result follows from the
MacWilliams relations A5.4. L]

Henceforth we assume for simplicity that p = 2; in this case the result of Corollary 13.4
reads

(135)  Aa(ey) = 4g(* Ty r- 2.

In this case we also have
(13.6)  Ap(w,y) = Aply, x),

which simply expresses the fact that A,,_4 = A4: the map w < 1 + w gives a bijection
between codewords of weight d and codewords of weight n—d. Thus the homogeneous
polynomial Az(z,y) € Clz,y] of degree N 4 1 is invariant under the group

G=(5h Al [Tl
We check that this is a group of order 16:

G={£l 1] *[1 o)s £lo 1) [V 01

10 0-1 1 0
750 A 2500 =500 #5000

By Molien’s Theorem A6.4 the ring of invariants C[z,y]“ has Hilbert series

. 11 1 8 2 2 2
Cleate (t) = 7 [(1—t)2 o e T e T i 1+\/§t+t2}
1
(1—t2)(1—18)"

By Theorem A6.5 we will be done if we can find two algebraically independent invariants
n1 and 7y of degree 2 and 8 respectively. Since all matrices in G are real orthogonal, it
is clear (cf. Example A6.2) that 2% + y? is invariant; let us take 71 (x,y) = 22 + y2. Also
the weight enumerator x® + 142ty + y® of the [8,4,4] extended binary Hamming code
must be invariant since it arises from a plane of order 2; we consider the slightly simpler
polynomial

ma(z,y) = §[2° + 1ay* + o —ni] = 2P (2® — 7))
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which is evidently also invariant. In order to show that n; and 7y generate the full ring
of invariants C[z,y], it suffices to show that 7; and 7y are algebraically independent.

Suppose that there exists a nonzero polynomial
Wy, Ty) = ¢TI + --- € C[TY, Th)

such that h(ny,m2) = 0. Here ¢ # 0 and T T3? is the lex-highest monomial appearing in

h(Ty,Ts): that is, for every monomial lelTQj2 appearing in h, either

i1 > j1, OT
11 =J1 and iz > jo.

Then the coefficient of z?176%2¢22 in h(ny,n) is ¢ # 0; in particular, h(ny,n2) cannot
vanish. This shows that 7; and 7, are algebraically independent. It follows (cf. Example

A6.8) that {n1,7m2} is a fundamental set of invariants, i.e.
Cla,y)” = Cln, ma-

In particular if there exists a projective plane of order n = 2 mod 4, then its extended
binary code of length N+1 =n?4n+2 must be a polynomial combination of z?+y? and
2?y? (22 —y?)?. A stronger result may be shown: It is not hard to show (Exercise #8) that
all codewords in C have weight divisible by 4, so that Az(z,y) is invariant under the group

<G, [(1) ?D of order 192. The ring of invariants for this larger group has Hilbert series

1
(1 —t5)(1 — t24)

and a set of fundamental invariants is
28+ Mty + 48 and  alyt(z* —yHh

Every plane of order n = 2 mod 4 has extended binary code whose weight enumerator is
a polynomial combination of the latter two polynomials.

For example this line of reasoning played a role in the proof of the nonexistence of
a projective plane of order 10. For a history of this work, see Lam [36]. Early work
on a possible plane of order 10 showed that the weight enumerator Ac¢(z,y) would be
uniquely determined if the number of codewords of weight 12, 15 and 16 were known.
Some geometric arguments on the part of several researchers (everything from graduate
student slave labour to the intensive efforts of Fields Medalist John G. Thompson), and

extensive case-checking by computer, showed that no codewords of weight 12, 15 or 16
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could exist in such a code, and that the weight enumerators of C and the extended code C
must have the form

Ac(z,y) = z't
+ 111 2100y At'\(x y) — 112
’
+ 24 675:1:92 19 + 11132100 12

+ 386,010 z%1y2°

+ 18,864,495 258y23

+ 78,227,415 287 y?4

+ 2,698,398,790 34427

+ 8,148,873,195 283428

+ 166,383,964,620 289931

+ 415,533,405,150 279432

+ 5,023,148,053,500 2:7643°

+ 10,604,483,511,375 2 7543¢

+ 78,347,862,432,300 2 7243°

+ 141,031,595,676,060 2" y*°

+ 653,162,390,747,370 258 y*3

+ 1,009,413,831,402,540 £ y**

+ 2,982,186,455,878,665 154 y*7
+ 3,976,279,652,851,020 253 y*8
+ 7,582,305,834,092,682 x50 y5?
+ 8,748,789,607,170,360 £°%y52
+ 10,841,059,295,003,634 5%y 4 97,091,010 2245
+ 10,841,059,295,003,634 5556 4 410,685 22042

+ 8,748,789,607,170,360 52y 41112124100

+ 410,685 £%2y20

+ 97,091,910 38424

+ 10,847,271,985 34428

+ 581,917,369,770 289432

+ 15,627,631,564,875x7643¢

+ 219,379,458,108,360 272 y*0

+ 1,662,576,222,149,910 %8 y**
+ 6,958,466,108,729,685 254 y*8
+ 16,331,095,441,263,042 250452
+ 21,682,118,590,007,268 1:°64,5¢
+ 16,331,095,441,263,042 252¢%0
+ 6,958,466,108,729,685 24804
+ 1,662,576,222,149,910 z44y%8
+ 219,379,458,108,360 240y 72

+ 15,627,631,564,87513647¢

+ 581,917,369,770 232480

+ 10,847,271,985 2884

+ y112

The fact that the extended code Ct = C has just 111 codewords of weight 12, arising from
the lines of the plane, means (by Exercise #7) that no hyperovals can exist in such a plane;
this result itself was a huge computational feat. The final task was to consider all possible
configurations for the 24,675 codewords of weight 19 in C (achieved by Thompson) and
finally to show that none of these could lead to a projective plane of order 10. This required
thousands of hours of supercomputer time during the late 1980’s. The final announcement
of the nonexistence of a projective plane of order 10, spread like wildfire, not only through
mathematical circles, but also through the popular media. To this day, Lam refers to this
as a ‘computer result’ rather than as a ‘proof’. His work gives fuel to the debate over the
role of computers in proving mathematical results.

If we wish to determine whether or not there exist planes of order 15, 18, 20, etc.
then evidently another method will be required; if we follow the same method used to rule
out the plane of order 10, the computer resources required would vastly exceed all the
resources available in the world. Clearly, a better idea is needed!

Exercises 13.

1. Find the Smith normal form of the ‘projective plane of order 1’ with incidence matrix
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0 1 1
1 0 1
1 1 0

Let B=nlI+ J be an N x N matrix with 1’s off the main diagonal and n+1’s on the main diagonal.
Let 1 be the N x 1 vector of 1’s, and let 1+ be its orthogonal complement. Show that (1) and its
orthogonal complement 11 are eigenspaces for B and determine the corresponding eigenvalues. Hence
evaluate the determinant of B.

Denote by v(A) the nullity of a matrix A, i.e. the dimension of the right null space of A. Show that
v(AB) < v(A) + v(B) assuming the matrix product AB is defined.

Let A be the incidence matrix of a projective plane of order n, so that AAT = nl + J. Using
Exercises #2,3, show that

(a) The p-rank of A is n?2+n+1 for any prime p not dividing n(n+1).

(b) The p-rank of A is n(n+1) for any prime p dividing n+1.

(c) The p-rank of A is at most n(n+1)/2 for any prime p dividing n.

Let A be an m X m matrix, and let R = AZ"™, which is the additive group (i.e. Z-module) generated
by the columns of A.

(a) Show that the quotient group Z™ /R is unchanged if A is replaced by M AN where M and N are
integer matrices with determinant +1, having size m X m and n X n respectively. That is, show
that the quotient group Z™ /M ANZ™ is isomorphic to Z™ /R.

(b) If di1,...,duu are the elementary divisors of A where y = min{m,n}, show that the quotient

group
Z™ R = (Z)d11Z) X (Z]/pun).

(c) Conclude that the Smith normal form of A is unique, assuming the Fundamental Theorem of
Finitely Generated Abelian Groups: Every finitely generated abelian group G is uniquely express-

ible as

G~ (Z/d1Z) x (Z]d,7)
where the non-negative integers satisfy d ’ do ’ e ’ dr and r is the minimum number of generators
of G.

Let A be an m X n integer matrix. An integral elementary row operation on A is any of the
following: a permutation of the rows of A, or the addition of an integer multiple of any row to any
different row, or the multiplication of any row by —1. We define an integral elementary column
operation similarly.

(a) Using the extended Euclidean algorithm, show that there exists a sequence of elementary row and
column operations which when applied to A, yields an m X n matrix whose (1, 1) entry equals the
ged of all entries of A, and the remaining entries in the first row and column are all zero.

(b) Show that by repeated application of (a) one obtains the Smith normal form of A.

(c) Use the algorithm suggested above to obtain the Smith normal form for the projective plane of
order 2.

Let C be the binary code of a projective plane (I3, £) of even order n, and let C be the extended code

of length n2+n+2.

(a) Show that C has minimum weight n41, and that C has exactly n?4+n+1 codewords with this
minimum weight, whose supports are precisely the lines of (B, £).

(b) Show that the dual CL of the extended code, has minimum weight n+2; and that minimum weight
codewords in C* are of just two types: extended lines of (B, £) (see (a)); and hyperovals of (8, £).
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(Thus for n = 2 the 14 codewords of weight 4 in the extended [8, 4, 4] binary Hamming code arise
from the 7 lines and the 7 quadrangles of the plane.)

Hint. Use Exercise #12.4.
8. Let C be the extended binary code of a projective plane (B, £) of order n = 2 mod 4, so that C is
self-dual of length n24n+2. Show that every codeword in C has weight divisible by 4.

Hint. Every codeword is a sum (mod 2) of rows of the augmented matrix G = [A 17]. Use induction
on the number of rows in such a sum.

14. The Bruck-Ryser Theorem

The celebrated main theorem of this section provides a general criterion for nonexistence
of projective planes of certain orders. Apart from the computer proof of the nonexistence
of a plane of order 10, this is the only such nonexistence result currently known! It states

14.1 Theorem (Bruck and Ryser [9]). Suppose there exists a projective plane of
order n =1 or 2 mod 4. Then n = a? + b? for some a,b € Z.

In practice the fastest way to check whether n is a sum of two squares uses the prime
factorization of n; see Lemma 14.8(iii) below. For example none of the integers 6, 14, 21,
22, 30, 33 is a sum of two squares, so none of these can be the order of a projective plane.
With the exception of order 6, which was previously settled by the nonexistence of two
orthogonal Latin squares of order 6, these results were not previously known. The original
proof of Bruck and Ryser (1949) relies on a deep theorem of Hasse and Minkowski. Since
its publication, more elementary (but somewhat ad hoc) proofs have become available;
see [31] or [13]. We have chosen to present here a proof in the spirit of the original 1949
publication. Although our proof is not self-contained, we feel it is more important for
the student to place this result in a larger context (namely, questions of congruence of
rational quadratic forms) and to learn a tool that can be applied in a broader range of
settings than just the current one (i.e. questions about possible orders of projective planes).
As with many algorithmic approaches, this tool can be effectively applied without a full
understanding of why it works.

Consider a symmetric N x N matrix M with rational entries. Then M represents a
rational quadratic form Qs : QV — Q defined by Qs (v) = vMov?. Consider a change
of basis for QV of the form v = vA where A is an invertible N x N matrix over Q. Relative
to the new coordinate vector v, the quadratic form becomes

Qn(v) =vMv" =0vAMA™" = Q 4pra7(0).

Thus the new symmetric N x N matrix AM A" represents the same quadratic form as the
original matrix M, relative to a new basis of Q. We say that a matrix M is rationally
congruent to M, if M = AM A™ for some invertible N x N matrix A with rational entries.
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Now a projective plane of order n > 2 (with a prescribed ordering of its N points and
N lines, where N = n? +n + 1) is equivalent to an N x N matrix A of 0’s and 1’s such
that

(i) AJ =JA = (n+1)J; and
(ii) AAT =nl +J

where J is the N x N matrix with every entry equal to 1. Rewriting (ii) as ATA” = nl+J,
we see that the matrices I and nl+J are rationally congruent. This property imposes
strong necessary conditions on the matrices I and nl+J, and therefore on the integer n
itself, as we describe below.

Congruence transformations are reminiscent of similarity transformations: A matrix
M is similar to a matrix M , if M = AM A" for some invertible matrix A. (Equivalently,
M and M are similar if they represent the same linear transformation T : QN — QY
relative to different bases. Indeed if w = vM then changing bases via the change-of-basis
matrix A for both domain and range gives w = wA and v = A, so that @ = VAMA™".)
There is in principle a simple criterion to test whether two symmetric rational matrices
are similar: the necessary and sufficient condition is that they have the same spectra, i.e.
list of eigenvalues with multiplicity. (The condition for similarity is simplified in the case
of symmetric matrices since real symmetric matrices are diagonalizable.)

We thus require a similar criterion to determine whether or not two symmetric N x N
rational matrices are congruent. Fortunately such a criterion exists, and it is presented
below without proof; the student is referred to [58] for proofs and more explanation. At
least one necessary condition is clear: taking determinants we see that congruent matrices
M, M must satisfy det M = c2det M for some nonzero ¢ € Q. Thus we define the dis-
criminant of a quadratic form @, denoted disc ), to be the determinant of the associated
matrix M. We regard the discriminant as defined only to within multiplication by the
square of some nonzero rational number, so that disc(@ is a well-defined element of the
quotient group Q*/(Q*)2, independent of the choice of basis; here (Q*)? < Q* is the
subgroup consisting of rational squares.

We first recall the Legendre symbol defined for an odd prime p, and an integer
a #Z 0 mod p:

<ﬁ) B {1, if a is a square mod p,
p _17

This symbol has a unique multiplicative extension to all rationals a = r/s in lowest terms
with r,s € Z and p X rs: one simply defines

<7“/ 3) B <rs>

p p/

Note that this symbol is multiplicative in its upper argument: if a,b € QQ have no factor
of p in either the numerator or denominator when written in lowest terms, then

-0

otherwise;
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We now introduce the Hilbert symbol (a,b), for an odd prime p and arbitrary nonzero
a,b € Q: write
a = app®, b= bop’

where s,t € Z and the rational numbers ag, by in lowest terms have no factor of p in either
the numerator or the denominator, and define

(a,b), <(—1)“a668) _ (_1)st<p1>/2<a_o)t<b_o)i

p p p

Here we have used the elementary fact that (’71) = (=1)(P=1/2; see Proposition A1.3(i).
Some explanation of the meaning of the Hilbert symbol is given in remarks found at the
end of this section; for now the reader is asked to simply work with this definition. The
Hilbert symbol is easily evaluated by the following rules, where a,b,c € Q* and p is an
odd prime:

(14.2) (b,a), = (a,b), = (a,¢?b)p;
(14.3) (a,b), =1 whenever a,b € Z with ab # 0 mod p;
(14.4) (ac,b)p, = (a,b)p(c,b)p;

(14.5) (a,p)p = (%) whenever a € Z with a # 0 mod p.

A useful identity, easily proved by considering separately the three mutually exclusive cases
p}n, p}n—H, p/fn(n—kl), is
(14.6) (n+1,n), = (n+1,—1),; in particular, (n+1, —n), = 1.

Let M be a nonsingular symmetric N x N matrix with rational entries, and for
k=1,2,...,N let M} denote the upper-left k x k submatrix of M. In particular My = M
and det M}, # 0 for every k. (If zM}, = 0 for some x € R¥ then ZMz” = xM2z” = 0 where
Z € RY consists of the vector x followed by n—k zeroes, from which Z = 0, and this forces
x = 0.) For every odd prime p we define

cp(M) = (=1, —det M)pKkgvgdet My, , —det My41)

P

14.7 Theorem (Hasse and Minkowski). Let M and M be nonsingular symmetric
N x N matrices over Q. Then M and M are rationally congruent iff they have the
same discriminant (i.e. to within a rational square factor) and cp(]Tj ) = ¢p(M) for
every odd prime p.

Before using this result to prove Theorem 14.1, we warm up with an application to 2 x 2
matrices. In the following, the squarefree part of n is the largest divisor of n which is
itself not divisible by any square other than 1.
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14.8 Lemma. Consider an integer n > 1. Then the following conditions are equiv-
alent.

(i) n = a® + b* for some a,b € Z.
(ii) n = a® + b* for some a,b € Q.

)
)
(iii) The squarefree part of n is divisible by no primes p = 3 mod 4.
(iv) (n,—1), =1 for every odd prime p.

)

(v) The matrices [ 2} and [1 0] are rationally congruent.

0 01

Proof. Let p be an odd prime. If n = ngp® where p/fno then (n,—1), = (*71)8 from

which the equivalence of (iii) and (iv) follows immediately. Both matrices in (v) have
square determinant, whereas

e([o 1))
e ([ n])

so the equivalence of (iv) and (v) follows from Theorem 14.7. Writing I> = |

(_17 _1)29(17 _1)29 = 1;
(_17 _ng)P(nv _ng)P = (_17 _1)P(n7 _1)29 = (TL, _1)29

1
0 (1)}, we see

that (v) is equivalent to
TLIQ = AIQAT = AAT

for some A € GL2(Q); but any such matrix has the form A = Lab 2} or [‘; 7ab} for some
a,b € Q satisfying a® 4+ b? = n, so clearly (v) is equivalent to (ii).

Obviously (i) implies (ii) and the converse is well-known; in fact we show that (iii)
implies (i). Write n = m?pips - -+ p, where m > 1 and the primes p1,p2,...,pr = 1 or 2
mod 4. It is well-known that p; = a5+4b? for some a;, b; € Z; now n = a*+b* where the inte-
gers a, b are the real and imaginary parts, respectively, of m(a;+b17)(az+b2i) - - - (a,+b,1) €
Z[i] where i* = —1. ]

Proof of Theorem 14.1. 1If there exists a projective plane of order n then by remarks
above, the N x N identity matrix Iy is rationally congruent to the N x N matrix

n+1 1 1 1

1 n+1 1 1

M = 1 1 n+1 1
1 1 1 - n+l

where N = n?+n+1. Since M acts as (N +n)l = (n+ 1) on {(1,1,...,1)) and as
nl on (1,1,...,1)%, we have det M = n¥~=1(n + 1)?; see Exercise #13.2. Since det M is
a rational square, the necessary condition on the discriminants is automatically satisfied.
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Exactly the same reasoning gives det My, = (n + k)nF~! for k € {1,2,..., N—1}. From
this it follows that

(n+k, —n)p(n+k+1,—-1),, k odd,

det My, , — det M =
(det M, et Mic1)p { (n+k+1, —n)p(n+k, —1)p(n, —1),, Fk even;

for example if k£ is odd then
(det My , — det Myy1)p = ((n+k)n* 1, —(n+k+1)n’f)p = (n+k, _(n+k+1)n)p
= (n+k, —n)p(n+k,n+k+1), = (n+k, —n)p(n+k+1,—-1),

by (14.6). The case k even is similar. After cancelling duplicate factors we obtain

H (det Mk T det Mk+1)P = (n+17 _n)P(n+N7 _n)P(nv _1)2(9N71)/2
R (n, — 1)1/

using (14.6) and the fact that n+N = (n+1)? is a square. Considering the remaining
g

factor
(=1, —det M), = (=1, —(n+1)?), = 1,
we obtain ( ) . Lo 14
n, — ifn= mod 4;
p(M) = )p 1, otherwise.
The result follows from Theorem 14.7 and Lemma 14.8. L]

While it is possible to simplify somewhat the latter proof by first applying a well-chosen
congruence transformation to M, we have chosen not to avail ourselves of such tricks in
order to demonstrate the success of the straightforward approach; this we believe will best
serve the student who may in the future find application for these techniques.

Finally, the critical Theorem 14.7 deserves some explanation, in lieu of an actual proof.
We observe that the quadratic forms 22+y? and 22 —y? are not rationally congruent because
the first is positive definite while the second is not. This argument uses a necessary and
sufficient condition for two matrices to be congruent by a real change of variable: the
number of positive eigenvalues of the associated matrix must agree, as well as the number
of negative eigenvalues. The quadratic forms 22 + y? and x? + 2y? are congruent by a
real change of variable, but not by a rational change of variable, since the second form
represents the number 3, e.g. with (z,y) = (1,1), whereas the first form does not; this
was shown in our proof of Lemma 14.8 using a ‘mod 4’ argument. Similarly the quadratic
forms 22 + 2y% and 22 + 10y? are not equivalent: the first represents the number 3 for
(xz,y) = (1,1), but the second does not represent the number 3 for any choice of z,y € Q,
as can be shown by arguing either ‘mod 3’ or ‘mod 5’. More generally, some necessary
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conditions for two rational quadratic forms to be equivalent under a rational change of
variable are that

(i) they are equivalent under a real change of variable, and
(ii) for every prime power p®, a certain necessary condition mod p° is satisfied.

Condition (ii) is most readily formulated as congruence over the extension Q, O Q con-
sisting of p-adic numbers, using the discriminant and the invariants ¢, (M) defined above.
This is analogous to the condition (i) formulated as congruence over the extension field
Qo := R D Q, which is readily checked by counting positive and negative eigenvalues.
Thus the necessary conditions for equivalence of two quadratic forms over QQ, are neatly
expressed as equivalence over Q, for all p € {00,2,3,5,7,11,...}. Amazingly, as the
Hasse-Minkowski Theorem shows, these necessary conditions are also sufficient! Moreover
the same conclusion holds for two rational quadratic forms that are known to be equiv-
alent over Q,, for all but possibly one p € {c0,2,3,5,7,11,..., }; this is why the prime 2
can be omitted from our statement of Theorem 14.7. And fortunately so, since congru-
ence of rational quadratic forms over Q2 requires a slightly more delicate test than for
p € {0,3,5,7,11,...}. Incidentally, these happy facts do not hold for forms of degree > 3,
where the necessary condition of equivalence over Q,, for every p is not sufficient to guar-
antee equivalence over Q; see [58, p.44].

The symbol (a,b), as defined above for a,b € Q* and p € {3,5,7,11,...} is a special
case of the Hilbert symbol as defined in [58]. The reader interested in completing the
connection will note that in our case, (a,b), takes the value 1 or —1, according as the
equation

ax? + by? = 2*

does, or does not, have any nonzero solution (z,y, z) € Q;;.

Exercises 14.

1. A Hadamard matrix is an n X n matrix with entries &1 such that HH” = nl, i.e. the rows of H
are orthogonal. Interpret this statement as a congruence of rational quadratic forms. What are the
resulting restrictions on n? Are these necessary conditions also sufficient?

2. For every m > 1, let Sp, be the set of all integers in {1,2,...,m} which are expressible as a sum of
two squares. It is known [39] (see also [2, p.674]) that Sy, has asymptotic density zero in the sense
that |Sm|/m — 0 as m — oo. Use this fact to show that asymptotically, the Bruck-Ryser Theorem
excludes about half of all positive integers as possible orders of projective planes, in the following
sense: If E,, denotes the set of all integers n € {1,2,...,m} which fail the necessary conditions of

1

Theorem 14.1 (i.e. n =1 or 2 mod 4, but n is not a sum of two squares) then the ratio |En|/m — 5

as m — OQ.

15. Difference Sets

Let G be a finite group of order N. A subset D C G is a (planar) difference set
if every nonidentity element g € G is uniquely expressible in the form g = did, for
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some di,ds € D. An easy counting argument shows that the parameters must satisfy
N =n? +n+ 1 where n = |D| — 1. The right cosets of D in G are the subsets

Dg={dg:de D} forgecg.
The simplest nontrivial example is given by
G={1,z,2% ...,2° where 2" =1; D= {1,2,2%}.
In this case the right cosets of D are the subsets

D = {1,:1;,:1;3},

Dz = {z,z* 2},

D% = {1,2* 2%}

Observe that £p = {D, Dx, Dz?, ..., D%} is the line set of a projective plane with point
set P = G. Moreover right-multiplication by x induces a cyclic collineation which regularly
permutes both the points and the lines of this plane.

This phenomenon generalizes as follows.

15.1 Theorem. If D is a planar difference set in G, then the right cosets Dg for
g € G form the lines of a projective plane of order n = |D|—1 with point set G.
Moreover the group G, acting by right-multiplication, induces a collineation group of
this plane, which regularly permutes the N = n?4n+1 points and lines of this plane.

Proof. 1t is clear that the right cosets of D form the blocks of an incidence structure
(G, £p) on which G acts by right multiplication, and that G regularly permutes the points
of this structure. Moreover there is no loss of generality in assuming that 1 € D; otherwise
replace D by Dd~ ' for an arbitrary choice of d € D (see Exercise #4). To show that this
structure is a projective plane, consider any two distinct elements of G. By transitivity of



92 ITII. PROJECTIVE PLANES

the action of G, we may assume that these two elements are {1,z} where x # 1. A block
Dg contains both 1 and x iff

l1=dg and x=dg forsomed,d €D

iff

z=dd ' and ¢g=d  for somed,d € D.
By definition, there is a unique such ordered pair d,d’ in D and hence any two distinct
points lie in a unique block. It follows from Exercise #6.3 that (G, £p) is a projective
plane of order n. Since GG permutes the points transitively, it must permute the lines tran-

sitively by Theorem 10.4. But also |G| = N = n?+n+1, so in fact G must permute the
lines regularly. L1

The following converse of Theorem 15.1 holds:

15.2 Theorem. Let (3, £) be a projective plane of order n admitting a group G of
automorphisms permuting the points regularly. Let (P,¢) be an arbitrary point-line
pair of (I3, £), and let D be the set of all g € G such that P9 lies on ¢. Then D is a
planar difference set in G, and (3, £) is isomorphic to the plane (G, £p) constructed
as above from the difference set D.

Proof. By Theorem 10.4, G also permutes the lines of (B, £) regularly. Given any non-
identity element g € G, there exists a unique line through both P and P9, and this line
can be written as ¢* for some h € G. Since both the points P"" and P9 lie on l, we
have h~'=d and gh~ = d’ for some d,d’ € D; we solve to obtain g = d'd"".

Conversely suppose g = d'd”" for some d,d € D; then both P and P9 lie on the line
¢47". The latter line is unique, and since the action of G on lines is regular, the element
d” " is uniquely determined; this in turn means that d’ = gd is uniquely determined.

Finally let (G, £p) be the plane constructed from the planar difference set D, and
consider the mapping 7 : (I, £) — (G, £p) defined by acting on points as P9 — g and on
lines as ¢" — Dh. Since

Picth it P ey if gh'eD iff g€ Dh,

the map 7 preserves incidence. Thus 7 is an isomorphism of projective planes. L1

Let (I3, £) be a finite projective plane with a collineation group acting regularly on
P, and so also on £. Fix P € P and £ € £. Write

D={deG:Plett={deqG: " > P}
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Consider the map [-1] : G — G, g+ g ; then
Dl ={deqG: > P}

This shows that the while the subset D C G is a difference set defining the original plane
(G,£p) = (B, £), the subset DI"Y C @ is also a difference set defining the dual plane
(G, Lpi-1) = (£,B). Since every planar difference set arises in this way, we have

15.3 Theorem. Let G be a finite group and let D C G be any subset. Then D is a
planar difference set in G, iff the subset DI=' ¢ G is a planar difference set. In this
case the two resulting planes (G, £p) and (G, £p-1)) are dual to one another.

Of course if G is abelian then the ‘inverse map’ [—1] is an automorphism of G mapping
D to DI=Y so necessarily the resulting planes (G, £p) and (G, £p-1) are isomorphic in
this case.

While a planar difference set D in a group G represents a line in (G, £p), and D=1
represents a line in the dual plane (G, £(-1), we may ask whether the point set Dl c@
represents anything reasonable in the original plane (G, £p). This question has an inter-
esting answer in the abelian case (see Exercise #5 for a counterexample in the nonabelian
case):

15.4 Theorem. Let D be a planar difference set in a finite abelian group GG. Then
the point set D=1 ¢ G is an oval.

Proof. We have |DI=1| = |D| = n+1 where the plane (G, £p) has order n, so it suffices to
show that no three points of D=1 are collinear. Suppose z,y,z € D=1 N Dg are distinct
and observe that z ',y ',z ,zg ,yg ,zg € D. Since

zyg = (g My ) =(yg Nz )

it follows from the definition of a difference set that zyg ' = 1. But a similar argument
shows that zzg ' = 1, which forces y = z, a contradiction. L1

We now present the standard construction of planar difference sets in cyclic groups
of order ¢>+q+1 where ¢ is a prime power. These are equivalent to regular collineation
groups of finite classical planes. We first illustrate the method by constructing once again a
planar difference set in the cyclic group of order 7, which arises from a regular collineation
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3

group on the plane of order 2. Take E = Fg = Fa[w] where w® = w 4+ 1. The nonzero

elements of F are

L,

w?
wg,

3 _

w” = w41,

wt = w2+w,

w® = wi+w? = wiHw+l,
w8 = WP Hwitw = w2+1;

note that w’ = w3+w = 1. The seven 2-dimensional subspaces of E over F, are the lines
of the plane

The map ¥ — E, x — zw is Fa-linear; it regularly permutes the seven points, as well as
the seven lines of the plane shown above. All of this generalizes:

15.5 Theorem. Every finite classical plane admits a regular cyclic collineation
group.

Proof. Let q be a prime power, and regard E' = [F s as a 3-dimensional vector space over
F = F,. The points and lines of P?(F) may be regarded as the 1- and 2-dimensional
subspaces of this vector space. The group E* is cyclic; let w be a generator. The map
F — E, x — wx is F-linear and it cyclically permutes the nonzero vectors of E. Let
T € PT'L3(F) be the corresponding plane collineation, so that 7' permutes the points of
P2(F) cyclically and transitively. Since w? T4+ is a primitive (¢ — 1)-st root of unity
in £*, it is a generator of F'* and so T ¢’+a+1 g the identity collineation, mapping
points as (v) — (w? T9t1y) = (z). Now the points of P2(F), which are the l-spaces
(wiz) for i = 0,1,2,...,¢>+q, are cyclically and regularly permuted by the subgroup
(T') < PT'Ly(F). The lines must also be permuted regularly, by Theorem 10.4. L1

This means that every finite classical projective plane has an incidence matrix which

is circulant, i.e. the first row of the matrix can be cycled (either left or right) to give

2

the remaining rows of the matrix. In the case of G = {1,z,22,...,2°%} the difference set
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D = {1,z,23} gives the vector (1,1,0,1,0,0,0) as the first row of an incidence matrix (the
characteristic vector of the subset D C () and the remaining rows of the incidence matrix
are obtained by cycling the first row, thus: (0,1,1,0,1,0,0), (0,0,1,1,0,1,0), etc.

There also exist nonabelian groups admitting planar difference sets; see Exercises #2,3.
However, no known difference sets give rise to non-Desarguesian planes. Very little is known
about the possibilities for other planar difference sets in non-abelian groups.

The defining properties of a difference set are neatly encoded as identities in the group
algebra. Let GG be a finite group and consider the algebra of G over Q:

QG ={Y az : a, € Q}.

zeG

(See Appendix A3 for a brief summary of the relevant notions used here.) For each integer
d, define a map [d] : G — G, x — x?. This extends to a well-defined map QG — QG, also
denoted by [d]:

[d]
(Z x) ~ Y gt
zeG z€G

The latter map is an algebra homomorphism whenever G is abelian; it is an isomorphism
whenever (G is abelian of order not divisible by d.

15.6 Proposition. Let G be a finite group of order n?+n+1 where n > 2, and let
D C G. Define 6,y € QG by v =)  srand § = ) ,.pd. Then D is a planar
difference set in G iff

66 = 4 4.

In this case the relation 6y = y0 = (n+1)y also holds.

Proof. This is an immediate consequence of the definitions and the fact that avy = avy
for all o € QG where a € Q is the sum of the coefficients in «. L]

The next result assumes that D is a difference set in an abelian group G of order
n2+n+1.

15.7 Hall Multiplier Theorem. Let D be a planar difference set in an abelian
group G of order n?4+n+1, and consider any prime p dividing n. Then the map
[p] : G — G, x — aP permutes the cosets Dg for g € G and so is a collineation of the
projective plane (G, £p) where £p is the set of cosets of D in G. Moreover one of
these cosets is fixed by [p].
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Proof. Let 6 =) _p, so that 56171 = n 4+ ~v. We see from the Multinomial Theorem
that 67 = P! 4+ pa for some o € ZG, and so

SIS = opsl=1 — past=t = 6671607 1 pay = (n + )07 + pay =y + pas

for some a1,y € ZG. Since all coefficients on the left side are non-negative, we see that
all integer coefficients appearing in as must be non-negative. Multiplying both sides by ~

yields (n+1)%y = (n? +n+ 1)y + pazy, so that asy = (n/p)y. Applying [—1] yields also

oy = (n/p)y. Now

o] s[-11Y (5] s[=1\ 7Y _ sl s[-1] s[-pl§ — (s550-1] [—1]y [P]
(alPlsl=11) (sPlgl=1) sPlsl=tsl=rls = (56171 (5611
= (n+ )+ = +7)2=n%+2ny +72

On the other hand

(BV1511) (59155) = = -+ pa) -+ pal )

= pPasal M+ plag + ol )y + 42
= p2a2a[71] + 2ny 4+ ~2.
Equating these two expressions yields
p2a2a[71] = n2

The expansion az = ) . az2 clearly has exactly one nonzero coefficient a, since the

coefficients are non-negative integers and the right side has a single term n2. It follows

that ag = (n/p)g for some g € G, and so
(15.8) SIS =y 4 ng = 66l 1g.
We claim that
(15.9) ol = §g.

This will follow from (15.8) if 61~ is invertible in QG. Let

_ 1 1 .
£=n " ) € Q6

then
—1 2

Thus 5[~ € QG is invertible and so (15.9) follows.
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The cosets of D are permuted by [p] via Dh +— Dgh? since
(5h)[p] — sPlpp — SghP:

thus [p] is a collineation of (G, £p) where £p is the set of cosets of D in G. Note that [p]
fixes the point 1 € GG, so by Corollary 10.3 it fixes some line Dh € £p. L]

15.10 Example: Difference Sets in Some Small Groups. Corresponding to the

classical plane of order 3 there is a planar difference set in the cyclic group G = {1, z, 22, ...

212} of order 13. In principle one may find a primitive element (an element w of order
133—1 = 2196) among the nonzero elements of Faj97 and proceed as in the example
preceding Theorem 15.5. However, the Hall Multiplier Theorem affords us the following

shortcut. The orbits of o = [3] € Aut G on G are given by
{1}7 {x7x37x9}7 {x27x57x6}’ {x47x10’x12}7 {x77x8’x11}.

By Theorem 15.7 there exists a planar difference set D which is a union of orbits of o.
Since |D| = 4 we must include {1} and one of the orbits of size 3. Any of these will do;
take for example D = {1,z,23,2%} which we easily verify to be a planar difference set
in G.

The planar difference set in the cyclic group of order 7 may be found by similarly
enumerating the orbits of [2] on {1,x,22,..., 2%} where 27 = 1: these orbits are

{1}, {z,2%2", {2°,2°,2°)

and both of the orbits of size 3 give planar difference sets.

Given the difficulty of proving the main questions in the theory of finite projective
planes, particularly the question of existence of planes of non-prime power order, one
might reasonably hope to make at least some progress in the special case where a regular
collineation group exists. Unfortunately to date, such progress has been quite limited.
The following result, which is representative of such progress, is included because its proof
is short and elegant. It shows that there do not exist projective planes of certain orders
n € {6,10,12,14,15,18,21,...} having regular collineation groups.

15.11 Theorem (Wilbrink [66]). Let D be a planar difference set in an abelian
group G of order n?+n+1, and suppose the prime p divides n exactly once. We may
assume D is chosen such that DIP! = D by the Hall Multiplier Theorem.

(a) In the group algebra F,G, the elements § = Y, ,d and v = > .=
satisfy
P4 (S Tl =1 4,

(b) If p € {2,3} then n = p.
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Proof. Recall that every a € F,G satisfies oy = ay where a € F, is the sum of the
coefficients in . The following identities clearly hold in characteristic p:

06 =y =y by=m Sy =0
From the multinomial expansion of é? we also have
(15.12) 67 =6Pl =4,

Since p /f |G| the algebra F,G is semisimple by Maschke’s Theorem A3.10, and so by
Theorem A3.16,

(15.13) Every ideal Z C F,G is a principal ideal generated by a unique idempotent
e € F,G; we write Z = (e).

(15.14) Given ideals 71,7 C F,G let Z; = (e;) where e; is the unique idempotent
generating Z; ; then

Ty + Iy = (e1+ea —erea); Z1 NIy = (ere2)

where e;+es—ejes and ejey are the unique idempotents generating the
ideals Z1+7Z> and Z; NZ, respectively.

In particular consider the ideals Z; = (§) and Zo = (6I71). Multiplying (15.12) by
6P=2 gives (6771)2 = oP~! so 6?71 € I; is its unique idempotent generator. Similarly
(5[*1])7’*1 € 1, is its unique idempotent generator. Therefore the unique idempotent
generating 7, N7y is

529*1(5[*1])29*1 =Pl = 4.

Thus Z1 NZ3 is 1-dimensional over F; also Z; +Z> has as its unique idempotent generator
the element
P14 (5[*1])29*1 — .
1

By Theorem 13.2 the dimension of 7 is 3 (n2+n+2). Since DI is also a planar difference

set, the dimension of Z is also %(n2+n+2) and so

dim(Z, + 7o) = dimZ; + dimZy — dim(Z; N Zy) = n®+n+1,

ie. 7y +7Io = F,G. Since 1 € F,G is the unique idempotent generating F,G we have
6P~ 4+ (6I=1)P=1 — 5 = 1. This proves (a).

If p =2 then

S+ =149=Y 2
x#1

where the right side has n?+n nonzero coefficients, whereas the left side has at most
2(n+1) nonzero coefficients. This gives n(n+1) < 2(n+1) and so n < 2.

If p = 3 then
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(15.15) 2+ (FU2 =14~r=2+ 3 2.
x#1

Writing D = {dy,ds,...,d,} and expanding

(15.16)  62= > d? + 2 Y. ddj,

0<i<n 0<i<j<n

the (”;1) terms d;d; are distinct since d;d; = dpd, implies didgl = dgdjfl. Similarly
the d;d; terms are distinct from the d? terms, so (15.16) has exactly n+1 terms with
coefficient 1 and (”;1) terms with coefficient 2. The same holds for the expansion of
(6112, so the left side of (15.15) has at most 2(n+1) + (”;1) terms with coefficient 1.
Thus

n?4+n < 2(n+1) + (”;1)

which yields n < 4. L]

Exercises 15.

1. Construct planar difference sets in the cyclic groups of orders 21 and 31 by the method of Exam-
ple 15.10.

2. Let GG be the nonabelian group of order 21 generated by elements o, 7 subject to the defining relations
03 =77 =1; 70 = o72. Show that D = {7,72, 7%, 0,02} is a planar difference set in G. Explain why
the resulting projective plane (G, £p) of order 4 must be classical (and therefore isomorphic to the
plane constructed from a planar difference set in the cyclic group of order 21 as in Exercise #1).

3. The following construction generalizes that of Exercise #2. Consider the field F = Fy where ¢ =1
mod 3 and let E=F_ 3. Let w € E be a primitive element, i.e. the multiplicative order of w is > —1.
Define F-linear transformations o,7: E — E by o :x — z%; 7:z — w?>@ Dz, Show that (o,T) is a
nonabelian group of order ¢2+g+1 which regularly permutes the 1-dimensional F-subspaces of E.

4. Let D be a planar difference set in a finite group G, and let a,b € G. Show that the subset aDb =
{adb : d € D} is also a planar difference set. Show also that the plane (G, £,pp) is isomorphic to
5. Show by example that the conclusion of Theorem 15.4 does not hold in the nonabelian case.

Hint. Consider the example D C G of Exercise #2, and replace D by an appropriately chosen right
coset Dg.

16. Generalized Incidence Matrices

We present a generalization of the concept of a planar difference set, which at the same
time generalizes the notion of the incidence matrix for a projective plane. This notion was
first introduced by Hughes [29], [30].

Let G be an automorphism group of a finite projective plane (3, £) of order n. Recall
that the number of point orbits (call this number w) also equals the number of line orbits.
Let Py, Ps,..., P, be representatives of the point orbits; and ¢1, /s, ..., ¢, representatives
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of the line orbits. Denote the point stabilizers II; = G'p, and the line stabilizers A; = Gy, .
Set A;j = {g € G : P/ € {;}. The desired relations are most easily stated in the group
algebra of G over the field of rational numbers. We consider the elements v, m;, A\;, a;; €
QG defined by

Y=Y G m=> T N=Y Aj; oa; =) Ay

for i,j € {1,2,...,w}. For an arbitrary element a = deG agg € QG define the conju-
gate

ot = Z agg € QG

geG

so that (af)* = f*a* for all a, € QG. (In Section 15 we denoted !~ in place of o*.)
Also denote
af = Z ag € Q

geG

so that
laB| = |al|B];  |a+ 8] =|a] £|8]

for all o, 8 € QG. Thus the map QG — Q, a — | is an algebra homomorphism (usually
called the augmentation map). Moreover

V[ =1Gl,  mil = 1L, [N = 1Ay] oug] = Al
Consider the w x w matrices

D, = diag(m,ma,...,my); Dy =diag(A1, A2, ..., w);
A= A" = (af

(O‘ij)1§i,jgw; Jz‘)1§z',j§w

with entries in QG (note that A* is the conjugate transpose of A) and the matrices
’Dﬂ" = diag(’ﬂ-lyv ’71—2’7 cety ’ﬂ-w’); ’DA’ = dlag(’)‘lyv ’)‘2’7 cety ’)\w’),
Al = (i) 1 jewt 7= (MDigijzu

with entries in Z. In particular J is the w X w matrix of 1’s.

16.1 Theorem (Hughes [29], [30]). Given G < Aut(‘B, £) where (B, £) is a pro-
jective plane of order n, define the matrices Dy, Dy, A, |Dx|,|Dx|,|A| as above. Then

: . S nPHn4l
) &(1D=] ) = t(IDA] ) = — 7
|G|
(i) J|Dx| Al = [A||DA]7'T = (n+1)J;
(iii) A*|Dy|"A =~J 4+ nDyx and |A*||D,| '|A| =|G|J +n|Dy| ; and
)

(iv) A|Dy|'A* = vJ +nD; and |A||Dx| |A*| = |G|J 4+ n|Dy|.
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Before proving these relations let us look at some examples.

16.2 Example: The Trivial Group. If G is the trivial subgroup of Aut(J3, £) then
D, = Dy = I, is the identity matrix of order w = n?4+n+1. Moreover A is the usual
identity matrix of (B, £). In this case (i) asserts that n?4+n+1 = n?+n+1; (ii) says that
AJ = JA = (n+1)J; and (iii),(iv) assert that A"A = AA" =nl + J.

16.3 Example: Regular Collineation Group. If G is a regular collineation group
of a plane (B, £) then w =1; Dy = Dy = [1] and A =[] where § is arises from a planar
difference set, as in Section 15. In this case Theorem 16.1 gives 1 =1; |§| = n+1; and
36 =300* =n—+1.

16.4 Example. A more typical situation is illustrated below; here (I3, £) is the projective
plane of order 2, and the collineation group G = (0,7 : 02 = 72 = 1, o7 = 703) is dihedral
of order 8. The nonidentity elements of G are explicitly listed:

o = (1275)(46)(afde)(bg), 7= (12)(57)(bg)(ef),
o? = (17)(25)(ad)(ef), o1 = T0° = (25)(46)(ae)(df),
o3 = (1572)(46)(aedf)(bg), 0’1 = 10? = (15)(27)(ad)(bg),

o371 =10 = (17)(46)(af)(de).

The orbits of G on points and lines are given by

1G - {17274}7 GG = {CL, d’e’ f}’
3¢ ={3}, % ={b,g},
4G = {476}7 CG = {C}

Choosing 1, 3,4 and a, b, ¢ as orbit representatives, we obtain

1407 0 0 i 147 0 0
D, = 0 v 0 , Dy=1| 0 1+c*+or+a3r 0],
0 0 1+02+T+027_ 0 0 ol
2 0 0] 2 0 0
|D|=10 8 0], IDx|=10 4 0];
0 0 4] 0 0 8
l+o+7+07 o+74+03+0%T 0 4 4 0
A= 0 ol Y1, |Aj=1[0 8 8
1+o?+7+0%T 0 ol 4 0 8
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We verify the conclusions of Theorem 16.1 in this example as follows:

20 0 100
tr |0 £ 0|=tr|0 1 0]|=2%
8 4 87
0 0 1 0 0 3
3 0 0][4 40 2 20
0 % 0 0 8 8=10 1 1 has column sums 3;
0 0 1] |4 0 38 1 0 2
4 4 0[5 0 0 2 10
0 8 8/|0 2 0l=1]0 21 has row sums 3;
40 8]0 0 % 2 0 1
3 2
HOHT 0 M rh 0 07 [Mo it o] [wenem v 9
1 _ 2(1+0> .
e O R A e R N |
0 v A 0 0 I [Mm 0 o o v 3y
4 4 0][5 0 0][4 0 4 12 8 8
0 8 8/ [0 3 0||4 8 0|=|8 16 8 |;
4 0 8/ [0 0 /|0 8 8 8 8 24
I+o+7  o47403 1 1+o%+r 140+ oT
+or iatr 0 z 00 +o8T 0 +or v+2(1tor) 7 v
0 v 1 [0 % 0| [ot7to” ~ 0 = gl 3y v ;
+o T
140247 1 ’Y+2(1+02
+o2r 0 v 0 0 8 0 Y Y v v +714027)
4 4 0[5 0 0][4 0 4 12 8 8
0 8 8|0 1 0|4 8 0|=|8 24 8
40 8]0 0 £][0 8 8 8 8 16

Proof of Theorem 16.1. Let T; be a set of right coset representatives for A; in G then
IT;| = [G : Aj] and every line can be uniquely written in the form ¢4 for some j €
{1,2,...,w} and t € T;. Counting lines gives

nPintl= Y Tl = > NG

1<j<w 1<j<w

Dividing both sides by |G| gives one of the relations (i), and the other follows by a dual
argument.
Let us count in two different ways the number of elements in the set

Mz‘j = {(g,h) eGxG: Pzg GE?}
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Since P € E;-‘ iff Pz-gh_1 € ¢; iff gh~' € Ay, and every choice of gh™ € A;; gives rise to
|G| pairs (g, h) € M;; , we have |M;;| = |G||A;j|. On the other hand the number of h € G
such that P/ € E;-‘ cannot depend on the choice of g € G, since substituting h’ = hg ™' for
fixed g yields
{heG:Plethy=|{WeG: Pelll}
= ’AJH{t € Tj : Pe E;}’
= |Aj|[{¢ € Ef . Pet}

since each h’ € G lies in a unique coset A;t with ¢ € T;. Thus
|Mij| = |GIIAj|[{£ € £5 = Py € £}].

Equating our two expressions for |M;;| yields

[Aiz| _ o]
{eet¥ : Pet} = = )
7o Al A
Since the line set £ is partitioned into orbits EJG for j =1,2,...,w, we have

ntl=[{te:Petl= > oy

2, N

Thus the matrix |A||Dy| " has row sums equal to n + 1, whence |A||Dx|"'J = (n+1)J.
The other relation in (ii) follows by a dual argument.
Now fix i,k € {1,2,...,w} and consider the set

Nit ={(g,h,0) EGxGx £ : P! P!}

We evaluate in two different ways " gh~ € QG where the summation extends over all
triples (g,h,¢) € Ny . Each line £ € £ is uniquely representable in the form ¢ = /%
for some j € {1,2,...,w} and ¢ € T;. For this choice of line the corresponding triples
(g, h, 1) arise from pairs (g,h) where g € At and h € Ay t. The sum of gh™ " over such
pairs (g, h) is a;jag;; then varying t € T; and j € {1,2,...,w} gives

YooghT = > Tilagai; =Gl Y 1A ayajy

(9,h,£)EN;k 1<j<w 1<j<w

If ¢ # k then every pair (g,h) € G x G gives distinct points P/, Pjh which determine
a unique line ¢ € £; in this case

> gh'=)" gh ' =|Gly.

(gzh'zé)eNzk gzh'eG
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If i = k then whenever the pair (g, h) € G x G satisfies P/ = P/, there are an additional n
lines (i.e. n+1 instead of 1) through both P? and P. Since P/ = P! iff (g,hg ) € G x11;,
there are |G||Il;| such pairs (g, h), which together contribute a term n|G|m; to our sum.
Combining with the previous case gives

> gh T =|Gly + ndi|Glmi =

{ |G|y + n|Gm;, if i =k;
(gzh'ze)eNzk

|Gy, otherwise.

Equating our two expressions for 3" gh ™' yields

—1 %
E ’)\J’ OéijOékj :’y+n(5ik7ri.
1<j<w

This verifies the first relation in (iii), and the second follows by applying the augmentation
map QG — Q, a — |a|. The proof of (iv) is similar. ]

An early application of Hughes’ Theorem 16.1 is the following;:

16.5 Theorem (Hughes [29], [30]). If (B, £) is a projective plane of order n =2
mod 4 with n > 2, then its automorphism group has odd order.

Thus for example, long before it was determined that a projective plane of order 10 does
not exist, it was known that no such plane could have a collineation of order 2. We explain
the general idea of the proof of Theorem 16.5: Suppose (B, £) is a plane of order n =2
mod 4 with n > 2, and suppose there exists 7 € Aut(B, £) of order 2. By Theorem 10.7,
7 must be an elation. This determines the structure of the matrices A, D, , etc. for the
group G = (1) of order 2. The second relation of Theorem 16.1 shows that the integer
matrices |D;| ' and 2J+n|D,| are rationally congruent. But these matrices are explicitly
known in terms of n, and the method of Section 14 yields the required contradiction.
General results comparable to Theorem 16.5 are found only rarely. But Theorem 16.1
is typically applied in many concrete situations as follows. Given a positive integer n > 2
which satisfies the necessary Bruck-Ryser condition for the possible existence of a projective
plane of order n, it is typically nevertheless a very difficult task to decide whether in fact
such a plane exists. One may therefore choose one’s favourite smallish abstract group,
such as S3 or A4 or Sy, and then ask whether there exists a projective plane of order n
admitting G as a collineation group. (If n=2 mod 4 with n > 2, then Theorem 16.5 tells
us that |G| had better be odd.) Geometric arguments along the lines of Section 10 give
some information on the possible types of collineations in G (i.e. their fixed substructures
as classified by Theorem 10.5). One thereby enumerates possible rational matrices |A|,
|Dx|, |Dx| satisfying the necessary conditions of Theorem 16.1. One then tries to ‘lift’
these integer matrices A, D,, Dy in the group algebra QG still satisfying the relations
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required by Theorem 16.1. In some cases one obtains a contradiction; in other cases one
may find new planes. We have in fact found some new planes of order 25 in this way, the
Wyoming planes [48].

Exercises 16.

1. Consider the projective plane of order 2, with points and lines labelled as above, and consider the
collineation group G = (o, 7) where o = (346)(257)(aeg)(bdf), T = (24)(56)(bc)(df). Enumerate the
point and line orbits, choosing as orbit representatives the least (i.e. alphabetically first) member in
each case, as we did in Example 16.4.

2. Let G be a collineation group of a finite projective plane of order n with w point orbits PZ.G for

1 =1,2,...,w; and so also w line orbits EJG for j =1,2,...,w. Consider the product of n®*~1 with all
the orbit sizes:
n = (TT1PE1) (TT 165°) -
i J

Show that this integer is a perfect square.

Ezxamples. TImmediately following the statement of Theorem 10.4 we gave an example of a group of
order 4 acting on the projective plane of order 2, with 4 point orbits (size 1,1,1,4) and 4 line orbits
(size 1,2,2,2). In this case the product becomes 23(1-1-1-4)(1-2-2-2) = 28, a perfect square. We leave
it to the student to check that the conclusion is satisfied in a couple ready cases: when G is transitive
(w=1) and when G = 1.

Hint. Use matrix relations obtained from Theorem 16.1 and take determinants.

17. Blocking Sets

A blocking set in a projective plane (5, £) is a set B C P of points such that every line
meets some point of B. How small can |B| be and still ‘block’ all the lines in this way?
Since every superset of a blocking set is also a blocking set, we are primarily interested
in minimal blocking sets, i.e. blocking sets which do not properly contain any other
blocking set.

If (B, £) is a projective plane of order n, it is not hard to see that every blocking set
has size |B| > n+1; for if P € B is a point outside B then each of the n+1 lines through
P must contain some point of B. We can meet this trivial lower bound by choosing B to
be the point set of some line. We are more interested in a nontrivial blocking set, i.e.
one which does not contain [¢] for any line ¢ € £.

17.1 Proposition (Bruen [10]). If (B, £) is a plane of order n then every nontrivial
blocking set has size |B| > n + y/n+1. Equality holds iff B is the point set of a Baer
subplane, in which case n is a square.

Proof. Although the result is due to Bruen, we give a simplified proof due to Blokhuis. If
n is a square and (I3, £) has a Baer subplane with point set B, then clearly B is a nontrivial
blocking set of size |B| =n + /n + 1.
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Suppose B is a nontrivial blocking set of size |B| = n + k. We must show that
k > /n+ 1, with equality iff B is the point set of a Baer subplane. First observe that
every line ¢ € £ meets B in at most k points. (For if HE] N B} > k then choose P € ¢ with
P ¢ B. One line through P meets B in at least k+1 points, and each of the remaining n
lines through P meets B in at least 1 point, so that |B| > k+14n, a contradiction.)

For each i € {1,2,...,k}, let m; be the number of lines £ € £ meeting B in exactly ¢
points. The total number of lines in the plane is

(17.2) > mi =12 =n’+ntl.
1<i<k

Counting in two different ways, the number of incident point-line pairs (P, ¢) € B x £ is

(17.3) > imi=(n+k)(n+1).
1<i<k

Counting in two different ways, the number of pairs of points (P, Q) with P € Band Q ¢ B
is

(17.4) > i(n+1—iymi = (n+k)(n® +1—k);
1<i<k

this is because there are m; lines having ¢ choices of P € ¢ N B and n+1—i choices of
Q € (~B. Taking an appropriate linear combination of these relations (namely (17.4), plus
k—n times (17.3), minus k times (17.2)) gives

(17.5) > (= 1)k — iym; = n[(k—1)> — n].

1<i<k

Since the left side of (17.5) is non-negative, we obtain
kE>+vn+1.

If equality holds then from (17.5) we see that every line £ € £ meets B in either 1 or
k = +\/n+1 points. Let £ be the set of lines £ € £ meeting B in v/n+1 points. Let P € B,

and suppose P lies on r lines of £9 and n + 1 — r lines of £~£(. Counting intersections
of lines through P with points of B gives

l+ryn=n+k=n+n+1

which yields r = /n + 1. Thus (B, £9) is a 2-(n++/n+1, /n+1, 1) design embedded in
(B, £), i.e. a subplane of order y/n; see Exercise #6.3. The result follows. L]
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If n is not a square, how small can a nontrivial blocking set be? It is not hard to
construct a nontrivial blocking set with as few as 3n points: take three lines a, b, ¢ with
no point in common, and remove the three vertices A, B,C of the resulting triangle, as
shown:

This idea can be improved in the case of classical planes of odd order n = ¢, as follows.
Suppose a, b, c are the lines X = 0, Y = 0 and Z = 0 respectively. If a line ¢ does not
meet any of the three vertices A, B,C of the triangle (here A=((1,0,0)), B=((0,1,0)),
C=((0,0,1))) then ¢ meets a, b, c in points

<(0717—)‘)>7 <(_:u7071)>7 <(17_V7 0)>

respectively, as shown, where \uv # 0. Since these three points are collinear we must have

0 1 =X
O=det | —p O 1 | =1-=Auv.
1 —v

In particular either all three or just one of the values A, p, v must be squares in F, . If we
let

B={A,B,C}U{{0,1,-n)), ((-n,0,1)),((1,—n,0)) : n € Fq is a nonzero square}
then B is a blocking set with |B| = 3 + 3(%) = (¢ + 1). This construction is due to

di Paola [50], who guessed that this is best possible in the case of P?(F,), p prime. This
guess was verified by Blokhuis [5], using an ingenious polynomial argument:

17.6 Theorem (Blokhuis [5]). A nontrivial blocking set in P?(IF,) has size at least
3( 1
5(p+1).
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Proof. Let B be a blocking set in P?(F,) of size |B] = p+k+ 1 where k < 3(p+1);
we must verify the equality k& = %(p + 1). There exists a line meeting B in just one point
(since |B|] < 2(p +1)). Choose coordinates (X,Y, Z) for our plane, we may assume that
the ‘line at infinity’ Z = 0 contains a unique point ((1,0,0)) of B, so that

B ={{(1,0,00)} U {{(as,b;,1)) : i =1,2,...,p+k}.

Every line not passing through ((1,0,0)) has the form X +uY +tZ = 0 for some t,u € ) ;
and each of these lines must pass through ((a;,b;, 1)) for some 4, so the polynomial

F(t,u)= J] (t+a+bwu) € Fplt, ]
1<i<p+k

vanishes for all values of ¢, u in IF?, . Thus
F(t,u) = (tP —t)G(t,u) + (v’ —u)H(t,u)

for some G(t,u), H(t,u) € F,[t,u], each of which has degree < k. Taking the (p + k)-
homogeneous part of each side, we obtain

Fo(t,u) = ] (t+bi) = °Go(t,u) + uP Ho(t,u)
1<i<p+k

where G (t,u) and Hy(t,u) are the k-homogeneous parts of G(t,u) and H(t,u) respectively.
Evaluating at u = 1 gives

f= 1] t+b:;)=t"g+h
1<i<p+k
where f(t) = Fy(t,1), g(t) = Go(t,1), h(t) = Ho(t,1). For each i we have (t+b;) | tF —t,
so that ¢t + b; divides tPg + h — (P —t)g = tg + h. Write f(t) = s(t)r(t) where s(t) is
the product of the distinct linear factors of f(t), and r(t) contains all the repeated linear
factors. Thus s } tg+ h and
r|f(t) =t + 1

Therefore f = sr divides
(tg + h)(tPg" + h')

and so f =tPg + h also divides
(tg+h)(tPg" +1h')g — (tg + h)(tPg+ h)g" = (tg+ h)(gh' — g'h).

But deg f(t) = p+k; deg(tg + h) = k+1; and deg(gh’ — g’h) < 2k—2 due to cancellation
of the t?*~1 terms in gh’ and in g’h. One possible conclusion from this is that p + k <
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k + 14 2k — 2 which yields k£ > %(p + 1) as required. The only other possibility is
gh! = ¢’h, which yields

d h(t) _gh'—g'h _

dt g(t) 9° '
Since both ¢(t) and h(t) have degree less than p, this implies that h(t)/g(t) = c € Fp, a
constant. Thus h = cg and

ft) =" +c)g(t) = (t+c)’g(t).
So p of the b;’s are equal to c¢. This means that B contains all points of the line Y = ¢, so
that B is trivial. []

Exercises 17.

1. Show that the projective plane of order two has no nontrivial blocking set.

18. Curves

Let F be a field and let F' O F be the algebraic closure of F. Let f(X,Y,Z) € F[X,Y, Z]
be a nonzero homogeneous polynomial of degree d > 1, so that

FX, 1Y, 12) =t f(X,Y, Z)

for all t € F. The set of points ((,y, z)) in P?(F) such that f(z,y, z) = 0 is a (projective
algebraic) curve C of degree d. Those points of the form ((z,y,z)) with z,y,z € F
are called the F-rational points of the curve. Curves of degree 1 or 2 are of course
lines and conics. We say that C is irreducible if f(X,Y,Z) is irreducible over F. We
will assume throughout this section that C is in fact absolutely irreducible, this being
the stronger condition that f(X,Y,Z) is irreducible over F. In particular, f(X,Y,Z) is
uniquely determined by the point set C up to nonzero scalar multiple.

A point ((z,y, 2)) € C is a singular point of C if the three partial derivatives fy, fy, f-
all vanish at (x,y, z). The curve C is smooth if none of its points are singular. Many of
the basic properties of C (algebraic, geometric and combinatorial) depend on the genus of
C. This parameter of the curve C, denoted g, is a non-negative integer whose algebraic
definition is given later in this section; but for now we observe that in familiar cases (say
F € {Q,R,C} and F = C) the point set C is a complex curve and therefore a real surface.
In the smooth case it is homeomorphic to a ‘sphere with g handles’, i.e. one of the surfaces
in the list:

9=0 g=1

(sphere) (torus) g=2 g=3
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Here we make use of the fact that a smooth complex projective algebraic curve forms a
compact connected orientable surface (2-manifold). Each such surface is determined up to
homeomorphism by the parameter g € {0,1,2,...} and lies in the list above. Note that
these are surfaces, not solids; for example when g = 0 we have not a solid ball but rather
just the sphere which bounds it. Also note that non-orientable surfaces, such as the real
projective plane or the Klein bottle, do not arise; the complex analytic structure forces
the surface to be orientable. The Euler characteristic of a surface I' is defined by

xI)=V-E+F

where V', E and F' are the number of vertices, edges and faces in a decomposition of I’
into polygonal cells (triangles, squares, etc.). Although the values of V| E' and F' depend
on the decomposition chosen, the value of x(I') is well-defined. Here we illustrate the fact
that the 2-sphere S? and the torus 72 have Euler characteristic 2 and 0 respectively:

X(8*) =V -E+F X(8*) =V -E+F
=8-12+6 =4-6+4

The genus g may be determined from the Euler characteristic in the case of a sphere with
g handles, by the relation

x(I') =2 —2g.

The genus of a curve C of degree d > 1 satisfies

(181) g< (d;) = 2(d—1)(d—2).

and equality holds whenever C is smooth. Thus for example, smooth curves of degree 1
and 2 (that is, lines and conics) have genus 0. Note that a curve of degree zero is just a
line

PL(C) = C U {co}

where C is the usual so-called ‘complex plane’ (which is actually just a complex affine line,
or a real affine plane, since it has complex dimension 1 and real dimension 2) together with
a single additional point oo glued to the entire horizon of C. We recognize P!(C) ~ S2,
the Riemann sphere, identified with C U {oo} via stereographic projection.

The fact that a nondegenerate conic C in P?(C) is also homeomorphic to S? may at first
come as a surprise. This fact is a consequence of the birational equivalence f : P1(C) =
which the student may regard simply as a homeomorphism such that both f and f ' are
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expressible using rational functions (or polynomials) of the coordinates. This definition
requires some delicate interpretation: in our example we may take

C={((z,y,2)) : 2z —y*> =0, (0,0,0) # (,y,2) € C*}
= {{(s?,st,t?)) : (0,0) # (s,t) € C?}

so that f : P1(C) — C is simply

((s,0)) = ((s%, 51, £%)).

The inverse map f ' : C — P'(C) is defined piecewise by

((z,y)), if z#0;
((y,2)), if z#0.

Here it should be noted that x and 2z cannot vanish simultaneously at any point of the conic
C; and in the overlapping region where both of the conditions = # 0 and z # 0 hold, the
two expressions given for f'(((z,v,2))) agree. Moreover this overlapping region zz # 0
includes ‘most’ of the points of P!(C) (technically, it is a Zariski dense subset; but such
technicalities we are omitting). A deep result of Hasse and Weil relates the most basic
combinatorial properties of C, namely the number of points of the curve with coordinates
in a given finite extension F,» O I, , with the genus of the curve, as follows.

(.2 = {

18.2 Hasse-Weil Theorem. Consider a (projective algebraic) curve C defined over
a finite field F, by a homogeneous polynomial f(X,Y,Z). Let N, be the number of
F,--rational points of C. Then

IN, — (¢" +1)| < 2g¢""?

where ¢ is the genus of C.

Note that the projective line P! (F,) over Fy - has exactly ¢" + 1 points. By Theorem 18.2
this is the ‘average’ or ‘typical’ number of points on a given curve. For lines (curves of
genus 0) this average value is attained exactly. For typical or ‘randomly chosen’ curves of
higher genus (which, by virtue of (29.1) requires higher degree) we typically find that the
number of points is distributed rather randomly with a mean value of ¢" + 1 and standard
deviation proportional to g/q".

Although we do not provide here a proof of the Hasse-Weil Theorem, we mention that
it follows from much more general properties of the Zeta-function Z¢(t) of the curve C.
That’s a Z (upper case Greek letter Zeta), not a Z (upper case Roman z). This function
of a complex variable ¢ is given by

N, .
Ze(t) = eXpZ Tt .

r>1
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The Riemann hypothesis for curves states that Z¢(t) is in fact a rational function of ¢, i.e.
Zc(t) € C(t), of the form

(14 a1t)(1 4+ ast) -+ - (1 + agyt)
(1=1)(1 —qt)

where g is the genus of C and a4, ..., a4 are algebraic integers of modulus /g which occur
in complex conjugate pairs. Statement (18.3) is known as the Riemann hypothesis for C.
It was first proved in 1973 by Deligne [23], earning him a Fields Medal; for an elementary
albeit arduous proof, see [34]. The original Riemann hypothesis concerns the location of
the zeroes of the Riemann zeta-function, this being the zeta function of the line over the
rational field Q. By the substitution

Ce(s) = Zel(q™®)

we see that (18.3) implies that the complex zeroes of (¢ lie on the line Re(s) = %; hence
the connection with the original Riemann Hypothesis. The assertion (18.3) is one of the
original Weil conjectures, which more generally give the structure of Zeta functions of
varieties defined over finite fields. We show that the Hasse-Weil Theorem is a consequence
of (18.3): assuming (18.3),

InZe(t)= Y In(1+at) —In(l—t) — In(1 — qt)

(18.3)  Ze(t) =

1<i<2g
-3 (a-t—a%t2+a?t3— )+<t+ﬁ+£+ )
-4 ’ 2 3 2 3
1<i<2g
242 343
q°t q-t )
+<q+ 5+ 3 +

and by comparing coefficients of t” on both sides we obtain
(18.4) Ne=q"+1+aftas+--+aj,.

Since |o;| = /g by assumption, we obtain
(18.5)  —2g¢"/> < N, —(¢" +1) < 2gq"/?

which is the conclusion of Theorem 18.2.

18.6 Example: The Projective Line. Consider a curve of genus 0, i.e. a projective
line or conic, say P! = P1(F,), so that N, = ¢" + 1. We obtain

In Zps (£) = Y _(a" +1)—

= 1;(1 —t) +In(1 —qt)
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using the familiar Taylor expansion for In(1 —¢). Thus

1
-0 —qb)

Zpi (t) =

which is a rational function of the required form.
18.7 Example: The Hermitian Curve. Let F' =T, where ¢ = p?¢ and let
f(X,Y,2) = XPOHL L yPiHl o gt — xaotl 4 Yo+l | zao+l

where qo = /g = p°. (This curve appeared in Section 10 as the set of absolute points with
respect to a unitary polarity.) Note that fx(X,Y,Z) = (g0 + 1) X = X® € F,[X,Y, 7]
and similarly for the other partial derivatives. Since the gradient vector

(fX(X7Y7 Z)7 fY(X7Y7 Z)7 fZ(X7Y7 Z)) = (XQO’YQO’ZQO)

does not vanish at any point of P? (Fq), the Hermitian curve H consisting of the zeroes
of f is smooth; so by (18.1) its genus is

o= (%) = danlw—1) = a - ).

The Hasse-Weil upper bound for the number of F,-rational points of H is
M <@+1+2990 =g +1+q(e—1) =g +1.

In fact this upper bound is attained, as we now show. The field F' is a quadratic extension
of K = F,,. The norm map
Np/g 12— g+t

gives a (go+1)-to-1 map from F* to K*, cyclic groups of order g3 —1 and go—1 respectively.
The F-rational points of H have the form

((0,1,a)) and ((1,a,0))
where N(a) = —1 (go+1 such values of a € F); also

((1,y,2))

where y € F such that 1 +y%*! £ 0 (there are g3 — (qo + 1) such values of y € F) and for
each such y there are go+1 values of z € F having the required norm —(1 + y%+1), for a
total of

Nt =2q+1)+(@—qw—-1@+1) =¢+1 =¢+1.
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Since the upper bound of (18.5) is attained, for » = 1 we obtain
0412042:~~~:Oégg:\/§

and so
Zout) = LEVAT (1 +/gt)" Ve
L I 1 S R G R [

18.8 Example: An Elliptic Curve. An elliptic curve is simply a curve of genus 1.
Take for example the curve £ defined by

f(X,)Y,2)=Y?Z - X3+ XZ? € F,[X,Y, 7]
where ¢ =3 mod 4. The gradient
(fx(X,Y,Z), fy(X,Y,Z), f2(X,Y,2)) = (2°-3X?, 2Y Z, Y*+2X Z)

cannot vanish at any point of £, so £ is smooth. By (18.1), the genus of £ is 1, i.e. £ is an
elliptic curve. It may be shown (see for example [35, pp.59-61]) that

q + 1, if r is odd;
N?" - 2 . .
¢ +1—-2(—q)"/%, ifris even.

This yields

InZe(t) = —In(1 —t) ~In(l —qt) =2 Y (_qr)r/g ¢
I o A :
=-In[(1-t)(1 —qt)] = > = (1= 1)1 — gt)] +In(1 +gt*)
so that Lt ar?
_ q
0= -a

Again, (18.3) holds.

A (nonzero) differential 1-form on C is an expression of the form

gl(X7 Y7 Z) aX +92(X7 Y7 Z) ay +93(X, Y7 Z) az
WX,Y, )

w =

where g1,92,93 € F[X,Y,Z] are homogeneous of the same degree d for some d > 0,
and h € F[X,Y, Z] is homogeneous of degree d+1. The degree restrictions ensure that
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w does not change under substitutions (X,Y,Z) — (AX,\Y,A\Z) where A # 0, since
d(AX) = AdX and similarly for Y and Z. Now consider another form

o= gl(vav Z) dX +§2(X7Y7 Z) dY+§3(X7Y7 Z) dZ

WX,Y,Z)

We identify w with w whenever w differs from w only by a multiple of f or of

of of of
daf = a—XdX+a—YdY+a—ZdZ.

To paraphrase this: We can rewrite w without changing its value, by freely using the
relations f = 0 and df = 0. Since both f and df vanish on C, the expression w is therefore
well-defined at points ((x,y, z)) of C. We say w is regular at a point ((z,y, z)) of C, if
the denominator h(x,y, z) # 0 (or if w may be rewritten in some equivalent form, say w as
above, with h(z,y, z) # 0). We say w is regular (on C) if it is regular at every point of C.
In this case it may be necessary to represent w using different (and of course equivalent)
expressions at different points of the curve C, as our examples will illustrate. Denote by
Q} the vector space (over F) of all regular differential 1-forms on C. Then

(18.9) Qé has finite dimension g > 0.

This gives an algebraic definition of the genus g of the curve C.

We verify that this algebraic definition of genus gives the expected answer for those
examples we have considered thus far. Consider first the case of a projective line ¢ in P?(F)
defined by f(X,Y,Z) = X = 0; see Example 18.6. In this case both X and dX vanish on
the line ¢, so every nonzero differential 1-form may be uniquely expressed in the form

(Y, Z2)dY + go(Y, Z) dZ
WY, Z)

w =

for some homogeneous g;(Y, Z) € F[Y, Z] of degree d > 0 and h(Y, Z) € F[Y, Z] of degree
d+1 > 1. We have
WY, 2)= ][ (@Y +b:2)
0<i<d

for some a;,b; € F with (a;,b;) # 0. We may assume this expression for w is reduced, i.e.
none of the linear factors a;Y +b;Z divides the numerator; then w fails to be regular at the
point ((0,b;,a;)) of C. And no amount of rewriting w (by including extra X or dX terms)
with change this fact. Thus Qf, = 0 and g = 0, in agreement with our previous finding.

Let us turn to the Hermitian curve H of Example 18.7 defined by f(X,Y, Z) = X%+ 4
Y+l 790+l Then both f and

df = X®dX +Y®dY + Z%dZ
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vanish on H. Since
Xdf — fdX =Y®(XdY —-YdX)+ 29" (XdZ - ZdX)=0

on H, we obtain the first equality in the expression

18.10 XdY —-YdX B ZdX — X dZ B ZdX — X dZ
( ) ) 790 o Y % o Y %

and the second equality in (18.10) follows by cyclically permuting the variables XY, Z.
Multiplying the expression (18.10) by X?Y7 Z* where 4,7,k > 0 and i+j+k = go—2 gives
(q20) linearly independent differential 1-forms

Xty Xizk YIiZ¥

wijk:m(XdY—YdX) = Vo (ZdX—XdZ) = Yo (ZdX—XdZ).

At every point ((z,y, z)) of H, at least one of the coordinates z,y, z is nonzero, and so at
least one of the expressions for wj; listed above has nonvanishing denominator. It may
be shown that the w;;; span 9711 , so that

g =l = () = Jaolw—1) = 3o - )

as previously indicated.
Consider now the elliptic curve &€ defined by f(X,Y, Z) = Y2Z—-X3+ X Z?, introduced
in Example 18.8. The defining equation of £ may be rewritten as

=1t —

and so

N[~

where x = %, Y=
2ydy = (32 — 1) du.

Consider the differential
dx 2dy
==
y  3x2—-1"
i.e.
_ ZdX - XdZ _QZdY—YdZ
- YZ - 3X2-72 ~

The only point of £ where both YZ and 3X? — Z2 vanish is {(0,1,0)), so w is regular at
all points of £ except possibly this one. Now rewrite the defining equation of £ in the form

w

wlr =122 -1
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where = =, w = <, so that

N[>
<=

2z — w?) dr = 2zw dw;

dx 2dw
== —
Tw  2r — w?
B QXQZd(Y/X)
- 2X3 VY27

2Z(XdY — Y dX)
2Y2Z + X22) - Y2Z
XdYy —YdX
Y2 4+2XZ

where the denominator does not vanish at ((0,1,0)). Thus in fact w is regular everywhere.
It may be shown that w spans QF , so that the genus of € is 1 as previously indicated.

Exercises 18.

1. Consider the projective curve C having the affine description y?+y = > defined over Fo . The number
of For-rational points of C is
2" + 1, forr =1,3,5,..;
"= { 2" +1—2(=2)"/2, forr=2,4,6,....
(This includes the one ‘point at infinity’.) You may assume this.
(a) Show that C is smooth.
(b) What is the genus of C?
(c) Determine the Zeta function Z¢(t) of C. Express your answer as a rational function of ¢ in the
simplest form possible.

2. Consider the curve C defined in Exercise #1. Find a basis for Qé .
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PARrT IV

Projective and Polar Spaces
19. Classical Affine and Projective Spaces

For every field F' and integer n > 0, we define classical affine n-space over F' as the
incidence system A"™(F') formed by the affine subspaces of a vector n-space over F. Thus
the points, lines, planes, etc. of affine n-space are formed by the cosets of vector k-subspaces
for k = 0,1,2,... respectively. The field F' may be replaced by any skewfield K in this
construction, in which case one takes just the subspaces of the left vector space K™ over
K (or alternatively, the right vector space K™); again, however, this remark does not yield
any new finite examples since every finite skewfield is commutative, hence a field. Of more
interest to us, and for similar reasons as described in Section 8, are the projective spaces
which we now introduce.

Let V be an n-dimensional vector space over a field F'. The incidence structure formed
by the subspaces of V' of dimension k = 1,2,3...,n—1 form the objects called points,
lines, planes, ..., hyperplanes of classical projective (n—1)-space over F', denoted
PV = P"(F); in general a projective (k—1)-subspace® of PV is given by a vector k-subspace
of V. The incidence relation between subspaces is the natural inclusion relation. Again,
the field F' may be replaced by any skewfield K.

In the case of a finite field F' = I, , there are only finitely many vector k-subspaces U <
V for each k € {1,2,3,...,n}. One may specify any such subspace as U = (u1, ug, ..., ug)
where uq,us,...,ur € V are linearly independent. There are

q" — 1 choices of u; € V~{0}.
Then for each such w; there are
q" — q choices of us € V~(uy).
And for each choice of uy, us there are
q" — ¢* choices of uz € V~(u1, us);

etc. Thus the number of possible ordered lists of &k linearly independent vectors uy, us, ...,
up € V, giving an ordered basis for some vector k-subspace of V is

(@ —D(¢" —q)(q" —a*) - (¢" — ¢" ).

A similar count shows that the number of choices of ordered basis for a given k-subspace
U<Vis
(" =" - )" —*) - (" =" ).

1The projective dimension of a subspace PU C PV, is one less than the vector space dimension of U<V. Unless
we specify projective dimension, then we refer to the usual vector space dimension. For example if V is a 3-
dimensional vector space, then its projective dimension is 2, i.e. PV is a projective 2-space, otherwise known as
a projective plane.
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Therefore the number of vector k-subspaces of the n-space V is given by the Gaussian

coefficient

(" —¢" )
(" —q¢*1)

(" =D - )" —q¢)---

For example projective 3-space over F,, denoted P3(F,), has

) = (¢> + 1)(¢* + ¢ + 1) lines; and

o
)
=
or—{
o
p —~
— [
+ ]
<
= SIS
—~ ((
— & —~ nﬂ)\)
+ o S | &
~ ]
(q.\ 4G.2q 4G.3q
I — = =<
—~
— | |
Tt !
_ | [\ ™
< <
[y [y
Il Il
ST ST ST
1 T 1 T 1
<t - <t <t M

In the case of the field Fy, projective 3-space has 15 points, 35 lines, and 15 planes. We

by the Hasse diagram

may represent this geometry

1

Wk
N

mw /\ \FJV\%VQ”

SN
A

)
\\. 7 R \

'),
Y
FR

K

SR
VIS

in which the bottom row lists the 15 points in lexicographic order

5 (1, 1,1,1));

((0,0,0,1)), ((0,0,1,0)), ((0,0,1,1)), ((0,1,0,0)), ..

the top row lists the 15 planes in lexicographic order

L ((1,1,1, D)),

((0,0,0,1)"), ((0,0,1,0)"), ((0,0,1,1)"), ((0,1,0,0)"), ..

apTo + a1r1 + asre + agrs = 0}

ao
aj .
as o
as

{((.CE() r1 X9 .CB3)> . (.CB() r1 T2 .CBg) (

Here we denote the plane



19. Classical Affine and Projective Spaces 123

by the 1-space ((ag, a1, az,as)") of column vectors; this notation closely parallels the nota-
tion of Section 6 for coordinatizing points and lines of P?(F'). The middle row of Figure 19.1
lists the 35 lines in lexicographic order of their Pliicker coordinates (these coordinates for
lines will be defined in Section 22). Edges in this graph indicate incidences between points
and lines, and between lines and planes. For clarity, we have not shown the incidences
between points and planes; but these are implied by the edges shown (for example the first
point P = ((0,0,0, 1)) is incident with the second plane m = ((0,0,1,0)") as shown by the
three paths of length 2 in the graph above; these three paths correspond to the three lines
¢ incident with both P and 7). Note that two distinct lines ¢, m may be related in either
of two ways: either they meet in a point (in which case they also lie in some plane); or
they are disjoint, in which case we say ¢ and m are skew. However one does not speak of
two distinct lines as being incident; recall that incidence is inclusion, and no line can be
contained in another unless they are equal. In P3(IFy),

every point is incident with 7 lines and 7 planes;
every line is incident with 3 points and 3 planes; and
every plane is incident with 7 points and 7 lines.

More than this, the subgraph of Figure 19.1 consisting of all points and lines incident with
a given plane, is of course just the incidence graph of the projective plane P?(F5):

19.2 Figure
Incidence
Graph of
P*(F)

Similarly, the subgraph of Figure 19.1 consisting of all lines and planes incident with a
given point, also gives the incidence graph of the projective plane P?(Fy) shown in Figure
19.2. To see why this should be true, observe that for every point, i.e. 1-space P < V,
there is a one-to-one correspondence between subspaces of V' containing P, and subspaces
of the vector 3-space V/P. Under this correspondence, the lines and planes containing P
correspond to points and lines of V/P.

The subgraph of Figure 19.1 consisting of all points and planes incident with a given
line ¢, gives the incidence graph shown in Figure 19.3. This incidence structure is known as
a generalized digon of order 2. (The explanation for this name will be given in Section 29.)
Here each of the three points on /¢ is incident with each of the three planes containing /.

19.3 Figure

Incidence Graph of a
Generalized Digon
of order 2

A generalized digon of order n is an incidence structure with n+1 points and the same
number of blocks, such that every point is incident with every block; its incidence graph
is therefore a complete bipartite graph K41 541
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The space P"(F) is self-dual. In this case duality interchanges points with hyperplanes,
lines with subspaces of codimension 2; and in general, vector k-subspaces of V' with vector
(n+1—k)-subspaces. (See Exercise #4.)

A hyperplane of P"(F) is isomorphic to P"~1(F); by deleting this hyperplane, one is
left with an affine space A™(F'). Conversely, if one starts with an affine space A"(F') and
adds a ‘point at infinity’ for every parallel class of lines of the affine space (also naturally
defining other subspaces at infinity as natural subsets of these new points), one obtains the
projective space P"(F') as the projective completion of the original affine space. This
generalizes the process of completing an affine plane to a projective plane as described in
Section 7. To see this, note that the points of P (F') are 1-spaces ((xo,x1,Z2,...,Tn)),
partitioned into those points with 2o = 0 (this being a typical hyperplane, a projective
(n—1)-subspace) and those with xzy # 0 (which may be normalized by the scalar factor
Ty so as to be uniquely expressible in the form ((1, a1, as,...,ay,)) with a1, as,...,a, € F
(and the latter points form an affine n-space). In the case F' = F, this partition of the
points of P™(F,) gives rise to the identity

AT gl = "+ (T gt )

[\ J/
-~ -~

n+1 : n i f n : n—1
points of P"(F points o points of P F
|: 1 j|q q §n(]Fq) |:1j|q ( Q)

A homogeneous polynomial f(Xo, X1,...,X,) € F[Xo, X1,...,X,] of degree d yields a
well-defined point set consisting of all points ((zo, x1, ..., Z,)) such that f(zo,z1,...,2,) =
0 (a hypersurface of degree d); here we may take the coordinates x; € F' (which gives
the so-called F-rational points of the surface) or more generally, x; € F, the algebraic
closure of F. The same processes of homogenization and dehomogenization as described
in Section 7 for the case n = 2, allow us to form the projective completion of hypersurfaces
in affine n-space, and the affine parts of hypersurfaces in projective n-space. For example
the surfaces 22 +y? + 22 = 1 and 22 = 1 + 9y 4+ 2? in affine 3-space have the same
projective completion: the first equation homogenizes to X2 +Y?2 + Z2 = W2, which then
dehomogenizes (by setting Z = 1) to 22 +y? + 1 = w?.

Every semilinear transformation of V' = F" maps k-dimensional subspaces to k-
dimensional subspaces, giving a collineation (i.e. automorphism) of the projective geome-
try. In fact, every collineation of P"~!(F) is induced by a semilinear transformation. Thus
the full collineation group of P*"~1(F) is isomorphic to PT'L,(F). An ordered frame
in P"~1(F) is an ordered (n+1)-tuple (Py, P, ..., P,) of points, no n of which lie in a
hyperplane. We state (but do not prove):

19.4 Fundamental Theorem of Projective Geometry. The full collineation
group of P"~1(F) is isomorphic to PI'L,_1(F). Its normal subgroup PGL,(F) is
regular (i.e. sharply transitive) on ordered frames.
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We associate to projective planes, generalized digons, projective 3-spaces, and general
projective spaces the following diagrams respectively:

.. int i
projective plane: pOMes (type A2)

points blocks
[ ] [ ]

generalized digon: (type A1 A1)

points  lines planes

projective 3-space: o o o (type As)
. points  lines planes hyperplanes
projective n-space: - e e ..l e (type An)

[\ J/

n types of objects

The extent of the association between these Coxeter-Dynkin diagrams and the corre-
sponding classes of geometries, is too far-reaching to completely describe here; but a few
observations will serve to illustrate the nature of this association. The symmetry of the
A,, diagram for n > 2, which interchanges the nodes representing k-spaces with (n+1—k)-
spaces, illustrates the fact that the dual of a projective n-space is again a projective n-space.
Given an object U in a geometry I' (say), the geometry induced on all objects of I' incident
with U is called the residual geometry of U, or simply the residue of U. Its diagram
is obtained from the diagram for I" by removing the node corresponding to the type of U,
together with all edges from that node. For example deleting either of the end nodes of the
As diagram gives the Ay diagram; this illustrates the fact that objects in P3(F) incident
with a given point or plane, have the structure of a projective plane. Deleting the middle
node of the A3 diagram leaves the A;®A; diagram; this illustrates the fact that the points
and planes of P3(F) incident with a given line, have the structure of a generalized digon
as described above. More generally given an n-space V with a k-subspace U < V', the
residue of U has diagram Ax_1 ® A, _r—1 (assuming appropriate allowances are made for
the special cases k € {1,n}). The objects of this geometry are the subspaces of U, forming
the subgeometry PU ~ P*~1(F) of type A,_1, and the subspaces of V containing U.
The latter subspaces correspond to subspaces of V/U, which therefore form a subgeometry
isomorphic to P(V/U) ~ P*~*~1(F). Moreover every object in the Aj_j-subgeometry is
incident with every object in the A, _x_1-subgeometry, as is represented by the fact that
there are no edges between the corresponding subgraphs in the Ay_1 & A, _r_1 diagram.

Exercises 19.

1. Show that the number of affine k-subspaces of A™(F,) is ¢" % [Z} q-

2. Show that the limit of the Gaussian coeflicient is limg,_,1 [Z} q= (Z), the binomial coefficient. We re-
gard projective (n—1)-space as the analogue of an (n—1)-simplex, which is the incidence system formed
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by all subsets of an n-set. Note that a projective plane is thus an analogue of a 2-simplex or triangle,
which is the unique 2-(3, 2, 1) design. Also under this analogy, the automorphism group PGL(n, F') of
projective (n—1)-space is the analogue of the symmetric group Sy, , which is the automorphism group
of the (n—1)-simplex. The (n—1)-simplex is often called projective (n—1)-space over the field of
order 1, (even though there is no field of order 1) or thin projective (n—1)-space, while the other
projective (n—1)-spaces are thick. Compare with comments in Exercise #6.3.

3. Show that the points and hyperplanes of projective (n—1)-space over Fq form a 2-(v, k, \) design where

<[ w0 -,

Remarks. Again letting ¢ — 1, this gives a 2-(n, n—1, n—2) design, i.e. an (n—1)-simplex. It has n
points, and its blocks (i.e. ‘hyperplanes’) are the (n—1)-subsets.

4. Let V be an n-dimensional vector space over a field F, and let V* be the vector space of all linear
functionals V' — F'; thus V* is also n-dimensional. Show that there is a one-to-one correspondence
between subspaces of V' and subspaces of V* which maps each U < V to its annihilator

U°={¢eV":¢U)=0}
Show moreover that dim(U°) = n — dimU and that the map U +— U®° reverses inclusion: we have

U<W<IViff U° > W°. Conclude that IP”_I(F) is self-dual.

Hint. Represent elements of V and V* as row and column vectors of length n, respectively. To
evaluate a linear functional at a vector, is simply to right-multiply a row vector by a column vector.
Imitate the proof of Theorem 6.5.

5. Let H be the n x (2"—1) matrix whose columns are the nonzero vectors in F% , i.e. the points of
P?—1(Fy). Show that H is the parity check matrix for a [2"—1, 2" —n—1, 3] binary code. (See Sec-
tion 13 for the case n = 3.) Verify that this is a perfect 1-error correcting code.

Remark. This is the family of binary Hamming codes.

20. Axioms

At this point the reader may wonder whether the concept of a projective space should really
be defined axiomatically in terms of natural incidence properties, as we did for projective
planes; and then the classical examples constructed as we have done above, starting with
a vector space over an arbitrary field (or skewfield). However every projective space of
projective dimension n > 3 is necessarily classical. For example here are some natural
candidates as axioms for projective 3-space, in which the objects are points, lines and
planes; and where three incidence relations are given (between points and lines; between
points and planes; and between lines and planes).

(S1) Any two distinct points are incident with exactly one line.

(S2) Any two distinct planes meet in exactly one line.

(S3) Given any line ¢ and any point P not on ¢, there exists a unique plane incident
with both P and /.

Every plane incident with a given line /¢ is also incident with every point on /.

—~
w2
e~

~

(S5) Any two distinct lines meet in a point, iff they lie in a common plane.
(S6) There exists a set of five points, of which no four lie in a common plane.
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Axiom (S3) asserts that every line or plane may be identified with the set of its points, in
such a way that incidence of a line and plane is the same thing as inclusion of the corre-
sponding point sets. These potential axioms are somewhat redundant (see Exercise #20.1).
However they do include all that we naturally require of a projective 3-space. In particular
these axioms imply that for every plane m, the incidence structure formed by the points
and lines on 7 is exactly that of a projective plane; and dually, for every point P, the
incidence structure formed by the lines and planes containing P is also that of a projective
plane.

It is possible to axiomatize projective n-space in a style similar to that above, having
projective k-subspaces for k = 0,1,2,...,n as undefined concepts, and with an incidence
relation between subspaces of dimensions j and k for all j # k, and introducing axioms
similar to (S1)—(S6) above. An alternative approach, which we prefer, is the following
approach of Veblen and Young (1910).

A projective n-space is a linear space (3, £) satisfying the following axioms, where
we define a subspace to be any subset of 8 which contains every line through two of its
points.

(V1) If P and @ are distinct points then there is exactly one line containing both P
and Q.

There exist three noncollinear points.

<
)

Every line has at least three points.

The maximum length of a chain of subspaces is n + 2.

A~~~ /N /N
<
at

(Veblen-Pasch Axiom) Every line meeting two sides of
a triangle, but none of its vertices, must also meet the
third side.

Axiom (V1) is included in the definition of a linear space but we have listed it again for
emphasis. In (V4), a chain of subspaces of length n has the foorm & € So C --- C S,
where each §; is a subspace. For example in projective 3-space every maximal chain has
the form

OcCc{PtcltcnCP

where P is a point lying on a line ¢ in a plane 7. Every subspace & has a well-defined
projective dimension k > —1, where k+2 is the maximum length of any chain of subspaces
contained in S. Here the empty subspace ) has projective dimension —1, points have
projective dimension 0, lines have projective dimension 1, planes have projective dimension
2, etc. with the full point set P8 being the unique subspace of projective dimension n.

A projective 2-space is the same thing as a projective plane; and we have constructed
non-classical examples of these. However for n > 3, every projective n-space is classical!

20.1 Theorem. Every projective n-space for n > 3 is isomorphic to P"(K) for some
skewfield K.
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We present here just a few key ideas from the proof of Theorem 20.1. Let (B, £) be a
projective n-space where n > 3. We first argue that

(20.2) Every plane of (3, £) is isomorphic to P?(K) for some skewfield K.

Let m be any plane in (I3, £). Consider a point-line configuration in 7 as shown below; we
must show that the three points P, (), R are collinear. Let S be a point outside 7, and let
B be a point on SB distinct from S and B.

Let B’ = OBNSB', P = ABNSP, R = BCNSR; these points exist by the Veblen-Pasch
axiom.

The points 13, A’ and B’ are collinear; this is because they lie in two distinct planes, as
shown:
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Finally the points P, @, R are collinear since they lie in two distinct planes—the original
plane 7 and the plane shown:

By the converse of Desargues’ Theorem (see comments at the end of Section 11) the plane
7 is isomorphic to P?(K) for some skewfield K. This proves (20.2).

Next we prove that all planes in (3, £) are isomorphic to P?(K) for the same skew-
field K:

(20.3) Any two planes 7, 7" in (3, £) are isomorphic.

Consider first the case that 7’ N7 is a line; then 7’ and 7 lie in a common projective solid
U (a projective 3-subspace). Let P € U be a point not in 7’ U 7; then every line of U
through P meets 7 in a unique point, and also meets 7’ in a unique point. This gives a
bijection from points of 7 to points of w/. This bijection maps lines of 7 to lines of 7’:
every plane [ of U passing through P meets both 7 and #«’ in lines, which demonstrates
the required correspondence. So 7w = 7/, which proves (20.3) in the case 7’ N7 is a line.

Now in the general case it is easy to find a sequence of at most two intermediate planes
w1, m2 of (B, £) such that

/
TEmMEmET7;

here 7 shares a line with 71, which shares a line with 7, which shares a line with /. For
example if 7 and 7’ are disjoint (the worst case) take a flag (P,¢) in 7 and a flag (P’ ¢')
in 7’; then set m = ¢V P’ and my = PV {'. The other cases are similar, so (20.3) holds in
general.

From here it is not hard to complete the proof that (B, £) itself is isomorphic to
P™(K).

Exercises 20.

1. Show that Axioms (S1)—(S6) above are not independent; that is, deduce one of these six statements
from the other five.

2. Show that the Veblen-Pasch Axiom (V5) follows from (S1)—(S6), but is independent of (V1)—(V4).

21. Codes

In Section 13 we found the p-rank of the incidence matrix of an arbitrary projective plane
of order n, assuming p H n, i.e. p divides n exactly once. More generally, however, the
p-rank of a projective plane is not uniquely determined by its order, but rather depends
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on the particular structure of the plane. A good rule-of-thumb is that among several
nonisomorphic objects with the same parameters, the ‘nicer’ examples (in particular the
more classical examples, or those with larger automorphism groups) tend to have lower
p-ranks. In particular a nice formula is available for the p-rank of every classical projective
plane of order ¢ = p". We have waited until now to derive this formula since the same
technique applies more generally to the incidence matrix of points versus hyperplanes of
P (F,).

21.1 Theorem. Let A be the N x N incidence matrix of points versus hyperplanes
of P*"(F,) where ¢ = p” and N = [”Tl}q = (¢"™ —1)/(g — 1). Then the p-rank of A

1S 1 r
(p+n_ ) ey
n

Check: By Theorem 13.3 the p-rank of P?(F,) is (p;1)+1; and Theorem 21.1 confirms
this. Our proof of Theorem 21.1 relies on a theorem of Lucas, which we introduce by
looking at the pattern of even and odd numbers in Pascal’s Triangle:

°
o0
1 e e
1 1 oo oo
1 21 o.ooooooo.o
1 3 3 1 ece0ceO0 e
EEEEEEREX)
1 4 6 4 1 0000000 @
0000000 ®
1 5 10105 1 000000000 e
1 6152015 6 1 000000 0C0OGEGES
00008000 e00O0 e
1 7 21353521 7 1 0000000000000 ®
0000000000000 e
. ete. ... o0 0000000000000

Most students will quickly recognize the emerging pattern as one that appears in Sierpin-
ski’s Triangle. The question of whether the binomial coefficient (Z‘) is even or odd is most
readily answered by first expressing both m and k in binary as

m = mo+2mi+4ms+8ms+---; k = ko+2k1+4ko+8ks+---  where m;, k; € {0, 1}.
Then

(21.2) (M =11 (7:’]]) mod 2

which vanishes whenever k; > m; for some j, since ((1)) = 0. The product (21.2) is effec-
tively finite since m and k£ have only finitely many nonzero binary digits, beyond which
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all remaining factors are simply (8) =1. Alsoif & ¢ {0,1,2,...,m} then by definition
(") = 0; but then the right side of (21.2) also vanishes. The relation (21.2) general-
izes to arbitrary primes, and also to multinomial coefficients. We recall the definition of

multinomial coefficients:

( m ) {L if m,ko,...,k, >0 and ko+ki+---+k, =m;
7kn

Kolky ! kn! 2
ko, k1, -+ 0, otherwise.

21.3 Theorem (Lucas). Let p be prime, and express the non-negative integers

m, ko, k1,...,k, in base p as

m= 3 mip’; k=3 kyp!
720 3>0

where m;, ki; € {0,1,2,...,p—1}. Then

m mj
= mod p.
(ko, k1, 7]%) H (k0j7 k1, ...Jgnj) p

J=0

Proof. By the Multinomial Theorem,

m k k k
21.4 Xo+ X e+ X)) = E X0 Xt X B,
(214)  (Xo+ X4+ Xn) L k(ko,kl,...,kn)o 1 n
0y Fly -eey om

There are only finitely many nonzero terms in the latter sum, namely those for which
ko,ki,...,kn > 0 and ko+ki+---+k, = m. As a special case of (21.4), we first observe

that
(21.5) (Xo+ X1+ +X,)? = X+ X7+ +XP mod p.

This follows from the fact that the multinomial coefficient

p N
ko, k1, ..., kn kolki!--- k!

is divisible by p unless one of the k;’s is p and all other k;’s are zero. Now (21.4) gives

(Xo+ X1+ +X,)" = H(X0+X1+...+Xn)pjmj
720
= [[(X5 + X7 + -+ X2')™ mod p
720
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by repeated application of (21.5), and so

(Xo+X1+---+Xp)"

_ m; ko;p’yrk15p’ Knjp?
= X J X J ...X njpP
H Z (k0j7 kij, -, k'nj) 0 1 n

]>0 kO]y kl]: ceey
= Z H( m; )Xk00+k01p+k02p2+'--X]f10+k11p+k12p2+' an0+kn1p+kn2p +--
- koj,k1j, " knj 0 1 mod
k00, ko1, .5 020 od p.
klo, kll, ...7
Koy knts ...
Here each k;; € {0,1,2,...,p—1} and so by the uniqueness of the base p expansion of
the integers m, ko, ..., k,, we may equate coefficients with those in (21.4) to obtain the
result. L]

We are also interested in counting the number of terms in the multinomial expansion
(21.4).

21.6 Lemma. The number of (n+1)-tuples (ko, k1,...,k,) of non-negative integers
such that kg+ki+---+k, =m is
m—+n
(")

Proof. The (n+1)-tuples (ko,k1,...,ky) satisfying the required constraints, correspond
bijectively to n-subsets of {0,1,2,... , m+n—1} via

(k(), ki,ka, ..., kn) — {k‘o, ko+k1+1, ko+k1+ka+2, ..., kot+ki+--- —l—kn,1+n—1}. ]

Proof of Theorem 21.1. Let A be the N x N incidence matrix of points versus hyperplanes
of P*(F,), where

1

N = [n—f ] = 14+¢+¢*+ - +¢" =1 mod p.
q

By Exercise #19.3, every row and column of A has sum

[ﬂ = 1+g+¢°+ - +¢" 7' =1 mod p;
q

therefore the following matrix identity holds mod p:
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where the matrices

11...1
11...1
and J=|...
11...1

have size (N+1)x(N+1) and NxN respectively, and Iy denotes the NxN identity
matrix. This yields

rank, A =1 + rank,(A—J) = 1 4 rank,(J—A).

The matrix J—A is easier to describe algebraically than A, as we now observe. Every
nonzero vector a = (ag,a1,...,a,) € IFQ“ determines a hyperplane H, consisting of all
points (x)=((zo,21,...,2,)) < FoT! such that

apro +ai1x1 + -+ + apr, = 0.

Note that Hy, = H, whenever \ # 0; therefore the hyperplane H, is determined by the
1-space (a) < Fpt1. The ((z), (a))-entry of J—A is

(aomo + @121 + -+ + apx,)? " =

0, if the point (x) lies in H;
1, otherwise.

We consider therefore the ¢" ! x¢"*! matrix M with rows and columns indexed by vectors
x,a € IFZ““, and whose (x, a)-entry is (agzo +a121 + - -+ + anry, )9 1. This matrix is larger
than J—A itself; in particular it has an extra row and column of zeroes, corresponding to
=0 and a=0. It also has many repeated rows and columns, since for all A # 0 the rows
of M indexed by x and Ax coincide; also the columns of M indexed by a and Aa coincide.
Evidently J—A is obtained from M by deleting duplicate rows and columns, as well as
deleting a row of zeroes and a column of zeroes, so that

(21.7) rank, A = 1+ rank,(J—A) = 1 4 rank, M.

The matrix M can be conveniently expressed in terms of another ¢"*!x¢"*! matrix
U with rows indexed by vectors x € IFQ“ and columns indexed by (n+1)-tuples k =
(ko,k1,...,kn) €{0,1,2,...,q—1}"T1; the (z, k)-entry of U is

Uy ko = xlgox]fl xﬁ"

Also define the ¢"*t!x¢" ™! diagonal matrix D with rows and columns indexed by (n+1)-
tuples k,¢ € {0,1,2,...,g—1}""1; the (k,{)-entry of D is

qg—1
dy o = 5
k.t (ko, ki, ..., kn) o
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where we use the Kronecker delta symbol

{ 1, if k ::g,iii (ko,kl,...,kn) ::(go,gl,...,gn);
Ok,e = .
0, otherwise.

Now the (z,a)-entry of UDU" is

E Uy kdk pUa 0 = E A kUa KUz
ke, 3

E q— 1 ko k1 kn ko k1 k
= (ko kl k ao al ...annxo xl xnn
ko, k1, ook S T

= (apzo + @171 + - -+ + apwy )t

and so
(21.8) M =UDU".
We now observe that
(21.9) the square matrix U is nonsingular.

For suppose a vector v = (c;~€ cke{0,1,2,..., q—l}”“) satisfies Uv" = 0; then

ko k E
Z Ck07k1,...,kn-7700x11 ...xnn :O
kozklwn,kn

for all x = (zo,z1,...,2n) € IFZ}“. This forces all coefficients to vanish, i.e. ¢ = 0, which
proves (21.9).

Combining (21.7) through (21.9), the p-rank of A equals the number of (n+1)-tuples
k = (ko, k1, ..., ky) such that the multinomial coefficient (ko, kqlfl kn) is not divisible by p.
The answer is found using Lucas’ Theorem: Consider the base p representations

¢—1=(p=1)+ (p—Dp+ (p—1)p° +--- + (p—1)p"
k; = kio—i—kﬂp—i—kigpQ—i— e —l—ki,r,lpril, kij €{0,1,2,...,p—1}.
We have

q—1 : p—1
p*(k(b klv"'vkn) i p* H (k0j7k1j77knj)

0<j<r
iff for all j € {0,1,2,...,7—1} we have ko;+k1;+-- - +kn; = p—1.

By Theorem 21.6, for each j there are (p?lf") choices of (n+1)-tuple (koj,k1j,---,knj) GT
{0,1,2,...,p—1}""1 such that koj+kij+---+ks,; = p—1; this gives exactly (pr")

n
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choices of (ko,k1,...,kn) € {0,1,2,...,¢—1}"*! such that p)( (ko kq;.ln kn) The con-

clusion of Theorem 21.1 follows. L]

Exercises 21.

1. A frame in P*(F) is a set of n+2 points, no n+1 of which lie in a hyperplane. (Thus for example a
frame in P2 (F) is a quadrangle: 4 points with no three collinear; see also Theorem 19.4.) If A is a
point-hyperplane incidence matrix for P*(Fs), show that the rows of A corresponding to a frame, form
a basis for the row space of A over Fa.

Hint. Use Theorem 21.1.

22. The Pliucker Map

The Pliicker map introduces coordinates for the k-subspaces of a finite-dimensional vector
space over an arbitrary field F'. We introduce this topic by discussing the coordinatization
of lines in P3(F). This important special case leads naturally to the Klein correspondence
(Section 25).

22.1 Lemma. Let F be an arbitrary field. For every 2-subspace U < F* there is a
unique (up to nonzero scalar multiple) skew-symmetric 4 x 4 matrix over F' with row
space equal to U. Such a matrix is given by u' v — v u where {u,v} is a basis for U.

Proof. Let U = {u,v} < F* be a 2-subspace. There exists v € F'* such that yu' =0
and yv" =1, 80 v(u'v —v"u) = u lies in the row space of u'v — v u; similarly v lies in its
row space. Thus the row space of u'v — v u contains U = (u,v) and so must equal U.

If {w, v} is also basis for U then there exists a unique A € GLy(F) such that u,v are
the rows of LA, where L is the 2 x 4 matrix with rows u,v. Now

0 1

~T~ ~T~ 0 1
-1 0

e 0} ATL" = (det A)L l

} L' = (det A) (uTv - vTu)
so the matrix u v — v"u changes only by a nonzero scalar multiple.

Finally let M be any skew-symmetric 4 X 4 matrix whose row space is U; we must
show that kM = x"y —y' 2 for some nonzero k € F' and some basis {z,y} of U. We may

suppose
0 1 a b
M= -1 0 c d
—-a —c 0 e
-b —-d —e 0
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for some a, b, c,d,e € F since some entry of M is nonzero, and we may multiply M by a
nonzero scalar to make this entry 1. (The argument is similar if the nonzero entry of M

is in any other position.) Since the rank of M is 2, we have

0 1 b
O=det| -1 0 d|=e—ad+bc
—a —c e
and so M = 2"y —y'x where z,y are the first two rows of M. L]

If £ = (u,v) is any line (i.e. vector 2-space) of F'* then the corresponding 4 x 4 matrix

as in Lemma 22.1 has the form

0 lor  flo2  lo3
—Llo1 0 bz i3
—loa —liz2 0 fa3
—loz —l13 —laz O

T T
=UuU vVv—7TU

(Co1, 402,403, 12,013, 023) :=

where we abbreviate an arbitrary skew-symmetric 4 x 4 matrix by the 6-tuple of its above-

diagonal entries; here

gij = —gji = det l

(7 Uj .

v vy = UiV; — U ;.

We refer to (o1, Loz, Yo3, {12, {13, {23) as the Pliicker coordinates of the line ¢. Denote by
S the vector 6-space of all skew-symmetric 4 x 4 matrices over F'. By Exercise #1, every

nonzero element of S has rank 2 or 4; accordingly we distinguish the points of S as having

either rank 2 or rank 4. The Pliicker map is the bijection

p - {lines of P*(F)} — {‘rank 2’ points of PS}
0= (u,v) — ((lo1, %oz, o3, 12,13, L23)) = (u'v — v w)

using our abbreviation of elements of S as 6-tuples.
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22.2 Theorem. (i) The Pliicker map p is a bijection from the set of lines in P?(F)
and the set of ‘rank 2’ points of PS = P°(F).

(ii) The Pliicker coordinates of ¢ are also determined (to within a nonzero scalar
multiple) by any two distinct planes containing ¢ (as above) by the formula

lij = —Lji = apbm — amby
where (i, 7, k,m) is an even permutation of (0,1, 2, 3).

(iii) A point (z) = ((20, 21, 22, 23)) lies in ¢ iff

0 523 —513 120 20
—la3 0 bos  —loz | |21 | _ 0
iz —loz O lo1 29 '
—lia Lo —lor O 23

(iv) A plane v+ = (co,¢c1,c2,c3)" contains £ iff

0 o1 Loz o3 [co
—Llo1 0 bz i3 | _g
—loa —liz2 0 fa3 c2 )
—loz —l13 —laz O c3

(v) The Pliicker coordinates satisfy fo1023 — Lo2l13 + Lo3l12 = 0.

Proof. Conclusion (i) has already been verified. Consider now an arbitrary line £ = (x,y)
as above. A point (z) = ((20, 21, 22, 23)) lies on /¢ iff the matrix

g 1 T2 I3

Yo Y1 Y2 Y3
20 1 2 23

has rank 2, which is to say that all four 3 x 3 submatrices (formed by deleting one column
at a time) are singular; for example this implies that

r1 X2 I3
0 = det U1 Y2 Y3 = 52321 — 51322 + 51223 .
21 22 Z3

By similarly expanding determinants for all 3 x 3 submatrices, we obtain (iii). Also since
the columns of z'y —y"« lie in ¢, they must satisfy the condition (iii); this yields (v).
In view of (iii) we are led to consider the linear transformation R : S — S defined by

0 co1 Co2 €03 0 c23 —C13 C12
R | —Co 0 ciz ci3| | —ca 0 o3 —Co2
—Cp2  —C12 0  co23 €13 —Co3 0 co1

—co3 —c13 —c23 0 —C12  Co2  —Co1 0
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Thus for every line ¢ = (z,y) we have
(22.3) ¢ =ker R(z"y — y"z) = row space of "y —y" .

. . . . T T .
Here we may identify row and column space via the transpose map, since x y — y x is
skew-symmetric; similarly

ker R(z"y — y' x) = left null space of R(z"y —y' )

L+ contains ¢ iff

is identified with the right null space via the transpose map. A plane ~
v et iff (2"y —y z)y" =0, which yields (iv).
Assuming ¢ = ot N B+ = (o, B)+ where a,3 € F* are linearly independent, from

(22.3) we have
(o, B) = ker R(aTﬁ — ﬁTa) — row space of a' 3 — 3«

and so
(= {a,p) = ker(a' 3 — ﬁTa) = row space of R(aTﬁ — ﬁTa).

Since S has a unique member (up to nonzero scalar multiple) with row space equal to ¢,
we have

R(a'f~f'a) = k(z'y —y'z)

for some nonzero k € F. This yields (ii). []

As promised, we now describe the more general Pliicker map which coordinatizes vec-
tor k-subspaces of an n-space; that is, projective (k—1)-subspaces of P*~1(F). Associated
to a k-subspace U < F'™ one obtains an (Z)—tuple of coordinates wu;,j,...;, € F' for all sub-
scripts satisfying 1 <41 < iy < --- < 1 < n. The resulting vector of Pliicker coordinates,
which may be computed from any choice of basis for U, is well-defined (i.e. independent
of the choice of basis) up to nonzero scalar multiple. This vector determines a point p(U)
in PN=1(F) where N = (Z’), here p is the Pliicker map. The image of this map in gen-
eral is a (typically small) subset of the points of PN ~!(F) known as a Grassmannian
or Grassmann variety (or rather the set of F-rational points of this variety, if F' is not
algebraically closed). In the case k=2 and n =4 the Pliicker map associates to every line
(vector 2-subspace) ¢ < F** the point

p(€) = ((lij)o<i<j<s)

in P5(F'). In this case the Grassmann variety is the point set in P°(F') defined by the single
equation fg1lo3 —Lloal13+Lo3l12 = 0, which is a quadric. More general Grassmann varieties
(for larger values of n and k) are not quadrics, but can be described as intersections of
quadrics.
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The Pliicker map in the full generality we are describing here is most conveniently
described in the language of exterior algebra (see Appendix A4): one simply maps a
vector k-subspace U < F™ to the vector 1-subspace /\kU < /\an This gives a well-
defined map from the projective (k—1)-subspace PU to the point p(U) = P(A*U) in
P*(A\°F) = PN=1(F) where N = (%) If one specifies U by choosing a k x n matrix A
whose row space is U, then the coordinates of p(U) are the k x k minors of A; there are N of
these. Although the choice of matrix A is not uniquely determined by U, different choices
of A will give the same N-tuple of coordinates of p(U), up to nonzero scalar multiple. This
generalizes the case for £ = 2 and n = 4 described above, where the Pliicker coordinates

of ¢ = (u,v) are just the 2 x 2 minors of the matrix [:j‘i o e Z‘ﬂ

Exercises 22.

1. Let F be an arbitrary field. Show that every skew-symmetric matrix over F' has the form BABT where
B is invertible and A is block-diagonal with blocks of the form either [_01 (1)} or [0]. Conclude that
every skew-symmetric matrix has even rank.

Hint. Let M be a skew-symmetric matrix over F'. If A is nonzero, show that a sequence of elementary
operations can be performed simultaneously on the rows and columns of M, transforming it to a
block-diagonal matrix with upper-left corner [_01 (1)} Apply induction.

2. Show that for every skew-symmetric 4 x 4 matrix M = (¢;; : 0 < 4,5 < 3), we have det M =
(co1c23 — coac13 + cozci2)?. Conclude that the image of the Pliicker map p of Theorem 22.2 consists
of all points of PS satisfying the necessary condition of conclusion (v).

Hint. Use Exercise #1.

23. Quadratic Forms

After studying subspaces of a projective space (these being the solutions of linear systems,
hence varieties of degree 1) the next natural objects of study are quadrics (varieties of
degree 2), these being the zeroes of quadratic forms. For example, quadrics in the classical
projective planes are simply conics, which we have previously considered. Insight into the
geometry of more general quadrics is founded upon a solid understanding of quadratic
forms. In this section we lay the algebraic foundations for quadratic forms; and in the
next section we study more geometric questions concerning the associated quadrics. Some
of this terminology was previously introduced in Section 14; here it is presented in more
generality.

Let V = F™ where the field F' is for the moment arbitrary. A quadratic form on V
is a map @ : V — F defined by a homogeneous polynomial of degree 2 in the coordinates.
Equivalently, for all z,y € V and ¢ € F' we have

(Q1) Q(cx) = Q(x);
(Q2) Q(z +y) = Q(x) + Q(y) + B(z,y)

where B(x,y) is a symmetric bilinear form. Note that the bilinear form B is uniquely
determined by the quadratic form @ using the polarization identity (Q2). Every quadratic
form, and its associated bilinear form, may be written as

Qx) = rAz"; B(z,y) =z(A+ AT)y
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for some nxn matrix A = (aij) over F.

Let V and W be vector spaces over a field F, and let Q : V — F and Q' : W — F be
quadratic forms. An isometry from (V,Q) to (V/,Q’) (or from @ to Q') is a vector space
isomorphism 6 : V' — V' such that Q'(6(v)) = Q(v) for all v € V. (Strictly speaking,
such a map 0 is a linear isometry; more general isometries are invertible semilinear trans-
formations preserving the quadratic form.) The relation of isometry is the most natural
equivalence relation on the set of quadratic forms. The isometries from (V, Q) to itself
form a group, called the orthogonal group O(V, Q). By virtue of (Q2) we see that ev-
ery isometry 0 € O(V,Q) is also an isometry of B, i.e. B(6(x),0(y)) = B(x,y) for all
x,y € V. The converse fails in characteristic 2 as we observe below.

A typical vector space isomorphism 6 : V' — V has the form x +— M where M €
GL,(F). For Q(z) = vAx" we have

QO(z)) = Q(zM) = tMAM 2"

so that 0 is an isometry from Q to the quadratic form @’ defined by the matrix M AM". We
say that two n X n matrices A, B are congruent if B = MAM" for some M € GL,(F).
This is an equivalence relation on the set of all n x n matrices over F', and congruent
matrices represent isometric quadratic forms.

For each subspace U < V we define UL = {v € V : B(u,v) = 0 for all u € U}.
The radical of U is U+ N U; in particular the radical of V is simply V+. We say that
the bilinear form B is nondegenerate if V- = 0; in this case elementary linear algebra
shows that dimU + dimU+ = dimV for all U < V. In general however the subspace
U+ need not be disjoint from U; the subspaces U and UL may overlap considerably, and
even coincide. Note that B is nondegenerate iff the matrix A+ A" is nonsingular. A point
(u) is called singular if Q(u) = 0; or nonsingular if Q(u) # 0. A subspace U < V
is totally singular if Q(u) = 0 for all u € U. We say that a subspace U is totally
isotropic if B(u,u’) = 0 for all u,u’ € U, i.e. U < U+. Every totally singular subspace is
totally isotropic; the converse holds only in characteristic # 2. We say () is degenerate
if the radical V+ contains a singular point; otherwise Q is nondegenerate. Thus if B is
nondegenerate, so is (); the converse holds in odd characteristic. If ) is nondegenerate then
by preceding remarks, every totally singular subspace has dimension at most L% dim VJ.
A maximal totally singular subspace is a totally singular subspace U which is not
contained in any larger totally singular subspace.

Assume V is a vector space with basis {v1,va,...,v,} over a field F. The discrim-
inant of a quadratic form ) : V — F, denoted disc @, is the determinant of the Gram
matrix (B(vi,v;): 1 <4,j < n). Assuming Q(z) = zAz", we have

disc Q = det(A+A").

The discriminant of @) is defined only up to multiplication by a nonzero square in F', since
a change of basis for V (using a change-of-basis matrix M, say) replaces A by MAM",
and we obtain

det(M (A + A)M") = (det M)? det(A + A").
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With this understanding, the discriminant depends only on the isometry type of ). Note
that if F' is a finite field of characteristic 2 then every element of F' is a square so the
discriminant contains no useful information. However if F' = F, where ¢ is odd then half
the nonzero elements of F' are squares and the other half are nonsquares; so assuming
() is nondegenerate, the value of disc() contains one bit of information, i.e. ‘square’ or
‘nonsquare’.

Let Vi, Vs, ..., V, be vector spaces over F' with corresponding quadratic forms @Q); :
V; — F. The orthogonal direct sum of the V;’s is the vector space V =V, & VoPH--- PV,
equipped with the quadratic form

Q1 +v2+ - +vr) =Q1(v1) + Q2(ve) + -+ Qr(vy) forv; € V.

Such an orthogonal direct sum is often written V=V L Vo L --- L V... If Q); is defined
by a square matrix A;, then @ is defined by the block-diagonal matrix A1 @ As & --- D A,
and

discQ = T[] discQ; = [] det(4;+A4;]).

1<i<r 1<i<r

23.1 Real Quadratic Forms. Consider a quadratic form @ : R" — R given by Q(z) =
zAz" where A is a real nxn matrix. We may suppose A is symmetric; otherwise replace
A by its symmetric part 3(A+ A") without changing the value of Q(z) (because zA 2" =
rAx"). Recall that every real symmetric matrix is diagonalizable by an orthogonal change
of basis, so that A = MDM" where M" = M " and D = diag(A1, A2, ..., \,). Now

Q(xM) = Ma? + -+ Ayz2 .

By a further change of basis we may assume all \; € {—1,0,1}; for if \; # 0 we replace
x; — |\i|7*/?z;. Finally we may permute coordinates to see that Q(z) is isometric to
Bl

where 0 < kK < m < n. The number of isometry classes of quadratic forms on R"™
is the number of pairs of integers (k,m) satisfying these constraints, namely (”;2) =
2(n+1)(n+2). The form Q is nondegenerate iff A is nonsingular, iff m=n. There are n+1
isometry classes of nondegenerate quadratic forms on R", ranging from positive definite
(k=m=n) to negative definite (k=0, m=n). In the nondegenerate case Q(r) = x% + --- +
ri — 1} 1 22 has maximal totally singular subspaces of dimension min{k,n—k} <
L@J; an example of such a subspace is the subspace spanned by the vectors e;+eg41 for

2
i=1,2,...,min{k,n—k}, where {ei,...,e,} is the standard basis of R™.

23.2 Odd Characteristic. Suppose F' has characteristic different from 2 (possibly char-
acteristic zero). We will assume (as we may, for the same reasons as in the real case) that
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A is symmetric. We may recover the quadratic form () from the associated bilinear form
since

B, ) = Q(2r) — 2Q() = 4Q(x) — 2Q(z) = 2Q(x)
from which we obtain

Q(z) = 1 B(z,z).

From this identity it follows that isometries of the bilinear form B are the same as isometries
of the quadratic form Q: if § € GL(V) satisfies B(0(x),0(y)) = B(x,y) for all z,y € V
then Q(f(z)) = 1B(0(z),0(z)) = 3B(z,z) = Q(z) and the converse follows from (Q2).
Also in this case a subspace U < V is totally isotropic iff it is totally singular. Moreover
() is nondegenerate iff B is, iff A is nonsingular.

23.3 Even Characteristic. Suppose F' has characteristic 2. In this case we cannot
assume A is symmetric; when convenient, however, we may assume A is upper triangular.
We obtain B(z,z) = 2Q(z) = 0 and so the associated bilinear form is alternating; in
other words the matrix A+ A" associated to B is skew-symmetric with zero diagonal. By
Exercise #22.1, the matrix A+A" has even rank, so it cannot be nonsingular unless n is
odd. We cannot recover the quadratic form from the bilinear form. For example when
n = 2, the two forms Q1 (1,72, 73) = 23 +x2w3 and Qa(x1, T2, T3) = Tow3 give rise to the
same degenerate bilinear form B(x,y) = x2ys + x3y2. Both have radical ((1,0,0)) but in
the case of ()1 this radical is nonsingular, whereas in the case of Q)2 the radical is singular.
Thus @)1 is nondegenerate whereas ()2 is degenerate. Note that the quadric defined by Q2
(i.e. the conic defined by the zeroes of Q3) is a pair of intersecting lines ((0,1,0)+) and
((0,0,1)%), a clearly degenerate conic; the point ((1,0,0)) of intersection is the singular
radical. On the other hand ); defines a nondegenerate conic; in this case the nonsingular
radical ((1,0,0)) is the nucleus of the conic.

Most questions about general quadratic forms reduce to questions about the nonde-
generate case. This reduction follows from the following observation.

23.4 Lemma. Let V be a vector space over a field F', and let Q) : V — F be a
degenerate quadratic form whose radical V+ contains a totally singular subspace U.
Then @ naturally induces a quadratic form on V/U.

Proof. We naturally define Q : V/U — F by v+ U — Q(v). Note that this is well-
defined: for allv € V and u € U,

Qv +u) = Qv) + Qu) + B(v,u) = Q(v).

One easily checks that @ satisfies the properties (Q1) and (Q2), using the similar proper-
ties for Q. 1



23. Quadratic Forms 143

Classification of quadratic forms proceeds by induction using the following lemma.

23.5 Lemma. Let V be a vector space over a field F' of finite dimension n, and let
Q : V — F be a quadratic form. Suppose (z) is a singular point not contained in the
radical V+. Then

(a) There exists a singular point (y) such that V = (z,y) @ (z,y)* and
Qax + by + z) = ab + Q(z)

for all a,b € F and z € (z,y)" .
(b) The radical of (z,y)* equals V+. In particular @ is nondegenerate iff the

restriction of Q to the (n—2)-space (x,y)* is nondegenerate.

A pair of vectors {z,y} such that Q(z) = Q(y) = 0 and B(z,y) = 1, as above, is a
hyperbolic pair.

Proof of Lemma 23.5. Since x ¢ V=, there exists y € V such that B(z,y) # 0. For all
ceF,
Q(ex +y) = Q) + Q(y) + cB(z,y) = Q(y) + cB(x,y),

and since B(x,y) # 0, there is a unique ¢ € F' such that Q(cx + y) = 0. Set 3/ = cx+y.
Now (z) and (y) are singular points with B(z,y’) # 0. Set y” = B(x,y') 'y so that
Q(z) =Qy") =0; B(z,y"”) = 1. With no loss of generality, we may assume that y"” = y;
thus

Qlaz +by) = a*Q(x) + b*Q(y) + abB(z, y) = ab

for all a,b € F. Clearly (x,y) N (z,y)~ = 0 and so
V= (z,y) @ (z,y)"
If z,€ (z,y)* then
Q(ax + by + 2) = Q(ax + by) + Q(z) + B(ax + by, 2) = ab + Q(z)
so (a) holds. Conclusion (b) is clear. L]
Every quadratic extension E D F of finite fields! (so that [E : F| = 2) naturally gives
rise to a quadratic form F — F, as we now describe. There exists a nonidentity field

automorphism of E, which we denote z — Z, fixing every element of F' (in other words the
extension F D F' is Galois). The norm map

N:E—F 2zw— 2z

1This much is true more generally for any separable extension of degree 2. It is the field-theoretic analogue
of the fact from group theory that any subgroup of index 2 is normal.
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is a quadratic form with no absolute points (since if z # 0 then N(z) = 2z # 0). If we
choose a basis {«a, 8} for E over F, then

N(ra + sf) = (ra + sp)(ra + s3) = ar® + brs + cs*

where aX? + bX + ¢ € F[X] is irreducible of degree 2. This fact has a useful converse, as
we now observe:

23.6 Lemma. A quadratic polynomial f(X) = aX? +bX + ¢ € F,[X] is irreducible
over I, iff there exists a basis {a, 3} for F 2 over F,, such that N(ra + s3) = ar? +
brs + cs?.

Proof. There exists w € F2 such that f(w) = 0. Since the norm map is surjective (see
Appendix Al), there exists v € F2 such that N(y) = a. Now

N(ry — syw) = aN(r — sw) = a(r — sw)(r — s@) = ar? + brs + cs*

as required. The converse follows by the preceding remarks. L]

We now consider the isometry group O(V, @) of a quadratic form @ : V' — F, which
is typically quite large. The primary source for this assertion is the following result.

23.7 Theorem (Witt). Let Q:V — F be a quadratic form, and let 6 : U — 0(U)
be an isometry between two subspaces of V', i.e. Q(0(u)) = Q(u) for all u € U. Then
the following two conditions are equivalent.
(i) 9UNVEH) =9U)NV+.
(ii) 0 extends to an isometry of V' to itself, i.e. there is an isometry 0.V -V
such that the restriction 6 }U =6.

The proof of this result, given below, is rather technical; we recommend that on first
reading, the student skip it. However, the reader is asked to consider some of the important
implications of this result, including the following.

23.8 Corollary. Let QQ : V — F be a nondegenerate quadratic form.
(a) Any two maximal totally singular subspaces have the same dimension.

(b) Any two singular points lie in the same number of maximal totally singular
subspaces.
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Proof. Let U, U’ <V be maximal totally singular subspaces, and assume dim U < dim U’.
Let @ : U — U’ be any injective linear transformation. Since @) vanishes on both U and U,
0 is an isometry. By Witt’s Theorem 23.7 there exists an isometry 6 : V' — V extending 6.

~

Since U is maximal, so is §(U) = 0(U) < U’, and this forces equality: 0(U) = U’. In
particular dimU = dim #(U) = dim U’ so (a) holds.
If (x) and (y) are singular points then we have an isometry 6 : (x) — (y) defined by

~

O(cx) = cy for all ¢ € F. By Witt’s Theorem this extends to an isometry 6 : V. — V
which induces a bijection between the maximal totally singular subspaces containing z,
and those containing y. This gives (b). L1

Proof of Theorem 23.7. Assuming (ii) then (i) must follow since the isometry 0:V >V
must preserve the radical V. Thus we assume (i) and seek to prove (ii). We first show
that without loss of generality,

(23.9) U>V+tand 9U) D VL.

To show this, let W C V+ such that VX = W @ (UNVL) = W @ (0(U)NV4); such a
subspace exists by Exercise 4. It follows that

U+Vt=UoW and 6OU)+V*t=060U)W.
We extend 6 to the map
UeW —6(U)se W, u+w— 0(u) +w
for all w € U, w € W. This is an isometry since

QO(u) +w) = Q(O(u)) + Q(w) since B(f(u), w) =0
(u) + Q(w)
(u+ w) since B(u,w) =0

Q
Q

so we may replace U by U + V+, and 6(U) by §(U) + V= if necessary, so that both U and
O(U) contain the radical V1. Furthermore we may assume the containment U D V+ is
proper; otherwise the argument above applies with W = 0. So we may assume that (23.9)
holds.

We proceed to verify the conclusion by induction on k = dim(U/V ). The initial case
k = 0 was settled above; so now we take k > 1. Let H < U be a subspace of codimension 1
containing V4, so that the subspace (H) < 6(U) of codimension 1 is isometric to H and
also contains V. We may assume that

(23.10) 0 fixes every element of H.
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Otherwise by the inductive hypothesis, the restriction 9} g H— O(H) extends to an

isometry 9:V — V. The isometry ¢ = 07'00:U — Y(U) does fix every element of H.
If we can extend v to an isometry QZ : V. — V, then the isometry fo QZ : V. — V extends
0:U +— 6(U). So it suffices to assume (23.10) holds.

Now both U and 6(U) contain H as a subspace of codimension 1 fixed elementwise
by 6. There exists z € U such that

U=H®((z); 0U)=H®a(02)).
We assume 0(z) # z; otherwise the conclusion follows. For all v € H we have
B(z—0(z),v) = B(z,v) — B(6(2),v) = B(0(z),0(v)) — B(6(2),v) =0
since 8(v) = v; thus H C y* where y = 2—6(2).
(23.11) For all x € U we have 0(z) — x € (y);

this follows since = € U = H @ (y) where 0 fixes every element of H. We may now assume
that

(23.12) U,0(U) C y*. In particular, y € y*.
For suppose U € y*. Then there exists = € U such that

0 # B(z,y) = B(z,z) — B(z,0(2))
= B(6(2),6(2)) = B(x,6(z)) = B(0(z)—=,0(2))

where 0(x) — 2 € (y), so that O(U) ¢ y*. Now there exists a subspace W such that
yt = Ho W. It follows that V. = U @ W. (Since UNW C U Nyt = H we have
UNW C HNW =0.) The mapping V' — V defined by u + w +— 0(u) + w (for u € U,
w € W) maps U to O(U) and is an isometry since

Q(O(u) +w) = Q(O(u)) + Q(w) + B(0(u), w)

Q(u) + Q(w) + B(u,w)
Q(u + w)

since W C y*. Thus we may assume (23.12). Next we may assume
(23.13)  OU)=U=y+< V.
For if #(U) = U then we may write y= = U @ S and an extension of  to y= is given by

u+s— 0(u)+s
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for all uw € U, s € S; this is an isometry since

Q(0(u) +5) = Q(0(u)) + Q(s) + B(0(u), s)
Q(u) + Q(s) + B(u,s) since u—0(u) € (y) C S+
= Qu+s)

Replacing U by y+ gives (23.13) in this case.

On the other hand if §(U) # U then we choose vectors d, e such that U = H & (d) and
O(U) = H @ (e). There exists a subspace W such that y~ = (U + 6(U)) ® W. Consider
the subspace S =W & (d+e). Since U 4+ 0(U) = U & (d+e) = 0(U) & (d+e), we have

yt=UaS=0U)®S.

As before, an isometry extending 6 to y= is given by u+ s+ 0(u) + s forallu € U, s € S.
Once again we may replace both U and #(U) by y*; so in any case we may assume that
(23.13) holds.

Since B(z,0(z)) = B(z,z2—y) = B(z, z), we have

Qy) = Q(z—0(2)) = Q(z) + Q(0(2)) — B(z,0(2)) = 2Q(2) — B(2,2) = 0.

There exists y' € H+ such that {y,y’} is a hyperbolic pair, by Lemma 23.5 applied
to Q}HL ; similarly there exists y” € H+ such that {§(y),y"} is a hyperbolic pair. Now

V=He{yy)=Ho0W)y")

where (y,y/)t = (0(y),y” )" = H. An extension of § to V is given by
ay + by’ +u—ably) +by" +u

for all a,b € F, u € H; this is an isometry since

Qay + by’ +u) = ab + Q(u) = Q(ab(y) + by" + u). []

Exercises 23.
1. Classify all isometry classes of quadratic forms on C”, as we have done for R™. Justify your answer.

2. Let @ : V — F be a quadratic form. Show that if § € O(V, Q) is an isometry and 6(U) = U for some
subspace U <V, then §(U+) = U+.

3. Let Q : V — F be a quadratic form with associated bilinear form B, and suppose v € V such that

Q(v) #0. Define Ry, : V — V by v v — Bcgl(‘l’);’) v. Show that R, is an isometry fixing every element

of u' and mapping u — —u.

4. Let V be an n-dimensional vector space over F' and let U,U’ < V be k-dimensional subspaces. Show
that there exists a subspace W <V suchthat V=U®W =U' @ W.
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Hint: Let v1,...,vr be a basis for U N U’. Extend to a basis v1,...,0r,vp41,...,0; for U and a
basis v1,...,vr,v., 1, .., for U'. Show that the union of the preceding bases gives a basis for
U + U’, and adjoin new vectors vg41,...,vn to obtain a basis for V. Consider the subspace spanned
by V140 gy Ve, Vg1 - Un

5. Let Q : V — F be a quadratic form on a 2-dimensional vector space V. Show that either 0, 1, 2 or
all of the points of V are singular. Give examples to show that each of these four possibilities may
actually occur. Can all these possibilities occur for every choice of field F'? Explain.

24. Quadrics and Polar Spaces

Let V be an n-dimensional vector space over a field F. A quadric in PV = P"~}(F) may
be defined as the set of singular points of a quadratic form ) : V' — F. Such a quadric is
nondegenerate if () is. Note that a quadric in a projective plane is simply a conic. Three
familiar quadrics in real projective 3-space are the elliptic and hyperbolic quadrics, and the
quadratic cone, as shown below. Note that maximal subspaces lying on the quadric (i.e.
maximal totally singular subspaces) are points in the case of the elliptic quadric; or lines
in the case of the hyperbolic quadric or the cone.

Elliptic Quadric ) . Cone
w23 +a3—ai=0 HZ?ZTZZEE% IC 23+ x3m4 =0
These three quadrics are distinguished by the fact that the elliptic quadric contains no
lines; the cone contains infinitely many lines, all passing through a common point (the
vertex of the cone); and the hyperbolic quadric contains two infinite families of mutually
disjoint lines. (see below). In fact the hyperbolic quadric contains a family of lines {Es :
s € RU{oo}} (called a regulus) defined by

ls ={(1,0,-s,0), (0,5,0,1)) for s € R; and ¢~ = ((0,1,0,0), (0,0,1,0))

which partitions its points; and a second regulus {¢, : s € RU {oc}}, described as the
alternate regulus to the first regulus, given by

¢ ={(1,0,0,—s), (0,5,1,0)) for s € R; and ¢ = {(0,1,0,0), (0,0,0,1))
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The two reguli (plural of regulus) are as shown:

Second
Regulus

First
Regulus

Topologically, the elliptic and hyperbolic quadrics in P3(R) are homeomorphic to the sphere
S? and the torus T? respectively.

If we disregard the equation z? + 23 + 23 + 27 = 0 (which has no real solutions,
yielding the empty quadric) then every nondegenerate quadric in P3(R) is equivalent to
one with equation either

x%—kx%—#x%—:ﬁ:o or 24 as — a5 — i =0.
The latter equation defines a hyperbolic quadric since an invertible linear change of vari-
ables

(1517 T2, X3, 564) = (y1+y2, Y3+yYa, Y1 —Y2, yg—y4)

transforms the equation z? + x5 — 22 — 22 = 0 into the equation y1y2 + y3y4 = 0.

Just as a single equivalence class of nondegenerate conics in the real projective plane
gives rise to several inequivalent real affine (i.e. Euclidean) plane conics, namely ellipses,
parabolas and hyperbolas, so also our two nondegenerate quadrics in P3(R) give rise to
many different quadrics in Euclidean 3-space A%(R). For example the affine hyperbolic
paraboloid z = x* —1y? , when homogenized by the addition of a fourth variable w, becomes

2?2 — y? — zw = 0; then setting

(x,y,z,w) = (21,23, La—T2, T2+2T4)
transforms the equation to 22 +23—x2—22 = 0. If we then set (21, 72,73, 74) = (X,Y, Z,1)
then we obtain the one-sheeted hyperboloid Z? = X% +Y? — 1.

We see from the classification above that P! (R) has | %] equivalence classes of (non-
empty) nondegenerate quadrics; note that this number tends to co as n — oco. By contrast,
in P"~1(F,) there are just two types of nondegenerate quadrics for n even (the elliptic and
hyperbolic quadric) and one type of nondegenerate quadric for n odd (the parabolic type).
The main property of R which accounts for this difference is the fact that R is an ordered
field, whereas finite fields are not ordered.
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We proceed to classify quadrics over finite fields. Here some aspects of the discussion
are more delicate for fields of even characteristic, and the beginning student may prefer to
ignore this case on first reading. But fields of even characteristic are of such significance
and interest that the extra effort to understand them proves rewarding. Regardless of
the characteristic we require a more complete description of the quadratic form and its
relationship to an associated bilinear form.

Note that singular points are simply points on the associated quadric; more generally,
totally singular subspaces are simply projective subspaces contained in the quadric.

This leads to the desired classification of quadratic forms on Fy :

24.1 Theorem. Let V be an (n+1)-dimensional vector space over F,, and let @ :
V' — I, be a nondegenerate quadratic form. Fix a,b,c € F, such that the quadratic
polynomial aX? + bX + ¢ € F,[X] is irreducible over F, . If ¢ is odd, fix a nonsquare
nel,.
If n=2k then after a suitable linear change of coordinates, @) is given by either
(H) z120 + 2324 + -+ + Top 172 ; OF
(E) T1X9 + T3Lg + -+ + To2k—3T2k—2 + ax%kfl—kbxgk,lx%—kcx%k .
If n = 2k+1 then after a suitable linear change of coordinates, @) is given by either
(P) T1T2 + T34 + -+ + Tok—1T2k + x%k+1 ; or

(P") x1mo + x324 + - -+ + Top—1To + nx%kﬂ . (This case arises only for ¢ odd).

Quadratic forms as in (H) and (E), and the associated quadrics, are of hyperbolic and
elliptic type respectively. Quadrics as in (P) or (P’), and the associated quadrics, are of
parabolic) type. Denoting the quadratic forms in (P) and (P’) by @ and @’ respectively,
we observe that () is isometric to 7@’ since

Q(z1,nx2, T3, NTa, -+, Tok—1, N2k, T2k+1) = NQ(T1, T2, T3, Ta, -+, Tak—1, T2k, T2k+1)

and so the forms @ and @’ have the same singular points; accordingly their corresponding
quadrics have the same geometric properties.

Proof of Theorem 24.1. 1f n =1 then Q(x1) = cz? where ¢ € F, is nonzero. If ¢ = 2 for
some nonzero t € F, then the change of variable y; = tx; yields cz? = y? and (P) holds.
Otherwise ¢ is odd and ¢ € Fy is a nonsquare so that ¢ = nt? for some nonzero t € F,; but
then the change of variable y; = tx; yields cx? = ny? so (P’) holds.

Suppose n = 2. If there is a singular point (z) then by Lemma 23.5 the quadratic
form may be written as Q(z1,x2) = x1x2 after a suitable coordinate change, so that
(H) holds. So we may assume there is no singular point. By Lemma 23.7 there exists a
basis {a, 8} for F2 over F, such that the norm map N : F2 — Fy, 2z — 29T satisfies
N(ra + s8) = ar? + brs + cs*>. We may similarly identify V with F,2 , and choose a basis
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{o/, 3"} for F 2 over Fy , in such a way that Q : V' — F satisfies Q(x1,22) = N(z10/+x25").
A change of basis from {a/, 3’} to {«, 8} shows that Q(z1,r2) is equivalent to ar?+brs+cs?,
and so (E) holds.

Finally suppose n > 3. By the Chevalley-Warning Theorem A2.3 (Appendix 2), the
number of solutions (71,22, ...,z,) € Fy to the equation Q(x) = 0 is divisible by p where
q = p°; since the zero vector is a solution, there must exist a nonzero solution. Thus there
exists a singular point (u). By Lemma 23.5 there exists another singular point (v) such
that the restriction of Q to the (n—2)-space (u,v)* is nondegenerate, and

Q(z1u+ x2v + 2) = 122 + Q(2)

for all 71,22 € F, and z € (u,v)t. The result follows by induction. ]

24.2 Corollary. Let Q : V — F, be a nondegenerate quadratic form on a finite-
dimensional vector space over a field I, where ¢ is odd. Then the isometry type of @ is
uniquely determined by the quantities ¢, n=dim V', and disc ). Assuming n = 2k, the
form @ is hyperbolic or elliptic according as (—1)* disc Q is a square or a nonsquare.

Proof. Suppose first that n = 2k. By Theorem 24.1, to within an isometry the matrix of
B is given by either

(H) [(1) (1)] ® [(1) (1)] ®--- D [(1) (1)] (k summands), or

(E) [(1) (1)] S [(1) (1)] ® [b‘/lg %2} (k summands, where aX?+bX+c is irreducible

over F,).

The determinant of this matrix is (—1)¥ in case (H), or (=1)*(b?> — 4ac)/4 in case (E).
Since aX?+bXY + cY? is irreducible, its discriminant b* — 4ac is a nonsquare in F, and
the result follows.

Now suppose n = 2k+1. Again by Theorem 24.1, to within an isometry the matrix of
B is given by either

@) [Vo]e e[ i]®l] (k+1 summands), or
(P) [(1) (1)] @D [(1) (1)] @ [n] (k+1 summands)

where n € F, is a nonsquare. The determinant of this matrix is (—1)* in case (P), or
(—1)*7 in case (P’). One of these values is a square and the other is a nonsquare, so once
again the result follows. L]
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24.3 Theorem. Let V be an n-dimensional vector space over Fy, and let @ : V — F
be a nondegenerate quadratic form. Suppose (z) is a singular point. Then @ naturally
induces a nondegenerate quadratic form on the (n—2)-space x*/(z). This form has
the same type (hyperbolic, parabolic or elliptic) as the original space (unless n = 2
in which case z+/(zx) = 0).

Proof. Since (z) is the radical of 2+, by Lemma 23.4 the map

Q:at/@) = F, v+t (@) Q)

is a well-defined quadratic form induced naturally by (). There is no loss of generality in
assuming () is given by one of the four canonical forms listed in Theorem 24.1; in particular

Q(x) = 122 + Q1(23, T4, ..., Tp)

using coordinates (z1, x2,...,z,) for V relative to some basis e, es,..., e, , where Q1 has
the same type as @ (H, E, P or P’) but in 2 fewer variables. By Witt’s Theorem 23.7 there
is no loss of generality in assuming that z = e; . Then x* has basis {e1,e3,e4,65,...,en}
and 2+ /(z) has basis {e;+(e1) : i = 3,4,5,...,n}. The quadratic form induced on z* /{x)
is therefore Q). L]

24.4 Theorem. Let Vi and V2 be even-dimensional vector spaces over F,. Then
the orthogonal direct sum V; L V5 is

(i) hyperbolic, if V4 and V5 are either both hyperbolic or both elliptic; or

(ii) elliptic, if one of Vi, V4 is hyperbolic and the other elliptic.

Proof. Let dimV; = 2k;. For ¢ odd we have discQ = (disc Q1 )(disc Q2) and so
(—1)F1+*2 disc Q = (—1)* disc Q1-(—1)*2 disc Q2

where (—1)¥ discQ; = 1 or —1 according as Q; is hyperbolic or elliptic, and similarly
for (). The result follows in this case.

Hence we may assume ¢ is even. It clearly suffices to assume k1 = ko = 1 with both
()1 and @5 elliptic; the general case then follows by taking orthogonal direct sums with
sufficiently many hyperbolic lines. We may assume

Q1($1,$2) = CML‘% + brixe + c:r;% ) QQ(yhyQ) = ay% + by1y2 + Cyg

where at?+bt+c is irreducible over I, ; note that abc # 0 in this case. Since
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(24.5)  Q(w1,2,y1,y2) = ax?+brizotcas + ayi+byiya+cys
= (z1+y1)(az1+ay1 +bxa) + (v2+y2)(cratcy2+by:)

which has the form wyus + ugus where the u;’s are the latter parenthesized quantities in
(24.5) and the linear change of variables (x1,z2,y1,y2) — (u1,u2,us,us) is nonsingular.
So (24.5) is a quadratic form of hyperbolic type as required. L]

Let @ : V — F, be a nondegenerate quadratic form where V' is n-dimensional over
F,. It is customary to denote the isometry type of (V, Q) as

04,.(q) if n=2k and Q is hyperbolic;
0, (q) if n=2k and Q is elliptic; or
O2+1(q) if n=2k+1, in which case @ is parabolic.

We summarize the statement of Theorem 24.4 as

Ozi(q) L Osp(q) = Ozs(icm/)(Q)-

24.6 Theorem. The number of | isometry = no. of singular no. of maximal totally
) ) ) type points singular subspaces
singular points and maximal totally

k
singular subspaces for each type of 03,.(q) %(qk—l +1)  2(g+1)(g%+1) -+ (¢*1+1)
nondegenerate quadratic form over -

k-1
; : _ q -1, . . .
Eq are as listed in the table to the 03,(q) - (q“ +1) (@+1)(@3+1) -~ (¢*+1)
right. o
—1
Omssle) T (a+1)(g>+1) -+ (¢+1)

Proof. For each a € Fy, let Ni(a) be the set of vectors (x1,x2,...,z2) € ng such that
T1To + X324 + -+ + Togp—1T2k = G.
It is easy to see that |Ni(a)| = |Nk(1)| for all nonzero a € F, using the bijection
Ni(1) — Ng(a), (x1,22,23,T4,...,Top—1,%2k) — (T1,0T2,T3,aT4,...,Tok—1,aT2k).
Writing ng = |Ng(0)|, it follows that |Ng(a)| = (12:%1”’“ for a # 0. We claim that in fact

(24.7) |NL(0)] = ng = ¢** 1 4+¢¥—¢*1; and consequently | Ny (a)| = ¢* (¢ —1)
for all nonzero a € IFy .
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Vectors in Nj(0) are partitioned into those solutions with z; = 0 and z € F, arbitrary,
with ni_; choices of the remaining coordinates; and those solutions with x; # 0, the
coordinates x3, x4, ..., x2; arbitrary and z2 € F; uniquely determined. This gives

ng = qne—1 + (¢ — 1)g* 2.

Taking either ng = 1 or n; = 2g—1 as the initial case, (24.7) follows easily by induction.

We may assume the nondegenerate quadratic form @ is the standard representative
of its isometry class as given in Theorem 24.1. In the case of O3, (¢q) the form Q(z) =
T1X2 + T3x4 + - -+ + Top_17T2 has

ng—1 ¢"—1
¢g—1 q-1

("' +1)

singular points, arising from the np—1 nonzero vectors in Ny (0). For O3, (¢q) the form
Q(z) = w2+ - -+ Tog—3Tak—2 + ax3y_, +bTog_1T2k + cxd;, (With at? + bt + ¢ irreducible
over F,) has

[Nk-1(0)] + (¢* = D)INe—1(1)] = ¢ = ¢" +¢"

singular vectors, counting separately those with (xox—1,22x) = (0,0) or # (0,0), giving

q2k71 _ qk + qkfl -1 _ qkfl -1
q—1 q—1

(¢" +1)

as the required number of singular points. Similarly in the Oa11(q) case Q(z) = z12x2 +
s+ Top_1T9k + x%kH has

[NK(0)] + (¢ = DINk(1)] = ¢**

2k . .
singular vectors and hence qq711 singular points.

In each of the three cases we denote by mj the number of maximal totally singular
subspaces. This number is found by first counting in two different ways the number of
pairs ((z),U) where U is a totally singular k-space containing a point (z). Consider first
the case O3, (q) in which every such U is k-dimensional. There are my, choices of U, each
containing [ﬂq = (¢* —1)/(g — 1) points. On the other hand there are

k
A
e 1
e VAR
choices of singular point (z); and for each, the totally singular k-subspaces U containing

x are in one-to-one correspondence with the my_; totally singular (k—1)-subspaces of the
02+(k71)(Q)‘SPaCG zt/(z). Thus
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which yields the recurrence relation my = (¢*~! + 1)my_1 . Given that an O3 (¢)-space
has 2 singular points as its maximal totally singular subspaces, we have m; = 2 and so by
induction

mg =2(qg+1)(¢° + 1) (¢" 1 + 1)

as claimed.

In the O, (q) case, maximal totally singular subspaces have dimension £—1 and there
11

are “——y— (q’~C + 1) choices of the singular point (x), so the same reasoning gives

k*l_l

q—1 k=

q k*l_l

q— 1 (qk + 1)mk,1

whence my = (¢¥+1)my_1 in this case. Since O (¢) has {0} as its unique maximal totally
singular subspace, we have m; = 1 and so by induction

me= ] @+ =@ +D(@+1D- (" +1).
2<i<k

Finally in the Osx11(q) case, maximal totally singular subspaces have dimension k
and there are (¢?* —1)/(q — 1) choices of the singular point (z), so

mr = mg—1

which gives my = (¢¥ + 1)my_1. Since the O3(q)-quadric is a conic with ¢+1 points as its
maximal totally singular subspaces, we have m; = ¢+1 so by induction

me=(g+1)(¢*+1)- (" +1).
]

The incidence system formed by all totally singular subspaces with respect to a hy-
perbolic quadratic form over F,, i.e. the subspaces contained in an O;k(q) quadric, are
described by Coxeter-Dynkin diagrams of type Dy :

i li f I
OF (q) quadric: * lines of type

(type D2)
e lines of type II

lanes of type 1
O¢ (q) quadric: P P

( type Dg) points

planes of type II
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solids of type I

Og (¢) quadric:  points  lines
(type Da)
solids of type 11
n-spaces
n—3)- (n—2)-
03,,(q) quadric: points  lines  solids gpace)s gpace)s of type I
PO Pl
(type D) n-spaces
of type 11

n types of objects

As with the diagrams of type A,, for projective n-spaces, the D,, diagrams are endowed with
many layers of meaning. For example, the evident symmetry of the diagram represents
the existence of an automorphism interchanging the two types of totally singular n-spaces.
More insight gleaned from the D,, diagrams will emerge as we proceed to examine some
particular cases.

24.8 The O} (¢)-Quadric. The O (¢) quadric consists of
(q+1)? points and 2(g+1) lines, forming a grid as shown.

There are two types of lines, each type forming a regulus. Any T q+1
lines

two lines in the same regulus are skew; but every line in one S :
regulus meets every line in the opposite (‘alternate’) regulus. + + + _#
We say that two lines are incident if they meet in a point, i.e.
if they are from opposite reguli. (This is a different definition q+1 lines
of incidence than the relation of inclusion used in projective

space!) Since every line of one regulus is incident with every line of the alternate regulus,
the geometry is simply the generalized digon that we have encountered previously. It is no
coincidence that the Dy diagram coincides with the A; & A; diagram previously used for
this geometry.

The student may at first wonder why the diagram contains no node representing
points of the quadric. In fact such a node is not needed, for reasons that we hope will
become clear in time. For now the reader may observe that the geometry (in this case,
generalized digon) formed by the two families of lines of the quadric has as its incidence
graph a complete bipartite graph K41 4+1, and that points of the quadric are adequately
represented as the (q + 1)? edges of this graph.

24.9 The O;n(q)-Quadric. In just the same way, the O;n—quadric contains two types
of totally singular n-spaces, in fact (¢+1)(¢®> +1)--- (¢" 1 +1) of each type; this accounts
for the factor of 2 appearing in the formula from Theorem 24.6. The geometry of the
quadric contains n types of objects: the totally singular subspaces of dimension 1, 2, ...,
n—2, and the two types of totally singular n-subspaces. It does not matter which type
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of totally singular n-subspace is designated as type I (and the other as type II) since
an automorphism of the geometry interchanges these two types. Every totally singular
(n—1)-space U lies in exactly one totally singular n-subspace of each type, corresponding
to the two singular points of UL /U ~ O5 (¢). Accordingly we say that two totally singular
n-subspaces are incident if they intersect in such an (n—1)-subspace, in which case the
two m-subspaces have opposite type. Again, the totally singular (n—1)-subspaces do not
appear among the n types of objects of our geometry, because they are already represented
as incident pairs of totally singular n-subspaces.

For objects of dimension k # k' in our geometry, incidence is inclusion just as in
the case of projective spaces. Given a totally singular k-subspace U, the residue of U
is the subgeometry formed by the objects incident with U. This geometry has diagram
obtained from the D,, diagram by deleting the corresponding node. Consider first the case
k < n—2, in which the resulting diagram is of type Ax_1 ® D,,—r. The objects of this
residual geometry are the subspaces of U, forming the projective space PU ~ PF~1 (Fy); and
the totally singular subspaces containing U. The latter correspond to the totally singular
subspaces of UL /U ~ O;(nf k)(q), these forming a geometry of type D,,_; . Furthermore
every object of the Aj_i-geometry is incident with every member of the D,,_;-geometry,
as is represented by the fact that there are no edges joining the corresponding subgraphs.
In the case k = n, the residue of a totally singular n-space U form a geometry of type
Ay —1, as we should expect since this is the diagram obtained from the D,, diagram by
removing the node corresponding to U. In fact the objects of the residual geometry are the
subspaces of U of dimension 1, 2, ..., n—2; and the totally singular n-subspaces U’ < V
incident with U. As we have said, such subspaces U’ are completely determined by the
intersections U’ N U, these being all the hyperplanes of U; so the residue of U is clearly
isomorphic to PU ~ P"~1(F,) as expected.

We devote Section 25 to the study of the important special case of the Of (¢)-quadric
(the Klein quadric). The other particularly fascinating special case is that of Og (q)-
quadric, the triality quadric, so-called because it admits a symmetry of order 3 mapping

singular . totally singular N totally singular N singular
points solids of type I solids of type II points

while mapping totally singular lines to totally singular lines. Regrettably, we will prob-
ably not have time to explain how such an automorphism is defined. Unlike the duality
automorphism of projective spaces, which exists in every dimension, the triality automor-
phism is unique to the Og (q)-quadric. Together with the automorphisms interchanging the
two types of totally singular solids, we see that the automorphism group of the geometry
induces the full symmetry group S35 of the Dy diagram.

24.10 Finite Classical Polar Spaces. We describe three types of finite classical polar
spaces embedded in a finite-dimensional vector space V' over F' = F,. A polarity of PV
is a map ‘L’ of order 2 (so that (X*)1 = X) interchanging points with hyperplanes, lines
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with subspaces of codimension 2, etc., while preserving (or rather, reversing) incidence:
X, C Xy iff X2L C Xf. A subspace X < V is absolute if X < X*. All objects of
the associated polar space, are nonzero subspaces of V' which are absolute with respect to
the associated polarity. The three types of polarities (orthogonal, symplectic and unitary)
give rise to the three types of polar spaces. Although the orthogonal polar spaces are the
most complicated of the three to define, we describe them first since most people find them
closer to their experience.

e Orthogonal Polar Spaces. Let Q : V — F be a quadratic form, with associated
bilinear form B; thus for all z,y € V and a,a’ € F,

Qz +y) = Q) + Qy) + Blz,y);

B(az+d'2',y) = aB(x,y) + d' B(z',y).
We require the form @) to be nondegenerate; the meaning of this requirement is recalled
below. The orthogonal polarity is defined by

Xt ={veV:B(z,v) =0for all x € X}, where X < V.

Consider first the case that ¢ is odd. Here we require that B be nondegenerate, i.e.
VL = 0. The objects of the polar space are the nonzero subspaces X < V such that
X < X+, These are just the nonzero subspaces lying in the associated quadric.

For general ¢ we require only that Q be nondegenerate, which means that V+
contains no singular points. The objects of the polar space are the (nonzero) totally
singular subspaces X < V, i.e. those which satisfy Q(z) = 0 for all x € X. These
are simply the nonzero subspaces contained in the associated quadric. (For ¢ odd this
description is equivalent to that given in the preceding paragraph. But for ¢q even, the
bilinear form B is alternating, so the nonzero subspaces satisfying X < X give the
symplectic polar space described below. In particular for g even, the absolute points
with respect to B include all points of PV, not just the points of a quadric.)

In most cases, we define two objects of the polar space to be incident if, as
subspaces of V', one properly contains the other. In the case of O;n(q)—quadrics,
however (see Section 24.9), we make an exception: two totally singular subspaces of

dimension § are incident iff they intersect in a subspace of dimension 5 —1. Moreover
no_
2

as objects of the polar space; instead they are identified as incident pairs of totally

in this case, totally singular subspaces of dimension 1 are not properly considered
singular n-spaces.

We have orthogonal polar spaces of hyperbolic type O;n(q), of parabolic type
Oa2n+1(q), and of elliptic type O, (q), according to the type of the corresponding
quadratic form. Orthogonal polar spaces of type O;n(q) belong to the Coxeter-Dynkin
diagram of type D,,:

n-spaces

. . . n—3)- n—2)- of type I
points lines  solids gpace)s gpace)s

n-spaces

of type II
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as described above. Polar spaces of type Oz,41(q) belong to the Coxeter-Dynkin
diagram of type B, or C,:
(n—1)-

points lines planes Spaces n-spaces

(The distinction between the Coxeter-Dynkin diagrams of type B,, and C,, arises when
considering root systems and Lie algebras, but is not an issue here.) The meaning of
the double bond between totally singular (n—1)-spaces and totally singular n-spaces,
will be explained in Section 28. Polar spaces of type O, (q) belong to the Coxeter-
Dynkin diagram of type B, _1:

) . —2)- —1)-
points lines planes éﬁace)s éﬁace)s
o ———— 0 — - —e—P

An invertible linear transformation ¢ € GL(V) is a (linear) isometry of the quad-
ratic form @ if Q(x9) = Q(x) for all x € V. The set of all such isometries is the
orthogonal group, denoted O3, (¢), O2,+1(q) or O, (q) according to the type of the
quadratic form, and the field order ¢q. This group acts on the polar space. But not
necessarily faithfully; for ¢ odd, the normal subgroup {41} of order 2 acts trivially.
Moreover in the O;n(q) case, only half the isometries are type-preserving; the other
half interchange the two types of maximal totally singular subspaces.

Symplectic Polar Spaces. Let B : V x V — F be an alternating bilinear form;
thus for all z,2’,y € V and a,d’ € F,

Blar+d'a’,y) = aB(a,y) + o' B(x',y);

B(z,z) =0 and B(y,x) = —B(x,y).
For every subspace X <V we define

Xt ={veV : B(xv)=0foralzec X}
We require that B be nondegenerate; that is, V+ = 0. This condition requires that
dimV = 2n be even, as follows from Exercise #22.1 by considering a matrix defin-
ing B. We refer to such a nondegenerate alternating bilinear form as simply a sym-
plectic form. There is a version of Witt’s Theorem 23.7 for symplectic forms. This
has numerous consequences similar to Corollary 23.8; for example, all maximal totally
isotropic subspaces have the same dimension (in this case, n). The symplectic po-
larity is the map X — X*. The symplectic polar space Spn(q) has as its objects
the (nonzero) totally isotropic subspaces with respect to B, i.e. those nonzero sub-
spaces X < V such that X < X L+, This polar space belongs to the Coxeter-Dynkin
diagram of type B,, (shown above).

An invertible linear transformation ¢ € GL(V) is a (linear) isometry of the
alternating form B if B(x9,y9) = B(z,y) for all z,y € V. The set of all such isometries
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is the symplectic group Sp,(q). This group acts on the symplectic polar space. But
not necessarily faithfully; for ¢ odd, the normal subgroup {£1} of order 2 acts trivially.

e Unitary Polar Spaces. Here we must assume the field order ¢ = ¢2. The quadratic
extension F, D Iy, has an automorphism of order two given by x — z%. Let H :
V xV — F be a Hermitian form; thus for all z,2’,y € V and a,d’ € F,

H(ax+d'2',y) = aH(z,y) + d H(2',y);
H(y,z) = H(z,y)®.
For every subspace X <V we define
Xt ={veV :H(z,v)=0forall x € X}.
Note that H is linear in its first argument, but semilinear (conjugate linear) in its

second argument:

H(z,ay+a'y’) = a® H(z,y) + (a')* H(z,y');
so we say H is sesquilinear, i.e. 1%—1inear. We require that H be nondegenerate;
that is, V- = 0. There is also a version of Witt’s Theorem 23.7 for Hermitian
forms. So once again, all maximal totally isotropic subspaces have the same dimension,
namely n = L%J where m = dim V. The unitary polarity is the map X — X=*. The
unitary polar space U, (qo) has as its objects those nonzero subspaces X < V such
that X < X*. This polar space belongs to the Coxeter-Dynkin diagram of type B,
(shown above).

An invertible linear transformation ¢ € GL(V) is a (linear) isometry of the
Hermitian form H if H(z9,y9) = H(z,y) for all z,y € V. The set of all such isometries
is the unitary group U, (qo). This group acts on the unitary polar space. The normal

subgroup {\ : A T1=1} of order go+1 acts trivially.

In each case if one wants the full automorphism group of the given polar space,
one must consider semilinear maps rather than just linear maps. Moreover one must
consider not only isometries (which actually preserve the relevant form) but similarities,
which scale the form by a nonzero constant; thus for example in the orthogonal case
Q(z9) = ¢,Q(x) for all z € V, where ¢, € F¥ may depend on g but not on z.

Polar spaces, like projective spaces, may be defined axiomatically using just points
and lines; and just as one finds with projective spaces (Section 20), with exceptions only
in small dimensions, all finite polar spaces turn out to be the classical ones listed above.
We feel the beginning student should study the classical examples before worrying about
to the axiomatic foundations.

Exercises 24.

1. Let V be the vector 4-space over a field F, and let Q : V — F be the determinant map.
(a) Show that @ is a quadratic form.

(b) Nonzero elements of V have rank 1 or 2, and elements of PV are distinguished as points of rank 1
and rank 2 accordingly. Show that the quadric defined by @ consists of all points of rank 1.
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(c) Show that the corresponding quadric is hyperbolic, and that one regulus has lines parameterized
by the (1-dimensional) row space of the underlying matrix; and the alternate regulus has lines
parameterized by the (1-dimensional) column space of the underlying matrix.

2. Extend Theorem 24.6 by counting also the number of totally singular lines in each case (hyperbolic,
parabolic and elliptic).

25. The Klein Correspondence

Let F be a field. Recall that every line £ in P3(F) is specified by a 6-tuple of Pliicker coor-
dinates (o1, fo2, Lo3, {12, ¢13,¢23) which is determined by ¢ up to nonzero scalar multiple.
The Pliicker coordinates satisfy

(25.1) Lo1la3 — Loolys + Lozlos = 0

and the Pliicker map ¢ — ((4o1, o2, o3, {12, {13, ¢23)) is a bijection between the set of lines
of P3(F) and the point set of the Klein quadric, which is the quadric in P?(F) defined
by (25.1). Note that for a finite field F' = F,, the Klein quadric is simply the hyperbolic
quadric, otherwise known as the Of (¢)-quadric. Every line of the Klein quadric lies in
exactly two planes of the quadric, one of each type. Two distinct planes of the quadric
(necessarily of opposite type) are incident if they intersect in a line of the quadric. Two
distinct planes which are not incident must be disjoint (if they are of opposite type) or
intersect in a point (if they are of the same type).

The Pliicker map described above extends to an isomorphism from the entire As-
geometry of projective 3-space, to the Ds-geometry of the Klein quadric, as indicated by
the following diagram. (Although this works for arbitrary fields, we indicate here the
number of objects of each type in the corresponding geometry according to our previous
counts. It is comforting to see that these numbers agree!)

Asz-geometry Ds-geometry of the
of P3(F,) Klein quadric in P?(F,)
K
2 . SN (g+1)(g%>+1) totally
(¢+1)(¢°+1) points singular planes of type I

2 . (g+1)(¢g*+q+1)
(g+1)(g"+a+l) lines 7 singular points

(g+1)(¢°>+1) planes — (¢+1)(g*+1) totally

singular planes of type II

This isomorphism of geometries, denoted here by «, is known as the Klein correspon-
dence. Its explicit description is conveniently described in the language of exterior algebra.
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Let V be a vector 4-space over F', and consider the exterior algebra of V' which is the 16-
dimensional algebra

AV=BNV=FaVaNVeNVaeAV
k>0

defined as in Appendix A4; here the summands have dimension 1, 4, 6, 4, 1 respectively.
We take {eg,e1,e2,e3} as a basis for V, so that

/\2V has basis {eg Ae1, egAea, egAes, e1 Nea, e1 Nes, eaNes};
/\3V has basis {eg Ae1 Aea, egAei Aes, egNeaNes, e1 NeaAes}; and
/\4V has basis {eg Ae1 Aea Aes}.

The points, lines and planes of PV are mapped to points of /\kV for k = 1,2, 3 respectively
via the Pliicker map U — /\kU . In the case k = 2 this map is not surjective; its image is
the Klein quadric which we denote K C ]P’(/\2 V). This quadric is defined by the quadratic
form

Q(v) = vo1v23 — Vo2v13 + vo3v12  Where v = > wvijeiAe; € /\QV.
0<i<j<3
The associated bilinear form B(u,v) = Q(u + v) — Q(u) — Q(v) satisfies
uAv=B(u,v)eg ey AeaAes  where u,v e NV.

We are now ready to define the Klein correspondence.

The Klein Correspondence

For a point (z) <V, define

k() =2 AV = {(0) e NV : zAv =0}
For a line ¢ = (z,y) <V, define

k() = AL= Nt = (zNy) € K.

For a plane U = (z,y, z) < V, define
k(U) = NU = (z Ay, xAz, yAz).

We proceed to show that x has the required properties. For any line ¢ = (x,y) < V where

L= Zogigg xie; and y = 20953 yie; , we have

Ty Iy

w(0) = k(@ y) = (v)  wherev = 5 |10

0<i<j<3

ez-/\ej
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which agrees with the image p(¢) under the Pliicker map as defined previously. By Sec-
tion 22, x maps lines of PV bijectively to points of the Klein quadric K. Also by Section 22
and remarks from Appendix A4 identifying /\2V with skew-symmetric 4 x 4 matrices, we
see that points of the Klein quadric are those represented as ‘pure’ wedge products (z Ay)
for some linearly independent x,y € V. The following observation is useful.

25.1 Lemma. Let ¢ and ¢’ be two lines of V. Then the following four conditions are
equivalent.

(i) £ and ¢ meet in a point of V.
(ii) ¢ and ¢ lie in a plane of V.
(iii) The points k(¢), k(¢') € K lie on a line of K.
(iv) The points k(¢), k(¢') € K are perpendicular relative to B.

Proof. Write £ = (x,y), ¢/ = (2/,y’). Both (i) and (ii) are equivalent to the condition
that x,y, 2,1y’ are linearly dependent; this in turn is equivalent to the condition that

zAyAz' Ay =0

by (A4.5). Since xAyAz' Ay = B(xAy, 2’ ANy')eoNe1 AeaAes, the latter condition is
equivalent to the points (zAy), (' Ay’) € K being perpendicular; this is condition (iv).
Finally (iii) is equivalent to (iv) since every line of K is totally singular and hence totally
isotropic; conversely any two singular points which are perpendicular, span a totally sin-
gular line. L1

We are ready to verify that the Klein correspondence x is an isomorphism from the
As-geometry of PV to the Ds-geometry of K. A point (z) of V lies in a line ¢ = (y,y’) of
V, iff {z,y,vy'} is linearly dependent, iff x AyAy’ =0, iff k(¢) = (yAy') lies in k((z)).

Let /,U < V be a line and a plane respectively. If £ C U then ¢ meets every line
¢ C U, so the singular point x(¢) is perpendicular to every point x(¢') of x(U); thus
(k(€),k(U)) is totally singular. But x(U) is a maximal totally singular subspace so the
point x(¢) must lie in k(U). Conversely if x(¢) lies in the totally singular subspace x(U)
then x(¢) meets every point x(¢') of k(U), so ¢ meets every line ¢/ C U, so ¢ C U.

Let (z),U < V be a point and a plane of V' respectively. If (z) lies in U then there
exist lines ¢,¢' < V such that ¢N¢ = (x) and (¢,¢') =U. Then x((x)) Nx(U) contains
the totally singular line in IC spanned by x(¢) and k(¢'), so x({x)) is incident with x(U).
Conversely, if k({x)) and k(U) are incident then x((z)) N k(U) contains a singular point,
which we know has the form (¢) for some line ¢ < V such that (x) C ¢ C U, so (z) is
incident with U.
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The Klein correspondence is immensely useful in understanding many features of the
geometry of projective 3-space. For example recall that a spread of P3(F,) is a collection
of ¢>+1 lines which partition the (¢>+1)(g+1) points. This is equivalent to a set of ¢>+1
mutually skew lines of P3(F,); and by Lemma 25.1, such a set of lines is equivalent to a
set of g?41 points on the Klein quadric, no two of which are perpendicular; i.e. no two on
a line of the quadric. Such a point set is called an ovoid of the Klein quadric.

25.2 Example: Ovoids in Of (3). The quadratic form on F§ defined by Q(v) = v? +
v3+- - +v2—02 has discriminant —1, and since (—1)3 discQ = 1 is a square, Q is hyperbolic.
(Note that the form v + v3 + - -+ + v is elliptic over F3 and therefore unsuitable for our
present purpose.) The associated bilinear form is

B(u,v) = Q(u+v) — Q(u) — Q(v) = 2(uiv1 + ugva + « - - + usv5 — Ugg) -

Consider the set O consisting of the (2) = 10 points of the form ((130%|0)); i.e. the last
coordinate is zero, and the first five coordinates include three 1’s and two 0’s. Note that
O consists of singular points, no two of which are perpendicular since 1’s in distinct points
overlap in either 1 or 2 positions. Also |O| = 33+1 so O is an ovoid.

Likewise the set O consisting of 2x5 = 10 points of the form ((1*0]+1)); here the
last coordinate is +1 and the first five coordinates include four 1’s and one 0. The point
set O’ is also an ovoid; for example

B((111101), (111102)) =2(1 +1+1+1+0—2) =1 #0;
B((111101),(111011)) =21 + 1+ 1+0+0—1) = 1 # 0;
B((111101), (111012)) =2(1 +1+1+0+0—2) =2 #0.

By the Klein correspondence, both O and O’ give rise to spreads of P3(F3), and therefore
translation planes of order 32 = 9. These two planes are non-isomorphic, as we might
expect from the fact that O spans only a 4-dimensional subspace of codimension 2, whereas
O’ spans the entire Of (3)-space. In fact the translation planes associated to O and O’ are
the classical plane and the Hall plane of order 9, respectively.

25.3 Example: Ovoids from Slope Matrices [33]. Consider a set of 2x2 slope ma-
trices for a spread over F, , say

a; b

;= ) — 2—
M; lCi di:|’ 1=0,1,2,...,¢°—1

where M;—Mj is nonsingular whenever ¢ # j. The associated spread has components

gi = <(1, 0, a;, bz), (0, 1, C;, dz)>, goo = <(0, 0, 1, 0), (0, 0, 0, 1)>
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By the Klein correspondence we obtain the points of the associated ovoid as

((1,0,a4,b;) N (0,1,¢4,d;)) = (eo1+cieo2+dieoz—ase1a—bieiz+(aibi—bic;)eas)
= ((1, ci, diy —a, —by, a;bi—bic;));
((0,0,1,0)A(0,0,0,1)) = (ea3) = ((0,0,0,0,0,1))

with respect to the hyperbolic quadratic form
Q(Uhv% e 77)6) = VU1V — V2V5 + V3V4 .

For example if one takes the explicit spread matrices for the Hall plane of order 9, as given
in Example 2.5, and constructs the associated ovoid as shown above, one may change
coordinates so as to obtain the quadratic form of Example 25.2, in such a way that our
ovoid gives the ovoid denoted O’ in Example 25.2.

25.4 Example: Classical (regular) ovoids in OF (g). We may decompose any O (q)-
space as Oy (¢) L O; (q); simply take any elliptic line and its perp. By Theorem 24.6,
the O (¢)-subspace contains ¢>+1 singular points; and these must form an ovoid, since an
O; (q)-space contains no totally singular lines. We show that these ovoids do indeed give
rise to the classical translation planes of order ¢2.

As explained in Section 3, the classical planes of order ¢> may be constructed as
follows. Let t? +t + ¢ € F,[t] be an irreducible quadratic polynomial over F,. A regular
spread is defined by the slope matrices

S t
l } , s, tely,
—ct s—t

since these form a matrix representation of . as described in Appendix Al.2. The
corresponding ovoid O, constructed as in the previous example, consists of the points

((0,0,0,0,0,1)); (1, —ct,s—t, —s,t, s —st+ct?)) for s,t € F,
lying in (x,y)® where x = (0,1,—1,—1,0,0) and y = (0,¢,0,0,—1,0). Since
Q(az + by) = Q(0,a+be, —a, —a, —b,0) = a®+ab+cb?
we have (z,y) ~ O (¢) and O C {(x,3)* ~ O} (q).
25.5 Example: p = 1 mod 4. The quadratic form Q(v) = v + v3 + -+ + v3 has

associated bilinear form B(u,v) = 2(ujv1 + ugva + -+ + ugvg) and discriminant 26. In
order for @ to be hyperbolic, we require that (—1)3 discQ = —64 be a nonzero square in
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F,,ie. g =1 mod 4. The following construction works only for fields F, of prime order
p =1 mod 4. Consider the set of all 6-tuples (a1, as,...,as) of integers such that

a%_}_a%_}__}_ag:(jp, a1=ay=---=ag =1 mod 4.

In [44] it is shown that there are exactly p?+1 such vectors; and that they give an ovoid
O in Of (p).

For p = 5 the ovoid O has 6 points of the shape ((5',1°)) (i.e. one 5 and five 1’s)
and (g) = 20 points of shape ((—33,13)), for a total of 26 = 5%+1 points. After reducing
mod 5, these points have shape {(0,1°%)) and ((13,23)). We check that these points form
an ovoid:

B((011111), (101111)) = 2(0+0+1+1+1+1) = 3 # 0 mod 5;
B((011111), (111222)) = 2(0+1+14+2+2+2) = 1 # 0 mod 5;
B((011111), (211122)) = 2(0+1+1+1+2+2) =4 # 0 mod 5;
B((111222),(211122)) = 2(2+1+142+4+4) = 3 # 0 mod 5.
Similarly for p = 13 the ovoid O has
20 points of type ((5%,1%));
30 points of type ((—7,5,1%));
60 points of type ((5%,—3% 1%)); and
60 points of type ((—7, —3°,1%))

for a total of 170 = 13241 points.

Exercises 25.

1. Construct an explicit ovoid in Oé"(l?) by the method of Example 25.5.

26. Ovoids and Spreads of Projective Space

Here we consider the terms ‘ovoid’ and ‘spread’ as they are used in the context of projective
space. In Section 27 we will encounter distinct, albeit related, usages of these terms in
the context of polar spaces, particularly quadrics; this will be explained later. We begin
with ovoids of projective 3-space.

A k-arc of P3(F), or simply an arc, is a set O of k points, no three of which are
collinear.

26.1 Theorem. An arc in P3(F,) for ¢ > 2 has at most ¢>+1 points.

For g > 2, a (¢*+1)-arc of P3(F,) (the maximum possible size) is called an ovoid of the
projective 3-space. The failure of the indicated bound in the case ¢ = 2 is discussed in
Exercise #1.
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26.2 Theorem. Let O be an ovoid of P3(F,), and
let P € O. Then there is a unique plane wp (the

b
‘tangent plane’ at P) such that 1pNO = {P}. Every P
plane m meets O either in a single point (i.e. 7 is a

tangent plane) or in an oval of 7. T

Proofs of Theorems 26.1 and 26.2 are included below, only in the case g is odd; for proofs
in the general case see [55], [3]. First we describe the known examples of ovoids. For all ¢,
an elliptic quadric in P?(F,) is an ovoid. Indeed if O is an Oy (q) quadric then |O] = ¢*+1
by Theorem 24.6; and if a line ¢ meets O in three points then ¢ is totally singular by
Exercise #23.5, a contradiction. Barlotti [3] showed that if every oval arising as a plane
section of O is a conic, then O is an elliptic quadric; by Segre’s Theorem 12.14, it follows
that for ¢ odd, every ovoid is an elliptic quadric. For ¢ = 2" there is another infinite
family of ovoids known, the Suzuki-Tits ovoids which arise for odd exponent r > 3, i.e.
q € {8,32,128,512,...}. It is not known whether every ovoid in projective 3-space for ¢
even must be either an elliptic quadric or a Suzuki-Tits ovoid. This question has stood
for several decades as one of the reigning open problems in finite geometry. The most
significant progress in this direction to date, is a theorem of Brown [8] showing that every
ovoid having at least one conic as a plane section, is an elliptic quadric. All ovoids for
q < 32 are known, using computer results which rely on the classification of ovals for these
small values of q.

Proof of Theorems 26.1 and 26.2 for q odd. Let O be a k-arc in P3(F,). We may assume
k > 2, and let the points P, Q) € O be distinct. By the restriction on ¢, every plane meets
O in at most g + 1 points. There are exactly ¢ + 1 planes containing the line PQ), each of
which contains at most g—1 points of O other than P and @Q); this gives

O <2+ (g+1D)(g—1) =¢*+1

which is the conclusion of Theorem 26.1. Henceforth we assume k = |O| = ¢ + 1.
We proceed using counting arguments similar to those arising in the proof of Proposi-
tion 18.1. Let my be the number of planes of P3(F,;) meeting O in exactly k points for
ke€{0,1,2,...,q+1}. The total number of planes is

(26.3) > mg = m = (¢ + 1)(g+ 1).

0<k<g+1

Counting in two different ways the number of pairs (P, 7) where 7 is a plane and P € 1NO
gives
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(26.4) > kmi= (" +1)(¢* +q+1).
0<k<g+1

Here we have used the fact that each of the ¢? 4+ 1 points of O lies in exactly ¢® + ¢ + 1
planes. Next we count in two different ways the number of ordered triples (P, Q, ) with
7w any plane, and the points P, € w N O distinct:

(26.5) 7 k(k—1)mi = ¢*(¢* + 1) (g + 1).
0<k<g+1

Here we have used the fact that there are ¢?(¢* + 1) ordered pairs of points (P, Q) in O,
and each such pair determines a line PQ) which lies in exactly ¢+1 planes. Finally we
count in two different ways the number of ordered 4-tuples (P, @, R, 7) with 7 any plane,
and the points P,Q, R € w N O distinct:

(26.6) > k(k=1)(k—2)mi = ¢*(¢* — 1).
0<k<q+1

Here we use the fact that O contains ¢%(¢® + 1)(¢®> — 1) ordered triples (P, Q, R) of points,
each of which determines a unique plane. From (26.5) and (26.6) we obtain

> k(k=1)(g+1-k)mg = (¢=1) > k(k=Dmi — > k(k—1)(k—2)my

0<h<g+1 0<k<g+1 0<k<g+1
= (¢—1@*(¢*+1)(q+1) — ¢*(¢*-1)
—0.

We must have my = 0 for all k& € {2,3,...,¢}; otherwise the left side in the preceding
equality would be positive. Now the equations (26.3)—(26.5) become

11 1 mo (a°+1)(q+1)
0 1 g+l m1 | = | (¢*+1)(¢*+q+1)
0 0 qlg+1)] | mg+ ¢*(¢*~1)
which has the unique solution (mg,m1, mg+1)=(0, ¢*+1, ¢(¢*+1)). L1

26.7 Inversive Planes from Ovoids. Let O be an ovoid in P3(F;). Recall that P3(FF,)
has [ﬂq = (¢*+1)(g+1) planes, ¢>+1 of which are tangent to O; the remaining q(¢*+1)
planes meet O in ovals. It is not hard to see that the incidence structure (O, C) formed by
the ¢® + 1 points of O and the q(¢?> + 1) ovals in O, form an inversive plane of order ¢
(see Exercise #2.3). An inversive plane arising in this way is called egglike. Note that

this construction mimics the construction of the real inversive plane in Exercise #2.3(a).
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A significant open problem in finite geometry is to classify finite inversive planes up
to isomorphism. This question can be divided into two parts:

(I) Must every finite inversive plane be egglike (i.e. arise from an ovoid in a finite
projective 3-space)?

(IT) What are the ovoids in finite projective 3-space? (This will tell us what the
egglike inversive planes are.)

In the direction of (I), it is still unknown whether every finite inversive plane has prime-
power order. Since an inversive plane of order n yields an affine plane of order n by
Exercise #2.3(b), and hence a projective plane of order n by Section 7, the prime power
conjecture for finite projective planes would imply the prime power conjecture for finite
inversive planes. But it may be possible to prove that every finite inversive plane has prime
power order, without proving that every finite projective plane has prime power order is
reversible; this is because the converse of Exercise #2.3(b) might not hold.

It is known [24] that every finite inversive plane of even order is egglike (in particular
its order must be a power of 2), answering question (I) affirmatively in the even order case;
but in this case question (II) is open, as we have explained. By contrast, question (II) is
settled in the odd order case as we have said, but in this case question (I) is open! So the
original question of classifying finite inversive planes remains open, both in the even order
case and in the odd order case, but for different reasons!

Traditionally, ovoids are defined more generally in projective n-space; and then it is
proved that they do not exist for n > 3! For n = 2 an ovoid is simply an oval. "Nuff said
about ovoids.

Recall that a spread of a 2k-dimensional vector space V over F', is a collection S
consisting of k-dimensional subspaces of V', which induce a partition of the nonzero vectors
of V. We now interpret this definition projectively: A spread of P2*~!(F) is a partition
of the points into projective (k—1)-subspaces. In particular for F' = F, we must partition
the [Qlk]q = (¢** —1)/(q¢ — 1) points into subspaces each having [ﬂq =" -1)/(g—1)
points, so the number of such spread members (i.e. components) is

(@ —1)/(a—1)
(" =1/(g-1)

as we saw in Section 3. A translation net is a collection of mutually disjoint projective
(k—1)-subspaces; thus a spread is a translation net having ¢®+1 members, the maximum
possible number. Recall that every field extension F O F' of degree k gives rise to a spread
of P2k~1(F) by taking as components all the one-dimensional E-subspaces of E? = EG E,

interpreted as F-subspaces of dimension k. Such spreads are called regular; and this term
is justified by a geometric condition which posits the existence of large numbers of reguli
in the spread. (For once the word ‘regular’, so over-used in mathematical contexts, is
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etymologically motivated.) Rather than explain this here in full generality, we focus on
the case of projective 3-space.

Let V be a 4-dimensional vector space over a field F. A
Consider any two skew (i.e. non-intersecting) lines ¢, ¢ in
PV = P3(F). If P is any point not on £ U ¢ then there is ¢ P
a unique line m through P meeting both ¢ and ¢'. This is
not hard to see since (P, ¢) and (P, {') are necessarily distinct
planes, which therefore meet in the required line m. We call
m the transversal to ¢ and ¢’ through P.

m

A collection of lines is mutually! skew if any two distinct lines in the collection are
skew. Let £,¢,¢" be three mutually skew lines. Every point P € ¢” lies on a unique line
meeting both ¢ and ¢'; and as P varies over all points of ¢, this process generates the
family ﬁ(ﬁ ¢, 0") of all lines transversal to each of the original three lines ¢, ¢, ¢', i.e. meet-
ing each of the lines £,¢',¢”. Now by the preceding comments, the lines of R(E 4 E”) are
themselves mutually skew. Now let m, m’,m” € R((,¢,¢") be distinct; then R(m,m’,m”)

g//
gl g//
¢ 4
4 lines of
s R, 0, 0")
m/ m7s m
lines of R(¢, ¢, 0") lines of R(¢,¢,0")

is likewise a family of mutually skew lines containing the original three lines ¢, ¢/, ¢"; we
denote

(26.8)  R(L, 00" =R(m,m',m")

and we call this the regulus generated by the original three lines ¢, ¢’ and ¢”. The first
family of mutually skew lines,

(26.9)  R(m,m/,m") =R,

is also a regulus; and the two reguli (26.8) and (26.9) are alternate, i.e. opposite to
one another. We proceed to show that every member of one regulus is incident with
every member of the alternate regulus; and that these two reguli are the ruling lines of a
hyperbolic quadric in PV.

1 Some would say ‘pairwise’ skew; see the footnote on p.19.
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We may coordinatize the lines of our reguli as follows: First choose bases {eg, e}
for ¢ and {e2,e3} for ¢'. Now {eg,e1,e2,es} is a basis for V; and there is no loss of
generality in assuming this to be the standard basis {(1,0,0,0), ..., (0,0,0,1)}. Ev-
idently ¢ = ((1,0,a,b),(0,1,¢c,d)) where the 2x2 matrix [‘2 Z] is non-singular. We
may take [‘2 Z} = [1 0], after performing a change of basis for ¢’ if necessary; thus
" ={(1,0,1,0),(0,1,0,1)). The unique line of ﬁ(ﬁ, ¢, 0") passing through a typical point
((s,t,0,0)) € £ is the line m = ((s,t,0,0), (0,0, s,t)) shown:

lines of
R, 0,07

[ J/

lines of R(¢, ¢, ¢")

All points of m are singular with respect to the hyperbolic quadratic form
Q(z) = zox3 — 122 .
The regulus R(¢, ¢, ¢") consists of all lines of the form
{(5,1,0,0), (0,0,s,1)), (0,0) # (s,t) € F?
while the alternate regulus R(¢, ¢, ¢") consists of all lines of the form
((5,0,0,t), (0,t,s,0)), (0,0) # (s,t) € F2

All of the preceding discussion of reguli is greatly clarified and simplified using the
Klein correspondence. Let £,¢,¢” be three mutually skew lines in P3(F). The Klein
correspondence maps these three lines to three mutually nonperpendicular points P, P’, P”
of the Of (q)-quadric. The plane m = (P, P, P") spanned by these three points must
therefore be nondegenerate, which means that 7 intersects the Klein quadric in a conic.
The g+1 points of this conic, including P, P’, P”, correspond (by the Klein correspondence
to the regulus R (¢, ¢, ") generated by the three original lines. Moreover since 7 ~ O3(q)

L is also nondegenerate and disjoint from 7; we have F6 =

is nondegenerate, the plane 7
7®7n+ =7 L mt. The plane 7+ intersects the Klein quadric in another conic, whose ¢+1

points correspond (by the Klein correspondence) to the alternate regulus R(¢,¢',¢"). All
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of this follows easily from the known properties of the Klein correspondence, using the fact
that every point of 7+ is perpendicular to every point of 7.

A spread S of P3(F) is regular if for all choices of three distinct lines ¢,¢',¢" € S,
we have the entire regulus R(¢,¢',¢") C S. By the Klein correspondence, this means that
the corresponding ovoid O (justifiably called a regular ovoid) in the Klein quadric has
the property that for any three of its points P, P’, P, all g+1 singular points of the plane
(P, P, P") must also belong to O. It is not hard to see that every such ovoid lies in an
O (q)-subspace, and so the translation plane defined by any regular spread is isomorphic
to A%(F,2) (see Example 25.4).

Now let ¥ be a spread of P3(F). If ¥ contains all the lines of some regulus, then clearly
these lines may be replaced by the lines of the alternate regulus (since the alternate regulus
covers the same points as the original regulus). This gives a new spread, and thereby a new
translation plane which will typically not be isomorphic to the plane defined by . For
example the regular spread in P3(IF3) contains many reguli. Replacing one of these by its
alternate regulus gives a spread which is not regular; this defines the Hall plane of order 9.
To describe this process in terms of an ovoid O of the Klein quadric K: If O contains a
conic (which has the form 7 N K for some nondegenerate plane 7) then by deleting this
conic and replacing it by the conic in 7+ N K, we obtain a new ovoid.

Exercises 26.
1. What is the maximum size of an arc in P3(F3), and what is the structure of an arc attaining this
maximum size?

Hint. Consider the complement of a plane.

2. Let C be the binary code spanned by the planes of P3(F).
(a) What is the dimension of C? (Use Theorem 21.1.)

(b) If O is an ovoid in P3(F, ), show that the collection of tangent planes {mp : P € O}, in the notation
of Theorem 26.2, is a linearly independent subset of C.

(b) Assuming that g is even, prove a stronger condition: that the tangent planes as in (b) actually
form a basis for C.

27. Ovoids and Spreads of Polar Spaces

I personally think of ovoids and spreads of polar spaces as certain kinds of tilings or
packings, and this is how I prefer to introduce them. Consider the problem of tiling the
figure shown (which has been subdivided into eight unit squares) using 2x1 dominoes.
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We require that the entire figure be covered, with no overlapping dominoes; so clearly 4
dominoes will be required. This problem has exactly four solutions, as shown:

This problem may be represented graphically as follows. Consider the bipartite graph I’
with 18 vertices corresponding to the 10 domino positions and the 8 cells of the figure.
Edges in the graph I' indicate which dominoes cover which cells, as shown:

The problem of tiling the figure with dominoes, is equivalent to finding a subset S of the
top 10 vertices, so that each of the 8 bottom vertices is adjacent to exactly one member of
S in the graph I'. A related (or perhaps, dual) problem is that of finding a subset O of the
bottom 8 vertices, such that each of the top 10 vertices is adjacent to a unique member of
O in the graph I'. This problem has two solutions:

We refer a solution S of the tiling problem, as a spread; and a solution O of the dual
problem, as an owvoid.

Likewise, given a polar space P, we may consider the bipartite graph whose two types
of vertices correspond to the points and maximal subspaces of P. A spread (think: tiling)
of the polar space is a subset of the set of maximal subspaces of P, such that every point
of P lies in a unique member of S (so that S partitions the points of the polar space).
An ovoid of P is a collection of points of P, such that every maximal subspace contains
a unique point of @. The ovoids of Of (¢)-quadrics introduced in Section 25 are in fact
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examples of ovoids in our currently used sense of the term, as we shall see. First let us
examine the situation for real quadrics.

The hyperbolic quadric Q in P3(R) contains two spreads, these being the two reguli
of the spread (the two families of lines ruling the quadric). It has many ovoids. For any
plane 7, either 7 is tangent to the quadric, in which case 7 N Q is a pair of intersecting
lines; or m N Q is a conic meeting every line of Q in a unique point. In the latter case
7N Q is an ovoid of Q, and we obtain 2% ovoids of Q in this way. However there are many
more ovoids: Since Q is a grid formed by two families of lines, each parameterized by S =
P}(R) = R U {oo}, the point-line incidence structure of Q is isomorphic to (B, £) where
P =5"xS"={(z,y) : z,y € S'} and lines £ € £ are point sets of the form z = constant
or y = constant. Ovoids are point sets O C B of the form O = {(z, f(z)) : z € S}
where f : S — S! is any bijection. Since |S!| = 2%, there are 22" — 3, such ovoids.
The conics arise just for those bijections f expressible as fractional linear transformations.

fa) (z,f(x))

T

The elliptic quadric in P3(R) contains a unique ovoid and a unique spread; both are
simply the entire point set of the quadric. Every (nonempty) nondegenerate quadric Q in
P"~1(R) is can be defined by an equation of the form

x%_}_..._}_..._}_xgn_x72n+1_..._x721 :0
where 1 < m < L%J, an example of an ovoid in Q is the set of points of Q lying in the

subspace (€, €m+1,--.,en) Where {e1,...,e,} is the standard basis of R™.
Let us now determine the size of an ovoid or of a spread, for quadrics over finite fields.

27.1 Theorem. In any finite quadric, the size
of an ovoid or of a spread is listed in the accompa-

. ) : i try t (@ S
nying table. These values also give the maximum RO ] 151
size of any set & of mutually disjoint maximal O3, (a) ¢+l ¢4
totally singular subspaces, and of any set O of 05, (9) a7l g*+1
mutually non-perpendicular singular points. Oar41(q) ¢ +1 ¢ +1

It may at first come as a surprise that the size of an ovoid and of a spread coincide. An
explanation for this fact is available using the language of m-systems; see [59] for details.
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Proof of Theorem 27.1. Let @ : V — F, be a nondegenerate quadratic form. Every
collection § of mutually disjoint maximal totally singular subspaces satisfies

S| < |{sing. pts.}|
~ |{pts. in each max. tot. sing. subspace}|

( (" '+1)(¢"-1)/(q—1)
(¢"=1)/(g—1)
@ j(quk)(l 1)/(q)/(1q) U - g1, incase Oui0);
(¢**=1)/(¢—1)
C (¢F-1)/(g—1)

and equality holds iff S is a spread.

Now let O be a collection of mutually nonperpendicular singular points; equivalently,
O is a set of singular points, no two on a line of the quadric, and therefore no two in
the same maximal totally singular subspace. By similar arguments as in the spread case
(by considering the graph I' described above) the upper bound for |O| occurs when every
maximal totally singular subspace contains a unique point of 0. It therefore suffices to
assume O is an ovoid.

For each isometry type of @) we count in two different ways the number of pairs ((z), U)
where U is a maximal subspace of the quadric containing a point (x) € O, thus:

= ¢*71+1, in case O, (q);

= ¢F+1, in case O2;+1(q)

(27.3) {U <V : U max. tot. sing.}| = |O|[{U <V : U max. tot. sing., (z) C U}|
= |O||{max. tot. sing. subsp. of zt /(x M}

where (z) is a typical singular point.
If Q:V — Fis of type OF,(g) then ot /(z) ~ O;(kq)(Q) so by Table 24.6, (27.3) gives

2(g+1)(¢*+1) - - (¢" 141) = |O] - 2(g+1)(¢>+1) - - (¢* 2 +1)

and so |O| = ¢* "' +1 as required. Similarly if @ is of type O, (q) then z*/(z) ~ O, _
and so
(@+1)(P+1) - (F+1) = 0] - (@+1)(B+1) - - (¢" 1 +1)

whence |O] = ¢*+1. Finally if Q is of type Ogj11(q) then 2 /(z) ~ O3, (q) and so
(q+1)(¢*+1) - (¢"+1) = |O] - (¢+1)(¢*+1) --- (¢" ' +1)

which also gives |O] = ¢*+1. L]

27.4 Examples of ovoids. An ovoid in a quadric of type O3 (¢), O3(q) or O} (q) con-
sists of the entire quadric in each case: two singular points, a conic, or an elliptic quadric
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in P3(F,) respectively. Ovoids in the Klein quadric Of (¢) consist of ¢>+1 mutually non-
perpendicular points, and are equivalent to spreads of P3(F,) via the Klein correspon-
dence; examples of these were given in Section 25. Every O, (q)-quadric is embedded in
an Osp+1(q)-quadric as a hyperplane section, which in turn is similarly embedded in an
O3, +2(@)-quadric. Therefore any ovoid in O, (q) is automatically an ovoid in Ogxy1(q)
and in O;k(q); an example of this principle gives the embedding of the O, (¢)-quadric as
an ovoid in the Klein quadric Of (¢). Similarly every ovoid Os(q) is automatically an ovoid
in Og (q).

Consider the standard quadratic form Q(x) = z% + --- + 22 which is nondegenerate
for all odd ¢, defining an O;(q) quadric. In this case an ovoid O consists of ¢3+1 singular
points, no two of which are perpendicular with respect to the standard dot product. An
example for ¢ = 3 is given by the set of (g) = 28 = 33+1 points of the form ((0219)), i.e.
points spanned by vectors with two 0’s and six 1’s. This example lies in the nondegenerate
hyperplane (1,1,...,1)% and so it is in fact an ovoid in an O7(3)-quadric. An example for
q =5 is given by:

8 x 7 =56 points of the shape ((01°3));
() =70 points of the shape ((142%))

for a total of 126 = 53+1 points. Similar constructions exist for every prime p. For p = 2
we need 23+1 = 9 points but the quadratic form must be replaced by a nondegenerate
one.

To construct an ovoid in OF (2) (the unique ovoid in this space, up to isometry) we pro-
ceed as follows. Recall that the weight of a vector z € F, denoted wt(z) € {0,1,2,...,9},
is the number of nonzero coordinates. The subspace V = (1,1,1,...,1)% < FJ consists
of all even weight vectors, i.e. vectors of weight 0,2,4,6 or 8. Define the quadratic form
Q:V — Fy by

Q(zx) = Z Tikj .
1<i<j<9
Note that if wt(z) = k, then Q(z) = (g) mod 2 so z is singular iff £ € {0,4,8}. In order
to show that @) is nondegenerate, we show that for every nonzero vector u € V' there exists
x € V such that Q(z+u) # Q(z), i.e. B(u,x) # 0. Since the argument depends only on
wt(u) it suffices to consider

u = (111100000), = = (100010000) so that wt(x) = 2, wt(z+u) = 4 so that Q(x) =
1#0=Q(z+u);
u = (111111110), = (100000001) so that wt(x) = 2, wt(z+u) = 8 so that Q(z) =
1#0=Q(z+u).

Thus @ is nondegenerate. The number of singular points (z) is (Z) + (2) = 135. By
Theorem 24.6 we see that hyperbolic and elliptic quadratic forms have

4 3

24 _ —
(23+1)2 - =135 and (24+1)2

=119
1
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singular points respectively; so 2 must be hyperbolic. Let O be the collection of all
9 = 2341 points spanned by vectors of weight 8, so that @ is hyperbolic. Let O be the set
of all points (x) such that wt(z) = 8; then wt(z+2') = 2 for all x # 2z’ in O, so that O is
an ovoid.

It is known [62] that the O, (¢) quadric has no ovoids for n > 3; and [28] that the
Osn+1(q) quadric has no ovoids for n > 4. Ovoids are known [19] to exist in O (q) for all
prime values of ¢, as well as for all ¢ £ 1 mod 3; see [33]. Ovoids of Of (¢) (when they
exist) are equivalent to spreads of O;(q), by a triality automorphism; see Section 24.9. It
is not known whether the Of (25) quadric (the smallest open case) has any ovoids. The
most significant open problem in this area is whether or not O3 (¢) has any ovoids for
n > 5. The most significant progress in this direction is the following, which for example
proves the nonexistence of ovoids in Oy(2") and Of,(3"). A cap in a polar space is a
collection of points, no two collinear.

27.5 Theorem [6]. Every cap O in a nondegenerate quadric in P"(IF,-) has size

o< [ - (T L

n n

In particular ovoids cannot exist unless

an/QJ > (p+:1171) _ (p+n73).

n

Proof of Theorem 27.5. Actually we present here a proof of a slightly weaker bound.
Let k = |O]. For each P € O the hyperplane P+ C V contains P and no other point
of O; therefore the point-hyperplane incidence matrix A of P"*(F,-) has a k x k identity
submatrix with rows indexed by points P € O and columns indexed by hyperplanes P+
for P € O. Since the p-rank of any matrix is bounded below by the p-rank of any of its
submatrices, we have

—1\"
|O| = k <rank, A = p+n +1
n

by Theorem 21.1. The slight improvement of this bound stated in the Theorem, arises

from the observation that the k& x k identity submatrix actually lies in a submatrix
of A, having rows indexed by just the singular points. The rank of this submatrix is

(1) = (7)) + 15 see [6]. ]

n n

Exercises 27.

1. Let O be an ovoid in O;‘n (q), and let (z) be a singular point not in O. Show that the hyperplane =

intersects O in exactly ¢”~2 + 1 points, which give an ovoid in ==+ /(x) ~ O;‘n_Q(q). Thus conclude
that if O;‘n_Q(q) has no ovoids, then neither does O;‘n (q)-
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28. Generalized Quadrangles

The symmetric group Sg has 75 elements of order 2, which fall into three conjugacy classes:
(C1) (12), (13), ..., (56): (g) = 15 such elements;
(C2)  (12)(34), (12)(35), ..., (34)(56): 3(8) = 45 such elements;
(C3)  (12)(34)(56), (12)(35)(46), ..., (16)(25)(34):  &(5)(5) = 15 such elements.

Thus classes (C1) and (C3) consist of odd permutations; class (C2) consists of even per-
mutations. Consider the incidence structure (3, £) with point and line sets given by the
elements of order 2 in classes (C1) and (C3) respectively; and where a point o € P lies
on a line 7 € £ precisely when ¢ and 7 commute. One checks that this is a partial linear
space, with three points on each line, and three lines through each point, as shown:

5)
)

8SE B8E $8F TBE 88E
ek TEh ek TI0 BRL
888 a8 Bao a8am Saan
582% 93T 988 888 ¥®g
1 1 1 (12)
1 1 1 | (13)
11 1 (14)
i 1 1 1] (15)
28.1 Figure. ) Y a9
The Generalized 1 1 1] (23)
Quadrangle of v g 1L gdi
)
Order 2 1 1 1 (26)
1 1)1 (34)
1 1 1 (35)
1 1)1 (36)
1 1 1 (45)
1 1 1| (46)
"(24) 1 1 1 (56)

This is the unique generalized quadrangle of order 2. It is embedded in the projective
plane of order 4, as follows: Let O be a hyperoval in P?(Fy), let B be the 21 — 6 = 15
points not in O, and let £ be the (g) = 15 secants to O. Then (B, £) is isomorphic to the
structure defined above.

A generalized quadrangle is a point-line incidence structure satisfying the following;:

(GQ1) Every line has s+ 1 points, for /
some s > 1. S+ 1

(GQ2) Every point lies on ¢+ 1 lines,
for some ¢t >1. Y/ p

(GQ3) If P is a point not on a line .7
¢, then there is a unique line t+1
through P meeting /.

We call the pair (s,t) the order of the generalized quadrangle; or if s = ¢ we say
simply a generalized quadrangle of order s. From the axioms it is clear that the point-line
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dual of a generalized quadrangle of order (s,t) is a generalized quadrangle of order (¢, s).
The example above is the unique generalized quadrangle of order 2, up to isomorphism; in
particular since it is unique, it is self-dual (isomorphic to its dual). Usually one requires
s,t > 2, giving the so-called thick generalized quadrangles; those with s =1 or ¢t = 1 are
thin. Indeed a generalized quadrangle of order (s,1) is just a 2-net of order s + 1, i.e. a
grid with (s + 1)? points and 2(s + 1) lines. A generalized quadrangle of order (1,t) is
a dual grid with two sets of ¢ + 1 points, and (¢ + 1)? lines joining every point in one
set with every pair in the other set. Some examples of thin generalized quadrangles are
shown:

A thin generalized quadrangle
A thin generalized quadrangle (i.e. a dual grid) of order (1, 3)
(i.e. a grid) of order (4,1)

A thin generalized
quadrangle of
order 1, i.e. a
quadrangle

Just as a ‘projective plane of order 1’ is a triangle, so a generalized quadrangle of order 1
is a quadrangle. So a projective plane may be reasonably viewed as a generalized triangle.
In Section 29 we will describe generalized polygons from this perspective.

28.2 Proposition. A generalized quadrangle of order (s, ¢) has exactly (s+1)(st+1)
points and (£ + 1)(st + 1) lines.

Proof. Let P be a point. The set of all points is a disjoint union

{P}UPBLUPB

where P, is the set of all points distinct from P but collinear with P; and 35 is the set of
all remaining points. We have

[Pl = (E+1)s

since each of the (¢ + 1) lines through P has s points of 81, with no point counted twice.
Every point R € s is collinear with exactly ¢t 4+ 1 points in 31, one on each of the lines
through R, by (GQ3). Every point @ € P is collinear with st points in JBo: that’s s
points of Po on each of the ¢ lines through @) other than the line PQ. So

B |st

2
= 2t
t+1

PB2| =
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and the total number of points is
L4+ PBa| +[Pa| = 14 (¢ +1)s+s*t = (s+1)(st + 1).

The remaining conclusion follows by the dual argument. L]

Just as there is an infinite family of classical projective planes coordinatized by fields,
so also there are three infinite families of generalized quadrangles formed by classical polar
spaces of rank 2 (i.e. having just two types of objects, points and lines) and their duals (so
altogether six families). The more general polar spaces were defined in Section 24.10.

28.3 The O5(q) and Sp4(q) Quadrangles. We verify that the points and lines contained
in an Os(q)-quadric form a generalized quadrangle of order q. Certainly every line has
q+ 1 points. If {x) is any singular point then by Theorem 24.3, z+ /{x) ~ O3(q) which is a
projective plane having ¢ + 1 singular points (the points of a conic). These g + 1 singular
points correspond to q + 1 totally singular lines in 2 containing (x). This verifies (GQ1)
and (GQ2).

Let (x) be a singular point, and let ¢ be a totally singular line not containing (z).
Then z= is a hyperplane not containing ¢, so this hyperplane * meets ¢ in a single point
(y) = z+ N ¢. The totally singular line (z,%) is the unique line of the quadric containing
(x) and meeting ¢. Thus (GQ3) holds. This gives the O5(¢) quadrangle, historically
denoted Q(4, q) since it is formed by the points and lines of a quadric in P4(F,).

Recall that by Theorem 24.6, the O5(q)-quadric has (¢? + 1)(¢ + 1) points and the
same number of lines, in agreement with Proposition 28.2. The O5(2) quadrangle is the
unique generalized quadrangle of order 2 given as our first example above. Not surprisingly,
the isometry group of the quadratic form of type O5(2) is isomorphic to S .

The O5(q) quadrangle is self-dual iff ¢ is even. For arbitrary ¢, the dual of the O5(q)
quadrangle is the symplectic quadrangle Sp4(q), historically denoted Ws(gq) or sim-
ply W(q). This is simply the rank 2 symplectic polar space described in Section 24.10.
An explicit duality between these two generalized quadrangles is given by the Klein corre-
spondence . Recall that x maps the lines of P3(F,) to the points of the Klein quadric. It
is not hard to check (using the exterior algebra by which x was defined) that if we restrict
K to just the lines of an Sp4(q)-quadrangle, the corresponding points of the quadric lie in
an Os(q)-hyperplane.

28.4 The Og (¢) and Us(q) Quadrangles. Recall that the Oy (¢)-quadric contains
points and lines, but no planes. These points and lines form a quadrangle of order (g, ¢?);
the proof is similar to the previous case. This is the Oy (¢) quadrangle, also known as
the Q(5,q) quadrangle. Again by Theorem 24.6, the Oy (q)-quadric has (g + 1)(¢® + 1)
points and (g% + 1)(¢® + 1) lines, in agreement with Proposition 28.2.

The dual of the Og (¢) quadrangle is a generalized quadrangle of order (¢?,q), which
also has a classical construction. Here the points and lines are those lying in the Hermitian
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surface X3 + X{H + X3 + X9 = 0 in P3(F2). This is the unitary quadrangle
Ui(q), also known as H(3,q). It is simply the rank 2 unitary polar space of type Ui(q)
described in Section 24.10.

28.4 The Us(q) Quadrangles. The points and lines of P*(F,) lying in the Hermitian
variety Xg+1 + X{Hl 4+ Xg“ = 0 form a generalized quadrangle of order (¢2,¢?),
known as the unitary quadrangle Us(q); or historically, H(4,q). This example also
appeared in Section 24.10. Its dual is a generalized quadrangle of order (¢, ¢?), which
however is not readily described other than as the dual of the quadrangle naturally arising
from the Hermitian variety.

The Coxeter-Dynkin diagram for generalized quadrangles is the following diagram,
whose symmetry (like that of the A, diagram for projective spaces) indicates that the
class of generalized quadrangles is closed under duality:

. .
generalized quadrangle: pOI.ntS:HieS (type Ba)

This diagram is the first member of the infinite sequence of diagrams, including the fol-
lowing:

points  lines
Bs polar space: —

points lines planes

Bs polar space: o« o
. . (n—1)-
points lines planes spaces n-spaces
B,, polar space: e~ o o ... e o

[\ J/

n types of objects

Polar spaces of type O2,41(q), Og,42(q), SP2n(q), U2n(q) and Uszn41(q) are represented
by the latter B,, diagram. Consider for example the points, lines and planes of the O7(q)-
quadric, with diagram Bz shown above. Given a singular point (z), the totally singular
lines and planes containing (z) form a geometry isomorphic to the totally singular lines and
planes of 2+ /(z) ~ Os(q) by Theorem 24.3. This agrees with the prediction of the Coxeter-
Dynkin diagram, that the residue (Section 19) of the point (z) should be a geometry of
type Bz (the diagram formed by deleting the node for ‘points’ from the B3 diagram). The
residue of any plane is a geometry of type As, i.e. just a projective plane. And the residue
of a line is a geometry of type A; & Aj, i.e. a generalized digon.

This can be used for counting objects of each dimension in the associated polar
space. For example, we know that the O7(q)-quadric has (¢°—1)/(¢—1) points and
(q+1)(¢>+1)(¢g3+1) planes, by Theorem 24.6. Let N be the number of lines in the quadric.
Then the number of incident point-line pairs ((z),¢) in the quadric is (¢+1)N. But for
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each singular point (z), the quotient z+/(x) ~ Os(q) is a generalized quadrangle of or-
der q. There are (g+1)(¢®>+1) totally singular lines through (z), corresponding to the
(g+1)(g>+1) points of the O5(q) quadrangle. Thus

¢ —1

q—1

(g+1)N = (¢+1)(* +1),

which yields N = (¢*+1)(°~1)/(g=1) = (g+1)(¢*+1)(g*+¢>+1).
Next we give some constructions of nonclassical generalized quadrangles.

28.6 Example: Tits’ Quadrangles. Let my be a plane in P?(F,), and let O be an oval
in 7y . Consider the point-line incidence structure (3, £) with (¢+1)(g+1) points given
by

(i) the ¢® points of P3(FF,) outside my (the ‘affine’ points),
(i) the g(g+1) planes m C P3(F,) such that 7 N mp is a tangent line of O, and
(iii) one additional point denoted oo;

and (¢?>+1)(g+1) lines given by

(iv) the ¢*(g+1) lines £ of P3(F,) such that £ N7 is a point of O, and
(v) the g+1 points of O.

Incidence between points of type (i)—(iii) and lines of type (iv)—(v) is the natural contain-
ment, with the exception that the point oo of type (iii) is incident with all lines of type
(v) and no lines of type (iv). It is straightforward to check that (3, £) is a generalized
quadrangle of order q. This quadrangle [25], discovered by Tits, is denoted T»(O). If O is
a conic (as must be the case when ¢ is odd, by Segre’s Theorem), then 75(0O) is isomorphic
to the Os(q) quadrangle. Otherwise T5(0) is a new generalized quadrangle. The smallest
nonclassical T5(O) arises for ¢ = 8, where O is taken to be a ‘pointed conic’ (Section 12).

Similarly, we may take Sy ~ P3(F,) to be a solid (i.e. hyperplane) of P*(F,), and O
an ovoid of the projective 3-space Sp. Consider the point-line incidence structure (3, £)
with (¢3+1)(g+1) points given by

(i) the ¢* points of P3(FF,) outside Sy (the ‘affine’ points),
(ii) the g(¢*+1) solids S" C P4(FF,) such that SN Sy is a tangent plane to O in Sy,
and
(iii) one additional point denoted oo;

and (¢®>+1)(¢?+1) lines given by

(iv) the ¢3(¢*+1) lines ¢ of P4(F,) such that £ N Sy is a point of O, and
(v) the ¢>+1 points of O.

Incidence between points of type (i)—(iii) and lines of type (iv)—(v) is the natural contain-
ment, with the exception that the point oo of type (iii) is incident with all lines of type (v)
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and no lines of type (iv). Then (B, £) is a generalized quadrangle [25] of order (g, ¢?), also
discovered by Tits, and denoted T3(0). If O is an elliptic quadric (as must be the case
when ¢ is odd, by Barlotti’s Theorem), then 73(0) is isomorphic to the Oy (¢) quadrangle.
Otherwise T5(0O) is a new generalized quadrangle. The smallest nonclassical T3(QO) arises
for ¢ = 8, where O is taken to be a Suzuki-Tits ovoid.

28.7 Example: The Ahrens-Szekeres Quadrangles. The construction of Ahrens
and Szekeres [1] gives nonclassical generalized quadrangles of order (¢—1,¢+1) for any
prime power g. Among the known generalized quadrangles, these parameters (s,t) (or
their duals; see Payne’s construction in the following example) in which s and ¢ are not
required to be powers of the same prime, or in fact prime powers at all. The construction
takes different forms for g even and ¢ odd. In both cases we denote the resulting generalized
quadrangle by AS(q) (although for most even values of ¢ it is not uniquely determined by
the parameter q).

For g even, the construction is a variation on Tits’ T5(Q) construction. Let 7y be a
plane in P3(F,), and let O be a hyperoval in 7 , so that |O]=g¢+2. Consider the point-line
incidence structure (3, £) whose ¢* points are all the points of P3(F,) outside m (i.e. the
‘affine’ points), and whose ¢?(g+2) lines are the lines ¢ of P3(F,) such that £ N mp is a
point of O. This gives AS(q) for ¢ even.

For ¢ odd, fix a symplectic polarity L of P3(F,). Recall that the (¢°+1)(¢+1) points
of this projective 3-space, and the (¢*>+1)(g+1) absolute lines, form an Sp4(q) quadrangle.
Fix one point P of this quadrangle, and consider the incidence structure formed by the ¢3
points of P3(FF,) not contained in the plane P+, and the ¢?(g+2) lines given by

(i) the ¢3+¢? absolute lines £ (i.e. /- = ) not containing P, and
(ii) the ¢? lines £ of P3(F,) such that £ N P+ = {P}.

This gives AS(q) for ¢ odd.

Note that AS(2) is just a dual grid of order (1, 3); and AS(3) is isomorphic to Us(2),
the unique generalized quadrangle of order (2,4). The smallest new quadrangle obtained
by this construction is AS(4), the unique generalized quadrangle of order (3,5).

28.8 Example: Payne’s Quadrangles of Order (¢+1,¢—1), ¢ even. Let m be a
plane in P3(FF,) where g is even, and consider a hyperoval in 1y partitioned as OU{M, N}
where O is a g-arc. (It is known that for even ¢ > 4, every g-arc extends to a unique
hyperoval. So we must choose simply a hyperoval with two distinguished points M, N.)
Consider the point-line incidence structure (%3, £) whose ¢*(¢+2) points are given by

(i) the ¢* points of P3(FF,) outside 7y (i.e. the ‘affine’ points); and
(i) the 2¢? planes of P3(FF,) containing exactly one of {M, N};

and whose ¢ lines are the lines ¢ of P3(F,) such that ¢ N7 is a point of O.

Payne [51] showed that this gives a generalized quadrangle of order (¢g+1,¢—1). In some,
but not all cases, it is dual to AS(q).
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The following table lists the smallest known generalized quadrangles. For a more
extensive table, together with further information on these examples, including explicit
incidence matrices, see [47].

28.9 Table. Generalized Quadrangles of Small Order

order | no. of points | no. of lines Name
(2,2) 15 15 O5(2), Spa(2)
(2,4) 27 45 Us(2), AS(3)
(3,3) 40 40 O5(3)
(3,3) 40 40 Spa(3)
(3,5) 64 96 AS(4)
(3,9) 112 280 Ui(3)
(4,2) 45 27 O (2)
(4,4) 85 85 O5(4)
(4,6) 125 175 AS(5)
(4,8) 165 297 Us(2)

There are many open questions regarding existence and classification of generalized quad-
rangles with small parameters, for example: Does there exist a generalized quadrangle of
order 67 or (4,11)? Is the generalized quadrangle of order (4,6) unique?

A spread of a generalized quadrangle, is a collection of lines which partition the point
set. Dually, an ovoid of a generalized quadrangle is a subset O of the points such that
every line meets O in a unique point. In the notation of our first example, the generalized
quadrangle of order 2 has {(12), (13), (14), (15), (16)} as an ovoid and

{(12)(36)(45), (13)(25)(46), (14)(23)(56), (15)(34)(26), (16)(24)(35)}

as a spread.

28.10 Proposition. In a generalized quadrangle of order (s,t), every ovoid has
st + 1 points and every spread has st + 1 lines.

Proof. Since a spread partitions the (s + 1)(st 4+ 1) points into lines each of size s + 1,
every spread must consist of

(s+1)(st+1)
s+1

=st+1

lines. The dual argument gives the size of an ovoid. L]
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Here we summarize briefly what is known about existence and classification of ovoids
and spreads in the classical generalized quadrangles:

e The O5(q) quadrangle always has regular ovoids arising from the embedding of
the O, (¢)-quadric in Os(q). Other examples of ovoids are known only in char-
acteristic 2 or 3. Spreads do not exist unless g is even, when the generalized
quadrangle is self-dual (in which case spreads arise from spreads by duality).

e The Oy (¢) quadrangle has spreads but no ovoids.

e The Us(q) quadrangle has no ovoids. No spreads exist for ¢ = 2, and for ¢ > 2
the question of their existence is an open problem.

Of course each of the statements above can be dualized. For example the Sp4(q) quadrangle
contains regular spreads for every ¢; indeed every regular spread of projective 3-space
consists of totally isotropic lines with respect to some alternating bilinear form.

It is known that a thick generalized quadrangle with s and ¢ both finite, must have
s < t2 and t < s?. A particularly tantalizing open problem asks whether a generalized
quadrangle can have 1 < s < oo and ¢ infinite. The answer is no for s = 2 (by a one-
paragraph elementary proof [12, p.86]), for s = 3 (a nontrivial result of Brouwer [7]), and
for s = 4 (a deep model-theoretic result of Cherlin [15]). For larger values of s the problem
remains open.

Exercises 28.

1. Show that the collinearity graph of a generalized quadrangle is strongly regular, and find its parameters
(v, 7, A, ) in terms of the order (s,t) of the generalized quadrangle. (See Exercise#4.4 where the
relevant terms from graph theory are defined.)

29. Generalized Polygons and Buildings

We give a graph-theoretic definition of generalized polygons, which requires the following
terminology from graph theory. Let I" be an ordinary graph (so I' has no loops or multiple
edges). A path of length n from vy to v, in I is a sequence (vg, v1, va, ..., v,) of vertices
in I' such that v;_1 is adjacent to v; for all i = 1,2,...,n; and where vy, v1,...,v,_1 are
distinct. Such a path is closed if n > 0 and vy = v, ; evidently this requires n > 3. We
say I' is connected if for any two of its vertices, there exists a path from one vertex to
the other. The distance from vertex v to vertex v’ is the length of the shortest path from
v to v’ in I'. This distance is finite whenever I' is connected; otherwise it is undefined (or
infinite). This defines a metric d(v,v") on the vertices of T, i.e.

(D1) d(v,v") > 0, and equality holds iff v = v/,
(D2) d(v',v) = d(v,v");
(D3) d(v,v") < d(v,v") +d(v',v")
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for all vertices v,v’,v”. The diameter of I' is the maximum distance between any two of
its vertices (or oo if I' is not connected). The girth of I' is the smallest n for which there
exists a closed path (vg,v1,...,v,) having n > 3 distinct vertices (so vg,v1,...,v,—1 are
distinct and v, = vg). We agree that the girth of I" is oo, if no such closed path exists.
We say I' is bipartite if its vertices can be partitioned into two subsets V7 and V5, such
that every edge of I' has one endpoint in V; and the other endpoint in V5. Note that T’
is bipartite iff every closed path in I' has even length. Moreover if I' is connected and
bipartite, then the choice of partition V3 U V5 is unique, up to interchanging V3 and Va.
Also T' is complete bipartite if every vertex in V; is joined to every vertex in Vs (in
addition to no edges having both endpoints in V; for the same ).

Recall that every point-line incidence structure (9, £) is equivalently described by
its incidence graph I', the graph with vertex set 8 U £ and where each point-line pair
(P, /) is joined by an edge in T, iff the pair (P, /) is incident in (I3, £). It is understood
here that P and £ are disjoint sets; and that in I' one clearly distinguishes which vertices
correspond to points, and which vertices correspond to lines. Note that the dual incidence
structure (£,B) yields the same incidence graph, but with the labelling of vertices (as
points and lines) reversed. If I' is connected then the only point-line incidence structures
corresponding to I' are (I3, £) and (£, ).

A point-line incidence structure (3, £) is a generalized n-gon (where n > 2) if its
incidence graph I satisfies the following;:

(GP1) The set of vertices of I' is partitioned into ‘points’ and ‘lines’. Every edge of I'
joins a point with a line; thus I' is bipartite.

(GP2) T has girth n and diameter 2n.
(GP3) Every line has s + 1 > 2 points, and every point is on ¢ + 1 > 2 lines.

The order of the generalized polygon is the pair (s,t), or simply sif s=¢t. f s=1ort =1
then the generalized polygon is thin. If s, > 2 then the generalized polygon is thick.

The Coxeter-Dynkin diagram for a generalized n-gon is

o " o (type I2(n))
points lines

which reduces to A;®A;, As, By or G2 when n = 2,3, 4,6 respectively. (The diagram is
simplified by drawing an (n—2)-fold bond, rather than an n-fold bond.)

For every n > 2, an n-gon satisfies the conditions (GP1)-(GP3), giving the unique
generalized n-gon of order 1, which is thin. This example has exactly n points and n lines,
and I' consists of simply a 2n-cycle, i.e. a closed path of length 2n. The thick examples
are however more rare and much more interesting.

Consider first the case n = 2. Here we have a point set and a ‘line’ set (we should
really call them blocks) such that every point is incident with every block; equivalently,
I is a complete bipartite graph. To see this, note that I' is bipartite by (GP1). If there
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exists a point P and a line ¢ which are not incident, then since the distance from P to £ is
odd, we must have d(P,¢) > 3, contrary to the diameter of I" being 2. Thus a generalized
2-gon of order (s,t) is the same thing as a generalized digon (Section 19) with s+ 1 points
and t 4 1 lines.

Now consider the case n = 3. We claim that a generalized triangle (i.e. a generalized
3-gon) is simply a projective plane (or possibly a triangle, i.e. a thin projective plane,
whose order is 1) and we must have s = ¢, the order of the plane. We now justify these
conclusions. If two points P, are not joined by any line, then d(P, Q) > 2; and since
d(P, Q) is even, we have d(P,(Q) > 4, contrary to the diameter of I' being 3. If P and @
lie on two distinct lines ¢ and m then (P, ¢, Q, m, P) is a closed path of length 4, violating
the girth of I" being 6. This proves the first projective plane axiom (P1), and (P2) follows
dually. Note that the finite girth assumption rules out the closed configurations listed in
Proposition 9.1(i)—(iv), leaving only cases (v) and (vi) of that Proposition. In fact (GP3)
allows only the cases of a triangle or a projective plane.

Next consider the case s = 4. We claim that a generalized 4-gon is simply a generalized
quadrangle as defined in Section 28. Let P be a point not on a line ¢, so that d(P,¢) > 1.
Since d(P,{) is odd and the diameter of I' is 4, we must have d(P,¢) = 3. This means
there is a path (P,m,Q@,¥) from P to ¢ in I'. If there is another line m’ joining P to ¢,
as shown, then we have a closed path (P,m,Q,¢,Q",m/, P) of length 6, which is less than
the girth 8, a contradiction. This verifies our claim.

It is interesting to note that thick generalized n-gons only exist for n € {2,3,4, 6, 8},
and are apparently quite rare for n € {6,8}.

29.1 Theorem (Feit and Higman [27]). Finite thick generalized n-gons exist only
for n € {2,3,4,6,8}.

The known generalized hexagons (n = 6) and generalized octagons (n = 8) are as follows:

e Generalized hexagons of type G2(q) having order ¢ for every prime power ¢, and their
duals (these geometries are however self-dual for ¢ = 3"). Each such generalized
hexagon has (¢°—1)/(q—1) points and the same number of lines. The smallest exam-
ple, G3(2), has 63 points and 63 lines. There are, up to isomorphism, exactly two
generalized hexagons of order 2, namely G5(2) and its dual.



188 IV. PROJECTIVE AND POLAR SPACES

e Generalized hexagons of type 3Dy4(q) having order (¢, ¢3) for every prime power g.
These have (g+1)(¢®+¢*+1) points and (¢®>+1)(¢®+g¢*+1) lines. Also their duals.
The smallest example, of order (2,8), has 819 points and 2457 lines.

e Generalized octagons of type 2Fy(q) having order (g, ¢?) for ¢ = 22¢T1. These have
(q+1)(¢®>+1)(¢°+1) points and (¢2+1)(¢3>+1)(¢®+1) lines. Also their duals. The
smallest example, of order (2,4), has 1755 points and 2925 lines.

These families are named for the exceptional groups G2(q), *D4(q), 2F4(q) of Lie type;
see [63] for details. The smallest examples are explicitly provided in [47]. Despite much
effort, no one has a clue why these should be the only generalized hexagons and octagons.
In particular why should there not exist modifications of the families listed above, in the
same way that the standard families for n = 3,4 admit modifications. It is still an open
question whether G2(3) is the unique generalized hexagon of order 3.

Even from a graph-theoretic viewpoint, generalized polygons (thought of in terms of
their incidence graphs) are very interesting as they provide examples of sparse but highly
connected graphs. The competing goals of being sparse but highly connected are desirable
in the design of efficient communication networks, or for constructing good LDPC (low
density parity check) codes. There is more than one way to formally express the condition
‘sparse but highly connected’; and having large girth and small diameter does this quite
nicely, although it is very hard to find explicitly constructible families of graphs which
achieve these conditions.

Beginning in the 1950’s, Jacques Tits defined a class of incidence structures known
as buildings [57], [64], a notion which includes both projective spaces and polar spaces
as special cases. A building of rank r has r types of objects. A building of rank 2
is simply a generalized polygon. In the general case, the structure of the building is
described by a Coxeter-Dynkin diagram of the appropriate type, having r nodes, one node
representing each type of object in the geometry. Edges of the graph specify the type of
generalized polygons arising as rank 2 residues. A thin geometry corresponding to the
given Coxeter-Dynkin diagram, is known as a Cozeter complex. A building (in the strict
sense) is a thick geometry corresponding to the given diagram, which is a union of certain
thin subgeometries (known as the apartments of the building) with the same diagram.
Thus for example, any projective plane may be formed as a union of triangles:

J

thin AQ
geometry

(triangle) (projective plane)

thick Ay geometry
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Another instructive example is the Coxeter diagram

- (type A1)

whose buildings are infinite trees. Take for example a k-regular tree where k > 2: this is a
(necessarily infinite) connected graph with no cycles (closed paths), in which every vertex
has exactly k neighbours. This graph is bipartite; so we may choose an arbitrary vertex v
to represent objects of type 1, and then any other vertex v’ has type 1 or 2 according as
the unique path from v to v’ has even or odd length. Such a tree is the incidence graph
of an gl—geometry. For k£ = 2 the geometry is thin, consisting of just an infinite path.
For k > 3 the geometry is thick; it is in fact a building of type Ay whose apartments are
infinite paths contained in the tree.

k=2 ---—e—0——0——0—8—0C——0— -
k= 3: ? 5 §

Buildings were invented to study groups of Lie type. The groups of Lie type are
classified by their Coxeter-Dynkin diagrams, and each such group is best understood by
means of the natural geometry on which it acts: a building of the corresponding type.
Thus for example, the group PG L, 1(F) corresponds to the Coxeter-Dynkin diagram of
type A, and has P"(F) as its associated building.

Consider a Coxeter-Dynkin diagram with r nodes labelled 1,2,...,n, and edges la-
belled m;; . Also set m;; = 1. The group defined by the presentation

W = <31,32,...,3T t(sis5)™ = 1>

is the Coxeter group defined by the given diagram. It acts regularly on the objects of
the associated Coxeter complex (i.e. thin building). In particular, the number of objects
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in the Coxeter complex equals |IW|. We illustrate with four Coxeter-Dynkin diagrams as

examples:
29.2 Example. Type Ao 9291
010201
g1 o2 1 =
o . (mij): 3 = 090102 01
3 1
Coxeter
W:<01,02 : oi=0%=(0102)> 1> complex
:{1, 01, 09, 0102, 0201, 010201} 0102 1
W =S5 via o1 — (12), o2 — (23) O
29.3 Example. Type A1BA;
o1 o9 1 9 0102
=090 o
° ° (mw) = [2 1} 291 2
W:<01,02 : 0f=03=(0102)> 1> Coxeter
complex
={1, 01, 02, 0102} oy 1
W is elementary abelian
29.4 Example. Type A; b P
W= <01, o9 a%:a§:1> is infinite dihedral; o109 has infinite order
Coxeter complex:
01020102 0102 1 0201 02010201
- 010201 01 g9 020102 -
1 3 2
29.5 Example. Type A3 a.l;ug (mij) —13 1 3
2 3 1

W =(01,02,03 : 0i=03=03=(0102)*=(0103)*=(0203)3=1)

W =S, via 01 — (12), 02 +— (23), 03 +— (34)

3

The corresponding Coxeter complex is a triangulated 2-sphere:
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019,0,935,0, | 2% %%

090,03, @\o

a0,
010,005 | “17273

99,9 oo,
90, 9
0.0,
%9.9; 1% 6199,
g |1

This is in fact the geometry of the 3-simplex formed by all its subsimplices (Exer-
cise #19.2). The 4 points, 6 lines, and 4 planes of this geometry are the subsets of
{1,2,3,4} of size 1, 2, and 3 respectively. These give the 14 vertices of the triangula-
tion. The 36 edges correspond to the incident pairs of objects (12 incident point-line
pairs, 12 incident point-plane pairs, and 12 incident line-plane pairs). The 24 trian-
gular faces correspond to the triples (P, ¢, 7) such that P € ¢ C m. We check that
14 — 36 + 24 = 2, the Euler characteristic of the 2-sphere.

The Coxeter complex (or diagram, or matrix, or group), in turn, gives for each choice
of field F' a building, as a thickened-up version of the Coxeter complex. It also gives
a presentation of the corresponding group G of Lie type defined over F', by means of
generators and relations. In addition to the r generators of the Coxeter group (where r is
the rank of the building), one generates G by means of certain subgroups whose elements
are parameterized by F', and these elements must satisfy certain new relations as prescribed
by the Coxeter group.

Coxeter gave a beautiful characterization of those diagrams for which W is finite.
And in these cases, the associated Coxeter complex is a triangulated (r—1)-sphere, as
the examples above suggest. Buildings corresponding to these diagrams are known as
spherical buildings. Thus generalized n-gons are examples of spherical buildings. Tits,
who first defined buildings axiomatically, also showed that with only certain exceptions of
small rank, spherical buildings are classical: they are the buildings associated with groups
of the corresponding Lie type. Of course the rank 2 buildings (generalized polygons) are
far from classified, however. And even though higher rank buildings may in some sense
be known, there remain many open problems regarding these geometries (for example,
questions of existence of ovoids and spreads).

Although we’ve exhausted the time available this semester, we have really just arrived
at the beginning of a very big subject that would require another course or two to introduce
properly!
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Exercises 29.

1. For a generalized hexagon of order (s,t), determine
(a) the number of points and lines;
(b) the size of an ovoid and the size of a spread.

Justify your answers.

2. For a generalized octagon of order (s, t), determine
(a) the number of points and lines;
(b) the size of an ovoid and the size of a spread.

Justify your answers.
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Appendix Al: Finite Fields

The ring of integers modulo a prime p is a field, denoted F,, . For every r > 1 there exists
a field of order ¢ = p", which is unique up to isomorphism. This field, denoted F, , is an
extension of I, of degree r. It may be constructed as the quotient ring F,[X]/(f(X))
where f(X) € F,[X] is irreducible over F, of degree r. Such an irreducible polynomial
f(X) of degree r exists; and although not unique, the quotient field F,[X]/(f(X)) is
unique up to isomorphism.

The automorphism group of F, is (¢) = {1,0,02,...,0" "1}, a cyclic group of order r

where

) P
o:F; —=Fy, x— 2P,

The fixed field of o is just ), so that the extension [F, O I, is Galois; more generally the
fixed field of 0% is F,a where d = ged(k, 7).

The multiplicative group Fx = F,~{0} of any finite field is cyclic: we have F) =
{1,w,w?,...,wi 2} for some w € F5 which is called a primitive element. In particular
Fplw] = F,, which says that w generates the field extension F, O F, and so its minimal
polynomial over [F,,, call it f(X) = Irr,r,(X), is of degree r. But the condition that w is
a primitive element is stronger, and the resulting polynomial f(X) is called a primitive

polynomial.

A1l.1 Example: The field of order 16. Let f(X) = X*+ X +1 € Fy[X]. This
polynomial is irreducible. (If necessary this can be checked by considering all possible
linear and quadratic factors, since altogether there are only six of these.) We denote by w
a zero of f(X) in [y, so that

wh = w+1; wl? = wiw? = WHwt1;

w’® = w2+w; wll = w3+w2+w;

wb = w3+w2; wl? = wiwd4w? = w3+w2+w+1;
w' =witw? =it wl? = witwd+wi+w = WHw?+1;

w® = witw?Hw = Wi, wlt = witwd+w = w341,

w? = w3+w; wl = witw = 1.

Since F16 = {0, 1,w,w? w3, ..., w!}, the element w is primitive. Minimal polynomials for
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each of the elements of [F14 are listed as follows:

Q@ Irre w, (X)
w,w?, w*, wd X4+ X+1
w3 Wb W w? | XA X3 X2 X +1
w?, wio X2+ X+1
W7, Wil w13 14 X4 X341
1 X+1
0 X

Since Fj§ is cyclic of order 15, it has ¢(15) = 8 generators; these are w* where gcd(k, 15) =
1. The minimal polynomials of these elements, namely X*+X+1 and X*+X3+1, are the
two primitive polynomials of degree 4 over F3. The elements w?, w8, w?, w!? are imprimitive
but they are algebraic of degree 4, and so their minimal polynomial X*+X34+X?+X+1
is also irreducible over Fy; this makes altogether three irreducible polynomials of degree 4
over Fy. The automorphism group of Fig is (o) = {1,0,02,0%} and the fixed field of o2 is

Fo[w®] = F4. The diagram of subfields, and the diagram of subgroups of (c), are as shown:

Fi6=F2[w] (o)

F, Fi[w]/v\w%
I[‘112 (

1)

The arrows show the Galois correspondence between each subgroup of AutFig and its
fixed subfield.

Consider an extension E' O F' of finite fields, so that £ = Fy» and F' = F, for some
prime power ¢, where n=[E : F]>1. The group of all F-automorphisms of E is the Galois

group
G=G(E/F)={l,0,0%...,0" 1}

where o : E — E, x +— 2°. (This generalizes the case F' = [, considered above.) The

norm and trace maps of the extension F D F are the maps

n—1

2 n—1 2
Ngp:E—F, x+ H xd = gltrotorttot T — plrata g

geG

and

Tg/r: B — F, $H2x9:x+xa+x"2+~~+x" 2T 42T e gl
geG

n—1
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The trace map Tk, : E — F' is F-linear and surjective; in particular

Tg/r(x+y)=Tg/r(x) +TE/r(y).

The fact that Tg/p is surjective follows from the fact that as a polynomial of degree
g < ¢", the trace Tg /r(x) cannot vanish at every element of E; and choosing x € £
such that T p(z) # 0, we see that Ty r(cx) = cTg/p(z) takes on all values in F' as we
vary ¢ € F. The norm map Ng,r : E — F' is multiplicative, i.e.

Ng/r(2y) = Ng/rp(2)Ng/r(y).

It is also surjective, which we justify as follows. Since Ng,r(0) = 0, it suffices to consider
the restriction of Ng,p to the multiplicative group E*, a cyclic group of order ¢" — 1.
Since this map is x — 2™ where the exponent m = 1+q+¢*+--- +¢" ! = (¢"—1)/(¢—1)
divides |E*|, the image is therefore the subgroup of order ¢ — 1, i.e. F'* as required.

A1.2 Matrix Representation of Fields. Let E O F be a field extension of degree
n > 1, and fix a basis {w1,...,w,} for E over F. For every o € F the multiplication map
o : B — E, x — azx is F-linear and so may be represented as an n X n matrix over F.
Clearly pio + pg = pa+p and papis = pag so the set of maps {pq : @ € E} (or just as
well, the corresponding set of n X n matrices) is a ring, in fact a field, isomorphic to E via
Lo < QL.

For example consider the extension C D R with basis {1, ¢}; a typical element o = a+bi
gives rise to the multiplication map

Ha+bi(z + yi) = (az—by) + (br+ay)

which in matrix form appears as

S
[x y} b oal T [a:r;—by b:l;+ay].
This gives a subring
_ b
R:{ ¢ :a,beR}cRM
[—b a]

where R2*2 denotes the ring of all 2x 2 matrices over R; moreover an isomorphism C — R
is given by a+bi — Lab Z}

More generally, consider any field extension E O F' of degree n and write £ = F|w] &
F[X]/(f(X)) where f(X) € F[X] is a monic polynomial of degree n which is irreducible

over F'; and f(w) = 0. We may write

fX)=X"4+an 1 X" "4+ a1 X +ap, a;€PF.
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The F-linear transformation u,, : £ — E, x — wx maps

11— w;

w — w?;

W2 WP

wan — wnfl;

WPl W= —ag —aqw — - — A"t

and so the matrix of u,, relative to the basis {1,w,w?,...,w" 1} is given by

[ 0 1 0 0 0 7
0 0 1 0 0
0 0 0 1 0
A= : : : : .. :
0 0 0 0 1
. —ap —ai1 —a2 —as - —Aap-—1J

The matrix A is known as the companion matrix of f(X). Since w generates the
extension F O F, the matrix A generates a subring R C F"™*™ where F"*" is the ring of
all n X n matrices over F'; moreover an isomorphism E — R is determined by w — A.
With this identification of E with R, the norm and trace maps

]\[E/};*ZE1—>F’7 TE/FE—>F

of the extension F O F', defined as above, become simply the familiar determinant and

trace maps
det : R — F, tr: R— F

of matrix theory.

Let us revisit the extension Fi14 D Fy described in Example Al.1. In this case the
matrix

A=

o O O
o= O O

1 0
0 1
0 0
1 0

generates a subring
R =T2[A] = {a+bA+cA*+dA® : a,b,c,d € Fa} C Fy*%

an isomorphism Fig — R is given by

a+bw+cw?+dw? — a+bA+cA?+dA3.
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We see that finite extensions £ O F may be generally represented as rings of nxn
matrices; and in principle this allows us to perform any desired computations in F ex-
plicitly. However in practice, the representation of E as a quotient ring F[X]/(f(X)) is
much easier to implement, either by computer or by hand, since it represents elements of
E as polynomials of degree < n, i.e. n-tuples over F'; whereas n X n matrices require n?
elements of F' to represent every element of E. The matrix representation is primarily of

conceptual value.

A1.3 Proposition. Consider a finite field F;. Recall that its nonzero elements F
form a cyclic multiplicative group of order ¢ — 1.

(i) Suppose ¢ is odd. Then F7 has %(q—l) squares and the same number of non-
squares. The element —1 is a square iff ¢ =1 mod 4. Every nonzero square has
exactly two square roots in [, .

(ii) If g is even then every element of F, has a unique square root in .

Proof. The set of nonzero squares is just the image of the group homomorphism ¢ :

FX —Fy, o 22. Note that Fx is cyclic of order ¢g—1, which is odd (or even) according

as ¢q is even (or odd). The result follows from elementary properties of cyclic groups. In
particular for ¢ odd, the unique element —1 of order two is a square, iff IFqX has an element
of order 4, iff 4 divides [F*| = ¢ — 1. ]

Suppose ¢ = 2" is even, so that ' = [, is an extension of K = Fy. The map
F—F x— 2?4z
is K-linear. Denote the image of this map
Co={z*+2:2€F,} CF,
which is a K-subspace of codimension 1. Also denote the complementary set
Ci =F;~Co.

Note that |[Co| = |C1| = £ . Elements of Cy and C; are called elements of class 0 and class
1 respectively.
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A1.4 Theorem. Consider a quadratic polynomial f(X) = aX? +bX + ¢ € F [X]
with a # 0.

(i) Suppose ¢ is odd and let A = b> —4ac. Then f(X) has two distinct linear factors,
or one repeated linear factor, or is irreducible over F,, according as A is a nonzero
square, or zero, or a nonsquare. If A is a square then the zeroes of f(X) are

—b+ VA
2a <

(ii) Suppose ¢ is even. If b =0 then f(X) = a(X + /%)? has a double zero Ve/a.
Now suppose b # 0. Then f(X) has two distinct zeroes, or is irreducible over F,,
according as 35 is of class 0 or 1 respectively. If r € F; is a zero then the other

r1,T2 = Fq.

Zero isr+g.

Proof. The case of odd characteristic is well-known and the proof is the same as in
characteristic zero. So consider ¢ = 2¢. The case b = 0 is clear, so assume b # 0. The
condition for an element r € F,; to be a zero of f(X) is that

ac

u2+u:b—2,

ar
where u = >
Consider the trace map T = Ty_/p, : Fg — Fo, t — t4+t+t+ - - +42". Note that
T (u?) —wtut 4+ o =T(u)
since t9 =t for all ¢ € F,. So a necessary condition for f(X) to have zeroes in F, is that
T(4) = T(u*) +T(u) = 2T (u) = 0,
i.e. 35 must be of class 0. If r is indeed a zero of f(X) then clearly

fIX) = aX?+bX +c=a(X+r)(X+r+2).

By convention we agree that 0° = 1.

A1l.5 Lemma. Let k€ {0,1,2,...,q—1}. Then

> -

a€lFy

0, if k£ < q—1;
1, ifk=g-1.
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Proof. For k = ¢—1 all terms in the sum are 1 except the term 09~! = 0, so the sum is
¢g—1 = —1 (in F;). Now suppose k € {0,1,2,...,¢—2} and denote Sy = Zaqu ak. For
every A € F the map F — F, x — Az is a permutation so

Sy = Zak: Z()\a)k:)\kZak:)\kSk.

a€lFy a€lFy a€lFy

Now (A* —1)Sk =0 for all X € F. Since the polynomial X* — 1 has at most k < ¢—2
zeroes there exists A € F¢ such that AF £ 1, and this forces Sy = 0. L1

A1.6 Theorem (Chevalley-Warning). Consider a system of polynomials f;(X7,
ooy X)) €Fg[ X1, Xo, .., Xp] for i =1,2,..., k of total degree ), deg fi(X1,...,X,)
< n. Let § be the set of all simultaneous zeroes of the f;’s in Fy, i.e.

S = {(al,ag,...,an) eFy : filar,a2,...,a,) =0 for all i = 1,2,...,k}.

Then |S| is divisible by p, where ¢ = p".

Proof.  We first extend Lemma A1.5 by observing that if ki,kz,...,k, >0 with ) k; <

(g—1)n, then
Z a]fla§2~~~aﬁn = H Zakizo;

al,ag,...,anGFg‘ 1<i<n a€lFy
this holds since at least one of the exponents k; < ¢—1. Now consider the polynomial

f(X17X27~"7X71) = H (1_fi(X17X27~"7Xn)q71) EFq[X17X27~"7Xn]
1<i<k

of total degree (¢g—1)) . k; < (¢g—1)n. Clearly

1, if (al,ag,...,an) € S;

0, otherwise.

f(al,ag,...,an) = {

By considering each monomial term in the multinomial expansion of f(Xi, Xa,...,X,,),
we have

Z f(a’17a/27~--7an):0€Fq.

al,ag,...,anGF;‘

Since the sum has |S| ones and all other terms are zero, the result follows. []

Let f : F;, — F,. Then f can be uniquely expressed as a polynomial in F,[X]
of degree less than ¢, for example using Lagrange interpolation. A polynomial f(X) €
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F,[X] of degree less than ¢ is called a permutation polynomial if the function F, —
[F, represented by f is bijective. We give Dickson’s condition for a polynomial to be a
permutation polynomial.

First observe that if f(X) € F,[X] is any polynomial, we may divide f(X) by X9—X
to obtain f(X) = (X9-X)g(X) + r(X) where degr(X) < g. Then r(X) is the unique
polynomial of degree less than ¢ which represents the same function F, — F, as the original
f(X). We call r(X) the reduction of f(X) mod (X7—X).

A1.7 Theorem (Dickson’s Criterion). Let f(X) € F,[X] be a polynomial of
degree less than ¢. Then f(X) is a permutation polynomial iff the following two
conditions hold:

(i) f(X) has exactly one zero in F; and

(ii) for every k € {1,2,...,q—2}, the reduction of f(X)* mod (X9—X) has degree at
most q—2.

Proof. First suppose f(X) is a permutation polynomial, so that (i) holds. For each
ke {0,1,2,...,q—2} write

FXO)F = ) bX' mod (X9-X)
0<i<q
where by; € F;. By Lemma Al.5 we have

0= Z fla)F = Z bkizai = bi,g—1

acF 0<i<q a€lF,

for k=0,1,2,...,q—2.
Conversely, suppose (i) and (ii) hold. For each a € F, let n, = |f (a)|, which is the
number of solutions of f(x) = a for z € F,. But

0, fork=0,1,2,...,q—2;
Al1.8 Lk = ’ P S L k-
(AL8) 3 maa {_1 for = g1 } > a

a€lF, ’ a€lF,

The validity of (A1.8) follows from (i) for k = ¢—1, and from (ii) for k = 0,1,2,...,¢q—2
by Lemma A1.5. For each b € F, consider the polynomial

B(X)=1—(X=b)""= Y X" eF,[X]
0<k<q
For each a € I, we see that

1, ifa=b;

0, otherwise.

61(0) = bap = {
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Clearly

Z cka(na - 1)a]“C =0

0<k<q acl,
since the inner sum vanishes by (A1.8); but after interchanging the order of summation

0= Z(na—l) Z cppa’ = Z(na—l)éab:nb—lqu

a€lFy 0<k<q a€lFy

we obtain

which says that np = 1 mod p for all b € F,. Since the ny’s are non-negative integers
whose sum is ¢, this clearly implies that n, =1 € Z for all b € F,,. L]
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A2.1 Permutation Groups

Let X be a set. The collection of all bijections X — X is a group under composition,
called the symmetric group on X, denoted Sym X. Elements of Sym X are called per-
mutations of X. Permutations are often written using standard cycle notation, especially
when X = {1,2,...,n}, in which case we abbreviate S,, = Sym{1,2,...,n}. The action
of a permutation ¢ € Sym X on X is denoted either using superscripts, as in x — ¢
(right action); or using the usual function notation z — o(z) (left action), depending
on context. We prefer right action, unless this results in too many nested subscripts and
superscripts. Multiplication in Sym X is left-to-right composition in the case of right ac-
tions, so that (z7)7 = z°7; or right-to-left composition in the case of left actions, so that
(coT)(x) =0(r(z)).

A permutation group on X is a subgroup G < X. More generally given an arbi-
trary group GG, a permutation action or permutation representation of G on X is
a homomorphism 6 : G — Sym X. Such an action is faithful if 8 is injective, in which
case G = 0(@) so that we may identify G with the permutation group 0(G) < Sym X. If
G acts on X via @, we denote the action of an individual element g € G by z — 2% or
simply z +— 29 if the choice of action 6 is clear from context. The degree of G is | X]|, the
number of points being permuted.

Let G be a permutation group on a set X, or more generally a group acting on a
set X. For each x € X, the stabilizer of = is the subgroup

Gy={9€G: 29 =z}
The orbit of x is the subset
¢ ={29 : g€ G} C X.

It is well-known that the orbits of GG form a partition of X; and that for every x € X the
index of the stabilizer equals the size of the orbit:

A2.2 Theorem. If G acts on X and x € X, then [G : G,] = |z©|.

Assume G is a finite group acting on a finite set X, and let x1,...,x, € X be represen-
tatives of the distinct orbits of G on X. The set of points of X fixed by g € GG is denoted
by

Fixx(g) ={r € X : 29 =z}.
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A2.3 Theorem. The average number of points of X fixed by elements of GG, equals
n, the number of orbits. That is,

|—(1;|Z |Fixx (g)| = n.

geG

Proof. Let S be the set of pairs (z,g) with =z € X, g € G and 29 = . We count in two
different ways the number of such pairs. On the one hand

8] = IFixx(g)l.

geG
On the other hand, for each = € 2§’ the number of elements of G fixing x is

el _ 6l

G| = _
Cel = Toe] = o)’

thus

SI= " |G,

reX

=Y > G

1<i<n gead

-y oy
- G
1<i<n 2caC 7|

i

|G|
— Z |28 -
Claf

1<i<n

= > g

1<i<n

= n|G|. L]

A permutation group G (or more generally, an action of a group G) on X is transitive
if there is only one orbit; that is, if for all z, 2" € X there exists g € G such that 29 = 2.
We also say G is sharply transitive, or regular, if the choice of g € G mapping xz +— 2’
is unique. Note that G permutes X regularly iff |G| = | X| and every point € X has
trivial stabilizer G, = 1. We say that GG is doubly transitive or 2-transitive on X if
G is transitive on ordered pairs in X, i.e. if for all pairs (z,y) and (2’,3’) with = # y and
' # 3y in X, there exists g € G such that (z9,y9) = (2/,y"). If moreover the choice of
g € G is unique, we say G is sharply 2-transitive on X.
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The following is often useful in determining the size and structure of an automorphism
group.

A2.4 Theorem. Let GG be a group acting on a set X, and suppose H < G is a
transitive subgroup. Then for every element x € X, the stabilizer GG, satisfies

G=G,H={kh :keG;, he H}.

1

Proof. Let g € G. Since H is transitive, there exists h € H mapping x — z9. Then h
maps 29 — x, i.e. 19" =z Thus gh” '€ G, and g = (gh~ )h € G, H. L]

Let 6 : G — Sym X and ¥ : G — SymY be two permutation representations of the
same group G, on possibly different sets X, Y. We say these two permutation representa-
tions are equivalent if there exists a bijection f : X — Y such that f(z9)) = f(z)¥(9)
for all x € X and g € GG. Unravelling this definition, we see that two actions of G are
equivalent iff one is obtained from the other by simply renaming the points that are being
permuted. This is the natural equivalence relation for permutation groups and actions,
just as isomorphism is the natural equivalence relation for abstract groups.

For example, let G be the symmetry group of the square in the Euclidean plane as
shown, so that G is dihedral of order &:

D'\ c D
EAN 2
\ s
N
d X b
77N
s N
4 1
s a N

Then G has several natural actions, including an action 6 on the set of vertices X =
{1,2,3,4}; and an action 1) on the set of four sides Y = {a, b, ¢, d}; and an action 7 on the
set of diagonals Z = {D, D’'}. No two of these actions are equivalent. For example, let g
be the reflection in the diagonal D; then the action of g on vertices is given by 6(g) = (13),
whereas the action on edges is given by ¥(g) = (ab)(cd). Since 6(g) is a transposition
whereas ¥(g) is a product of two disjoint transpositions, the two actions are inequivalent.
The third action 7 is not even faithful; four of the elements of G act trivially on Z (i.e.
they both diagonals) whereas the other four act as (D D’). Note that the two diagonals
and the other two axes of symmetry divide the square into eight isosceles triangles, as
shown:




Appendix A2: GROUPS 207

Then G regularly permutes these eight triangles.

Every group G has a regular permutation action on the elements of X = G by right-
multiplication; this is Cayley’s Representation Theorem. More generally, let H < G be
any subgroup, and consider the set H\G = {Hg : g € G} of right cosets of H in G.
Then G acts transitively on X = H\G by right-multiplication; moreover every transitive
permutation action of GG is equivalent to such an action for some choice of subgroup H < G.
Indeed, given a transitive permutation action of G on X, let x € X and H = G,; then
the action of G on X is equivalent to the action of G on G,\G. In the case G, = 1, we
recover the regular representation.

A2.5 Linear Groups

Let F' be a field. The general linear group GL,,(F) is the multiplicative group consisting
of all invertible n xn matrices over F'. Its centre is the subgroup of all scalar matrices, i.e.
nonzero scalar multiples of the identity matrix; thus Z(GL,(F')) is naturally isomorphic
to F'*, the multiplicative group of all nonzero scalars. The projective general linear
group is the quotient group

PGL,(F) = GL(F)/Z(GLy(F)).

Its elements may be thought of as invertible matrices, but with two such matrices identified
whenever one is a nonzero scalar multiple of the other. The group PGL, (F') has a natural
permutation action on the set of all 1-dimensional subspaces of F', since multiplication by a
nonzero scalar fixes every 1-dimensional subspace. Similarly for each k € {1,2,...,n—1},
the group PGL,(F) has a natural permutation action on the set of all k-dimensional
subspaces of F. We easily check that this action is faithful.

Now suppose F' = F,. The number of invertible n x n matrices over F, is

IGL,(Fo)l = (¢" —1)(@" —)(¢" — ¢*) -~ (¢" —¢" )

since if A = [vl Vg - vn} is such a matrix, where vy, ..., v, are the columns of A, then
there are

q"—1 choices of vy, i.e. any nonzero vector of length n;
q"—q choices of vy for each vy, i.e. any vector not a multiple of vy;

q"—q* choices of vs for each (v, v3), i.e. any vector not in (vq,vs);
etc.; and finally
n n—1

q"—q"~ " choices of v, for each (vi,vs,...,v,_1), i.e. any vector not in (vy,va, ..., vp_1).

Consequently

|PGLn(Fy)| = 25 (¢" = (" — 9)(¢" = ¢*) -~ (¢" —¢" 7).
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For example we see that |PGL2(F2)] = 6. Since this group faithfully permutes
the three 1-dimensional subspaces of F2 (the [ﬂg = 3 points of P*(F3)) we must have
PGLy(F2) = Ss. In fact GLy(F2) = S3 since the centre of GLy(F2) is trivial.

In the same way, |PGL2(F3)| = 24. From the action of PGL2(F3) on the four points
of P?(FF3) we see that PG Lo(|F5) = Sy.

Similarly, |PGL2(F4)| = 60 and PGLy(F4) permutes the 5 points of P?(F,). Since Ss
has a unique subgroup of order 60, we obtain PGL2(F4) = As, the alternating group of
degree 5.

Let V be a vector space over a field F. A map T : V — V is semilinear if there
exists an automorphism o € Aut F' such that

T(au+bv) = a’T(u) +b°T(v) for all u,v € V; a,b € F.

The case 0 = 1 gives simply a linear transformation as a special case. If ¢ € AutC is
complex conjugation, we call T' simply a conjugate linear transformation. The group
of all semilinear transformations V' — V' is denoted I'L(V'), or 'L, (F) if V = F™. Again
we write

PTL(V) = GL(V)/Z

where Z < PT'L(V) is the normal (although not central) subgroup consisting of all scalar
maps v — Av where 0 # A € F'. We have

’FLn(Fq)’ = T’GLW(FQ)’; ’PFLW(FQ) = T’PGLR(FQ)’

where ¢ = p" and the orders of GL,,(F,) and PGL, (F,) are listed above. Every T" € T'L(V')
is uniquely representable in the form

v — Av°?

where A € GL(V) and o € Aut F' acts coordinatewise on V; thus (v1,ve,...,v,)7 =

(07,08, ..., 7).

An affine linear transformation 7' : V — V is a map of the form
Taalv)=Av+a

for some A € GL(V) and a € V. The group of all affine linear transformations V- — V
is the affine general linear group denoted AGL(V), or AGL,(F) if V. = F™. The
right-to-left composition law on AGL(V) is

TaaoTBpy =TAB, Ab+ta -

It follows that AGL, (F') is isomorphic to the subgroup

(¢ 5] reomimvem) o
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A oT

0 1
of length n.) We can go one step further and define AI'L(V') as the group of affine

and the map T4 o, — [ } is an isomorphism. (Here we think of F™ as column vectors
semilinear transformations
vi— Av? +a

where A € GL(V), 0 € Aut F and a € V. Note that
|AGLn (Fq)| = ¢"|GLn(Fq)l; | AL Ly, (Fg)| = 7" |G Ln(Fq)|

with notation as above.
One often abbreviates GL,(¢) = GL,(F,;) and similarly for the other matrix groups
over [y .

A2.6 Direct Products

Let K and G to be two groups. We assume for now that both K and G are multiplicative.
The (external) direct product of K and G is the group

H=KxG={(k,g9): ke K, ge G}
with componentwise multiplication

(k,g)(K',g") = (kK. gg").

Note that we may identify K with the subgroup {(k,1) : k& € K}, and identify G with
the subgroup {(1,g) : ¢ € G}. With this identification, we observe that the subgroups K
and G are complementary, i.e. H = KG = {hk : h € K, k € G} (recall the identification
of k with (k,1) and g with (1,¢)) and K NG =1 (so that every g € H can be uniquely
expressed as h = kg for k and g as above). Moreover these two subgroups are normal and
they commute with each other: kg = gk for all k € K and g € G.

Conversely, given a group H, in order to recognize H as the direct product of two
subgroups K,G < H, we require that H = KG, K NG = 1, and K commutes with G (in
particular both K and G are normal subgroups). We then write H = KG = K x G, the
(internal) direct product of K and G.

This construction is entirely analogous to the construction of (internal and external)
direct sums of vector spaces.

A2.7 Semidirect Products

Here we generalize the notion of a direct product. Let K and G be groups, and suppose
that G acts on K. In this context (as in Section A2.1) G permutes the set of elements of
K; but here we require that the resulting permutations of K are actually automorphisms
of K. This means that each g € G determines a map K — K denoted by k — k9 such
that

(hiho)* = hihg;  h&Fe = (hM)*
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for all k,k1,ks € K; g,91,92 € G. (Note that the data we are given includes not only
groups K and G but also a choice of homomorphism G — Aut(K).) Define the (external)
semidirect product of K and G as

H=KxG={(k,g9): ke K, ge G}
where the product in H is defined by

(k1,91)(k2,92) = (k{*k2, g192)

for all k; € K, g; € G. If you have never done this before, you should check that
this actually does define a group; most importantly, this product is associative. Again
{(k,1) : k € K} is a subgroup (actually a normal subgroup) which we identify with K;
and {(1,9) : g € G} is a subgroup (although not in general normal) which we identify
with G. Note that K and GG do not typically commute with each other; indeed

(17 g)_l(kv 1)(17 g) = (kgv 1)

so that the original action of G on K which was given, is realized as the action by conju-
gation in the group H. It is important to realize that the data required to construct the
group H includes not only the groups K and G, but also the choice of action of G on K.
In particular if one chooses the trivial action, one obtains simply a direct product as a
special case.

Reversing our viewpoint, suppose we are given a group H and two subgroups K,G < H
such that K is normal and every element h € H is uniquely expressible as h = kg where
ke K, ge G (ie. H= KG with KNG = 1). Then H is the (internal) semidirect product
of K and G.

As an example, the group of affine linear transformations on V' is

AGL(V) =V x GL(V)

where V is identified as the normal subgroup consisting of translations v — v + a, and
GL(V) is identified as the subgroup consisting of linear transformations v — Av. Similarly,

ATL(V) =V xTL(V).
Also the group of semilinear transformations on V' is

I'L=GL(V) % Aut F.

2 ...,2" 1} of order n, and let

As a final example, consider a cyclic group K = {1, z,x
G = {1,y} be a group of order 2. Then any semidirect product of K by G is either a direct

product (in which # commutes with %) or a dihedral group (in which ¥ =y 'zy =z ).
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An algebra over a field F is a vector space over F' which also a ring with identity (and
certain assumptions of compatibility between the ring and vector space structures are
required to hold, including distributivity of multiplication over addition). Although an
identity element 1 € A is not assumed in every case, we will only consider algebras with
identity. Formally, we begin with a vector space A over a field F. We assume that A also
has a multiplicative structure: zy € A whenever z,y€ A and that A has two distinguished
elements 0,1 € A such that

r+0=0+zrz=1z=21=2x

for all z € A. If no confusion arises, we write simply 0, 1 instead of 0,1 (although these
elements are distinct from the scalars 0,1 € F'). Moreover we assume that the following
statements hold for all r,s € F' and x,y € A:

(re)y = r(zy) = z(ry);

(rs)z = r(sx).
In this case we call A an algebra over F'. We say A is commutative or non-commutative
according as its multiplication is commutative or not (regardless of the addition in A, which
is always commutative).

A3.1 Example: Matrix Algebras. The set F"*" consisting of all n x n matrices over
a field F is an algebra over F'. This algebra is not commutative when n > 2. We usually
denote 0 (the zero matrix) and 1 (the identity matrix) simply by 0 and 1.

A3.2 Example: Polynomial Algebras. The polynomial ring R = F[X;, Xo,..., X,]
consisting of all polynomials in X7, X5, ..., X,, with coefficients in F, is an algebra over
F'. Here 0 and 1 are just the constant polynomials 0 and 1. It is a graded ring, i.e.

R:@Rka RyRy C Riqg.
k>0

Here Ry is the subspace of all k-homogeneous polynomials. By Lemma 21.6 its dimension

is (n7;+k).

A3.3 Example: Group Algebras. Let G be a finite multiplicative group, and let F’
be a field. The group algebra of GG over F' is the set F'G consisting of all formal linear
combinations of elements of GG with coefficients in F'. Typical elements a,b € F'G have the

a:Zagg; b:Zbgg

geG geG

form
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where a4, b, € F'; addition and multiplication in F'G are then defined by

a+b= Z(ag+bg)9; ab = Z agbpgh = Z(Z agbg_lx)a;.

geG g,heG z€G geG

Note that the group algebra F'G is commutative iff the group G is itself abelian.
For example consider G = S3 = {(1), (12), (13), (23), (123), (132)}. In this case

FS3 ={a(l) +b(12) + c(13) + d(23) + e(123) + f(132) : a,b,c,d e, f € F}.
An example of multiplication in this algebra is given by
[(12) = 2(13)] [(1) + (12) — (23) 4 (123)] = (1) + (12) — (13) — 2(23) + 2(123) — 3(132).

Here the zero element 0 € F'G is the linear combination of group elements in which all
coefficients are zero; it is usually denoted simply 0. Also the algebra identity 1 € FG is
just the group identity, usually denoted simply by 1, or in this case (1).

A skewfield (or division ringl) is a ring with identity, in which every nonzero
element is a unit (i.e. is invertible). A field is a commutative skewfield. A division
algebra over a field F' is an algebra over F' which is a skewfield (i.e. division ring).

A3.4 Theorem (Wedderburn). Every finite skewfield is a field.

A3.5 Example: The Real Quaternions. The algebra of real quaternions is the 4-
dimensional algebra over R given by

H={a+bi+cj+dk : abc,decR}
where
i’ =2 =k*=ijk=—1;
iy =k, jk=1 ki=y;
ji=—k; kj=-—1; ik=—j.
This is the easiest example of a non-commutative skewfield.
Let A be an algebra over F. A (left) A-module is a vector space M over F' together

with a left action of A on M, written as left-multiplication (ax € M whenever a € A,
x € M) such that

a(x +y) = ax + ay;

! Caution: The term division ring is sometimes used in a different sense by finite geometers; see [31].
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(a+b)x = ax + bx;

a(bz) = (ab)x;

lzr ==z
for all a,b € A; x,y € M. Given an A-module M, an F-subspace N < M is an A-
submodule if ax € N whenever a € A, z € N.

A3.6 Example: The Natural Module for F"*". Let F"™*™ be the algebra of n x n
matrices over a field F. Then F™ (the n-dimensional vector space consisting of column
vectors of length n over F') is a module for F™*" in which matrices act on the left by the
usual matrix multiplication.

A3.7 Example: The Regular Module. Let A be an algebra over F. Then A may
be regarded as a module over itself, where the left action of A on itself is the usual
multiplication in A. This module is called the (left) regular A-module. Note that a
submodule of the left regular module, is the same thing as a left ideal of A.

Let A be an algebra over F', and let M be a nonzero A-module. We say M is simple
(or minimal or irreducible) if its only A-submodules are (0) and M itself. We say M is
semisimple if it satisfies the equivalent conditions (i) and (ii) of the following.

A3.8 Proposition. Let A be an algebra over F', and let M be a finite-dimensional
A-module. Then the following two conditions are equivalent.

(i) For every submodule U C M there exists a complementary ideal U’ C M with
M=UaU'.

(ii) There exist simple submodules Uy, Us,...,U, € M such that M = U; & Uy &
P UT X

A3.9 Example: Modules for F""*™. It is easy to see that the natural module F" for
F™*™ is simple. The regular module is semisimple:

F"=2U;0Us @@ U,

where U; C F™*" is the submodule (i.e. left ideal) consisting of all n x n matrices having
zeroes outside of the i-th column.

Let G be a finite multiplicative group and F' a field. A (linear) representation of
G over F is a homomorphism 7 : G — GL,(F). Given such a representation, the vector
space F'™ has the structure of a module over the group algebra F'G, where a typical element
g € G acts onv € F™ as v — 7w(g)v, and more generally

a:ZaggeFG

geG
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acts on F"™ as

v Z agm(g)v.

Conversely, an action of the group algebra F'G on F'™ gives rise to a representation G —
GL,(F), so the two notions of a representation of G, and a module for F'G, are really
equivalent. A useful sufficient condition for semisimplicity of F'G-modules is the following.

A3.10 Theorem (Maschke). Let G be a finite group, and let F' be a field whose
characteristic does not divide |G|. (Thus either char F =0 or char F' = p [|G|.) Then
every F'G-module is semisimple.

Proof. Let M be an FG-module and let U < M be a submodule. Choose any complemen-
tary subspace W < M, so that M =U @& W as F-vector spaces. We cannot assume that
W is an F'G-submodule; if it were, we would be done. Let P : M — U be the projection
onto U along W; thus P : M — U is the unique F-linear transformation satisfying

Px =z iff x € U;
Px =0 iff x € W,
P2 =Pp.

Define the F-linear transformation

ZB:M—>U; UH—Zh_Ith.

Note that the scalar |G| is invertible in F', by the hypothesis on the characteristic of F.
We first show that

(A3.11) P(av) = a(Pv) for all a e FG, veV.

It suffices to verify (A3.11) in the case a = g € G; but in this case

~ 1 1
Plgv) = — S~ n'Ph
(gv) e heZG gv

1 1
= @ Z gk Pkv where k = hg
kedG

1 -
= @ng Pkv

= g(Pv)

and so (A3.11) follows in the general case from linearity. Next we check that
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(A3.12) P2=P.

Indeed, for all v € M we have

PPv= 1z > b 'Phk Pk
’ ’ h,keG

=GP ’2 > b hk Phu
h,keG

since Pkv € U implies that hk 'Pkv € U also, and so the latter element is fixed by P.
Thus

which proves (A3.11). Thus Pis a projection operator. We show that it is in fact a
projection onto U:

(A3.12) Puv=v iff veU.

First observe that if v € U then

Py =

h™"Phuv

1
1G]
1
16l

=
=t
since hv e U is fixed by P; thus Pv = . Conversely, suppose that Py = v; then since
Pv e U it follows that v € U. Thus (A3.12) holds. Finally
(A3.12) M =U & U’ where U’ =ker P is an F'G-submodule.
If v e U’ =ker P then for all a € F'G we have

P(av) = a(Pv) =0

by (A3.11), so av € U’ as well. Thus U’ C M is an FG-submodule, and the remaining
assertions in (A3.12) follow from elementary properties of projections. L1
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A3.13 Corollary. Let G be a finite group, and let F' be a field of order not dividing
|G|. (Thus either char F = 0 or char F' = p f|G|.) Then for every left ideal J C FG
there is a complementary left ideal J' C F'G satisfying FG =7& 7.

Proof. Apply Theorem A3.10 to the regular module F'G. L]

Let A be an algebra over F. Elements of the centre Z(A) are called central elements
of A. An idempotent in A is an element e € A such that e =e.

Now suppose that A is commutative and that the regular module of A is semisimple.
We exhibit a one-to-one correspondence! between the idempotents of A, and the ideals
of A. First suppose J C A is an ideal. By assumption there exists a complementary ideal
3’ C A such that A =73®73". (Note that all ideals are two-sided since A is commutative.)
In particular

(A3.14) l=ec+¢

for unique elements e € J, ¢ € J’. From (A3.14) we obtain e = e? + €’e where €’e €
JNJ = (0), so €? = e and similarly (¢')? = ¢’. Right-multiplying (A3.14) by an arbitrary
x € A gives

(A3.15) x=er+ex

where ex € J and ¢’z € J’; thus the map x — ex is the projection of A onto J along J;
similarly = +— €’z is the projection of A onto J’ along J. Thus J = Ae and 7' = A€'.
Evidently e is the unique idempotent generator of J so the correspondence J « e is
bijective. The essential features of this correspondence are summarized as follows.

A3.16 Theorem. Let A be a commutative algebra over F' whose regular module is
semisimple. Then there is a one-to-one correspondence between idempotent elements
e € A and ideals J C A, such that J = Ae. Moreover if J; = Ae; and Jy = Aes where
each e; is idempotent, then

(i) 3102 =31 N Ty = Aejey and

(ii) J1+ T = A(€1+€2—€1€2)
where ejes and ej+ezs—ejes are the unique idempotent generators of the ideals listed
in (i) and (ii) respectively.

1A similar conclusion holds under the weaker hypothesis that A is semisimple, meaning that its Jacobson
radical is (0), but A is not necessarily commutative. In this case there is a one-to-one correspondence between
the (two-sided) ideals of A and the central idempotents of A; see e.g. [32]. We will not require this stronger
version.
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Proof. 'We have already established the indicated one-to-one correspondence. Consider
ideals J; = Ae; for ¢ = 1,2 where e; and es are idempotent. Then
(e1e2)? = efed = ejen;
(e1+ea—eren)? = e24erteles+2eiea—2ees—2e1e5 = ejtea—ejen
so these two elements are idempotent. Clearly
J1NTo DT1T = Aeqes.
But if x € 31 NJ2 then = = e;z = ejeax € Aejeg, so equality holds in (i). For (ii) it is

clear that
J1+3J2 D A(€1+€2—€1€2);

to check equality, note that for all z € A we have
(ze1)(e1+ea—eren) = x(e2t+erea—etes) = zey

so that J; C A(e1+ez2—ejez2). A similar argument shows that Jo C A(e;+e2—eje2), so in
fact
J1+3J5 C A(€1+62—€162)

also, and so the equality (ii) holds. L]

A3.17 Example: Diagonal Matrices. Let A be the ring of n x n diagonal matrices
over F. [Of course A =2 F" = F® F & ---® F (n summands).] Then A has 2" ideals,
corresponding to the 2" idempotent elements, these being the diagonal matrices with
diagonal entries € {0,1}. To be even more concrete, let’s take n = 4 and consider the
ideals

(Ta 0 0 07 ) 1 0 0 07
~ . 0b0O0]| |01 00|
J1 = Aer = 0000 ta,be F where e; = 0000l
(LO 0 0 O J L0 0 0 0
(70 0 0 07 ) 0 0 0 07
~ o 0aO0O0] ~lo100
Jo = Aeg = 00 b0 ta,beF where ey = 0010
L LO 0 0 O J L0 0 0 0
Then
0000 0000
~ o~ - 0aO0O0] 10100
J1J2=T1NTy = Aejes = 0000 ca€F where ejes = 0000
0000 0000
and
a 000
~ o~ 0b 00
J1432 = A(e1+ea—eres) = 00col @ b,ce F
0000 1000
0100
where ej+ex—ejes = 0010
0000
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Let V be an n-dimensional vector space over F' with basis ey, eo, ..., e,. The k-th exterior
power of V is the vector space /\kV of dimension (2) with basis given by the symbols

e, Neiu N -+ Nej, 1< <tg << <.

(The symbol ‘A’ is read as ‘wedge’.) We extend this notation by defining v; Ava A - -+ Avy, €
/\kV for all vy, vs,...,vx € V subject to the rules:

(A4.1) The vector vi AvaA --- Avg is linear in each argument if the other arguments
are fixed, i.e.
VI AV A -+ Aavi+bu)) A - - Avg
= a(vy Ava A -+ AU A -+ Avg) + b(vr Ava A+ AULA -+ Avg) .

(A4.2) The vector vy Ava A --- Avg vanishes if any two of its arguments coincide. Thus
if v; = v; for some ¢ # j then vi Ava A --- Avp = 0.

From (A4.1) and (A4.2) we obtain

(A4.3) The vector vi Ava A - -+ Avy is replaced by its negative, if any two of its arguments
are interchanged. Thus for all ¢ # 5 we have

VIAVIA - AUFA - A A - Avg = — (V1 AV2 A - AUA == AU A -+ - Avg).

The identity (A4.3) follows from (A4.1) and (A4.2) by simply expanding

0=v1 AvaA - Avi4v)) A - A(vi4v;) A -+ Avg
— (V1 AV2A - AN - AUA - Avg) — (V1 AV2A - AUGA - AU A -+ - Avg).

Conversely we may derive (A4.2) from (A4.1) and (A4.3), assuming char F’ # 2. (If
char ' = 2 then nothing can be deduced from (A4.3) since the assertion (A4.3) says
merely that a vector equals itself.) The properties above suffice to evaluate an arbitrary
wedge product vi Avg A - -+ Avg ; however if one requires a more explicit definition then

the following will serve. First expand v; = ) wv;je; where v;; € F; then
1<j<n
V1j; Vijp - Vljy
V2, V2j, V2
(Ad.4)  wviAva A Avg = Z o ) Clejy Aej, A Aej,

1<j1<ga < <jr<n
Vkji Vkja " Ukjy
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Consider the matrix M whose rows are the coordinates of vy, vs,...,vr with respect to
€1,€2,...,en. This kxn matrix M has (Z) submatrices of size kxk, whose determinants
are simply the coefficients in (A4.4). Recall that M is singular iff all of its kxk submatrices
are singular; thus

(A4.5) Vectors vy,va,...,vx € V are linearly dependent iff v1 Ava A -+ Avg = 0.

We naturally identify A'V = V; also A’V = F. If v € AV and w € AV then v Aw €
/\kM V' is well-defined; here one simply identifies

(V1 Ava A -+ Avg) A (wr Awa A -+ Awg) =1 Ava A -+ Aug Awp Awa A -+ Awg .

When k£ = 0 or £ = 0, the corresponding factor v or w is an empty wedge product, which
by definition is simply the scalar 1. Also it follows from the definitions that /\kV =0
whenever k > n.

The exterior algebra of V is the algebra

ANV=BNV=FaVaNVaoNVe - -aNV
k>0

with respect to the wedge product ‘A’. This is a graded algebra of dimension

5.0

0<k<n

By ‘graded’ we mean simply the fact that multiplying (i.e. ‘wedging’) elements of /\kV
with elements of /\KV, gives elements of /\kM V', as previously mentioned.

The inexperienced reader is encouraged to think of V' as F*, and to identify /\2V with
the () )-dimensional space Skew,(F) of all skew-symmetric n X n matrices over F. An
actual isomorphism is given by

NV — Skew, (F), vAw — v"w—w".

Note that an n x n matrix of the form v"w has rank 1 (unless v = w = 0, in which case
v™w = 0 has rank 0) and that the skew-symmetric matrix v"w—w"v has rank either 0 or
2, according as v and w are or are not linearly dependent. In general, a skew-symmetric
n X n matrix is not necessarily of the form v"w—w"v; elements of Skew,,(F') can have any
rank in 0,2,4,...,2k where n € {2k,2k+1}. However, Skew,,(F') is spanned by its rank 2
elements.

The preceding remarks are intended to help the reader remember that not every vector
in /\kV has the form ‘pure’ form wvi Avg A -+ Avg where vy,vs,...,v; € V; rather, /\kV
is spanned by elements of this pure form.
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Coding theory, or the theory of error-correcting codes, concerns how information may best
be represented for the purpose of transmission over a noisy channel, or stored in imper-
fect media, in such a way that a limited number of errors introduced during transmis-
sion/reception, or storage/retrieval, may be corrected. To formalize these goals inevitably
leads us to notions of finite geometry. Coding theorists use many of the standard con-
structions of finite geometry in the construction of good codes. In this study, where finite
geometry is our primary interest, we shall have more use for the reverse process in which
coding theory is used to study finite geometry. For a more comprehensive introduction to
coding theory, see e.g. [65].

An alphabet is simply a finite set A of symbols, possibly the Roman alphabet
{a,b,c,...,z} or the set of 256 ASCII characters; or more typically for our use, the el-
ements of a finite field, especially the binary alphabet F, = {0,1} whose elements we
call bits. A code of length n over an alphabet A is a subset C C A™. We refer to C as a
g-ary code where ¢ = |A|. Elements of A™ are called words (or bitstrings if A = {0,1}),
and elements of the subset C are called codewords. The (Hamming) distance between
two words w,w’ € A", denoted §(w,w’) € {0,1,2,...,n}, is the number of coordinates in
which they differ. Note that ¢ is a metric on A™. The minimum distance of C is

d = min §(v,w).
wF# v
in'C

Denote the closed ball of radius r centred at a vector w € Fy' by
By (w) ={v € Fy : d(v,w) <r}.

A code C is e-error correcting if the balls B.(w) centred at the codewords w € C are
mutually disjoint. In this case a received word v € Be(w) is uniquely decoded as w € C,
at least in principle. (Actually finding the closest codeword w € C to a given word v may
be difficult in practice.)

Ab5.1 Proposition. A code C is e-error correcting iff its minimum distance is at least
2e + 1.

Proof. If C is not e-error correcting then there exist w # w’ in C such that Be(w)N B, (w’)
contains some vector v € Fy; but then 0(w,w’) < é(w,v) + d(v,w’) < e+ e = 2e. Clearly
the converse of this argument also holds. L1

We say that C is e-error detecting if B.(w) N Be_1(w’) = O for all w # w’ in C.
This says that if at most e symbols in a transmitted word are altered during transmission,
the recipient can be sure that such an error occurred; but cannot in general correct it; see
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Example A5.6 below. Clearly every code with minimum distance d is ng—error detecting,
and L%J—error correcting.

Note that

|Br(v)] =1+4n(qg—1) + (Z)(q— 124+ (")(q_l)r.

r

An elementary counting argument using this yields

A5.2 Theorem (Sphere-Packing Bound; Hamming Bound). IfC is an e-error
correcting g-ary code of length n, then

n

q
€l < 1+n(g—1)+ (g) (g—1)2+---+ (Z) (=)

A perfect code is one for which equality holds in the Sphere-Packing Bound; in this case
the balls B.(w) centred at codewords w € C partition the set A™ of all words.

Usually A = F, is a finite field, and subspaces C < Fy are called linear codes. A
linear code of length n and dimension k is called an [n, k]-code. The (Hamming) weight
of a word (i.e. vector) v € Fy is the number wt(v) € {0,1,2,...,n} of nonzero coordinates
of v. Note that the Hamming distance between two words v, w € Fy is given by

d(v,w) = wt(w — v).

It follows that the minimum distance of a linear code C coincides with the minimum
weight:
d = min wt(w).

w#0

in C
A linear code with minimum weight d is also called an [n, k, d]-code.

Let G be a k x n matrix over F, having linearly independent rows (so in particular

k < n). The row space of G is an [n, k]-code

C:{xG:xng‘}.

We call G a generator matrix for the code C. In this case the injective map IF’; — Fy,
x +— xG gives an encoding of all g-ary words of length k, as words of length n. We say that
C has information rate equal to % This is the fraction of the transmitted symbols which
contain useful information; the remaining symbols may serve to provide error correction.
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An [n, k]-code may be specified as the row space of a k x n matrix G as above, or as
the right null space of an (n—k) x n matrix H having linearly independent rows:

_ n . _ n—k
C={yelF, : Hy"=0ecF, "}

Such a matrix H is called a parity check matrix for C. Given a received word y € Fy, we
call the vector Hy" € IFZ“*]“ the (error) syndrome of y. The syndrome is useful in error
detection and correction: certainly a nonzero syndrome indicates that an error occurred
during transmission. To see the utility of syndromes in error correction, see Example A5.8
below.

The fundamental goal of coding theory is to find codes with the following desirable
properties:

e High information rate;
e High error-correcting capability (i.e. large minimum distance);
e Efficient encoding and decoding algorithms should be available.

These goals tend to be conflicting in nature; for example one can increase the error-
correcting capability, at the cost of reducing the information rate and thereby increasing
the cost of transmission, as Theorem A5.2 shows. Another bound which shows this trade-
off between minimum distance and information rate is the following.

A5.3 Theorem (Singleton Bound). If C is a linear [n,k,d]-code over F, then
k<n-—-d+1.

Proof. Let H be an (n—k) x n parity check matrix for C. Since H has rank n —k, it has a
set of n—k linearly independent columns; we may suppose that the first n—k columns of H
are linearly independent, otherwise permute the columns of H appropriately. (Permuting
the coordinates of C yields once again an [n, k,d]-code.) Now we may assume H is in
reduced row-echelon form; otherwise replace H by its reduced row-echelon form, and this
will not change its right null space. Thus

H=[l— X]

where I is the (n—k) x (n—k) identity matrix, and X € anfk)xk

the matrix

. It is easy to check that
G=[-X" 1]

is a generator matrix for C. Its rows have weight at most n—k+1, so that d < n—k+1.[]

Codes for which the Singleton Bound is attained, are called MDS codes. (This is
an acronym for Maximum Distance Separable, which is such an unfortunate term that
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everyone just calls them MDS codes.) Although both bounds A5.2 and A5.3 describe the
optimal possible tradeoff between information rate and minimum distance, neither bound
implies the other. Thus there exist MDS codes which are not perfect; and there exist
perfect codes which are not MDS.

The weight enumerator of a code C of length n is the polynomial

veC 0<d<n

where A, is the number of codewords of weight d. The essential information conveyed by
the weight enumerator is the list of integer values Ag, Ay,..., A,, known as the weight
distribution of C. The reason for representing this list of values as a single polynomial
is motivated by Theorem A5.4 below. In the case C is a linear code, we define the dual
code by

CL:{wEIF;1 cw-v=0 forall v eC}

where w - v = wv”. Thus the dual of an [n, k]-code is an [n, n—k]-code. If C has generator
matrix G and parity check matrix H, then C* has generator matrix H and parity check
matrix G.

The MacWilliams relations (Theorem A5.4) show that the weight distribution of either
of these two codes (C or C*) determines the weight distribution of the other.

A5.4 Theorem (MacWilliams). Let C be a linear [n, k]-code over ;. Then the
weight enumerator of the dual code is given by

14CL (.CE, y) = qikAC(x + (q_l)yv T — y)

Before proving Theorem A5.4 we consider an example.

A5.5 Example. Consider the binary [5,2]-code C = {00000, 11100,10011,01111}, which
has weight enumerator
Ac(z,y) = 2° 4 22%y° + xy*.

Its dual is the binary [5, 3]-code
¢+ = {00000,01100,00011,01111,11010,11001,10110,10101}
whose weight enumerator is

Aci(2) = 2° + 2239 + 42y® + zyt.
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The MacWilliams relations are expressed as the identity
Aci(z,y) = jAc(z +y, 2 —y),
ie.
® +20°y* + 4y’ + ayt = 1[(2+y)” + 2(2+y)? (2-y)° + (a+y) (2-y)*]

which may be verified directly. In passing we note that C+ NC = {00000,01111}. This is
typical in that while the subspaces C,C+ < [Fy; have complementary dimension, they are
not in general complementary subspaces (unlike the situation for inner product spaces).

Proof of Theorem A5.4. A character of the additive group of F, is a map x : F, — C*
such that x(a +b) = x(a)x(b) for all a,b € F,. (Here C* is the multiplicative group of
nonzero complex numbers.) In particular the map x(a) =1 for all a € F, is the principal
character; every other character of IF, is nonprincipal. Let x be a nonprincipal character
of F, and observe that

> x(a) =0.

a€lFy
For all u € IFg define
glu) =) x(u-v)a" Wy,

UGFQ

Then

Zg Z Z U - 1) " wt(v) wt(v) — Z <ZX U - 1)) n— wt(v)ywt(v).

u€eC ueC UGF" UGF" u€eC

The innermost sum is ¢* for v € C*+ and vanishes otherwise; therefore

D glu) =¢"Y " an Ty = ¢ AgL (2, y).

ueC veCt
For v = (v1,...,v,) € [y we have
0, if v; = 0;
wt(v) = wt(vy) + - - + wt(v,) where wt(v;) = .
1, ifvy,=1

gw)= > X(urvit - Fugp,)g T e ettt wt(v,)

V1,...,0n €EFq

_ Z ulvl - wt(m)ywt(vl)X<u2v2)x17wt(v2)ywt(v2) . X<unvn)x17wt(vn)ywt(vn)

V1,...,0n €EFq

=T D x(uiwia!—wttvaywtvn,

1<i<n v;€F,
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The innermost sum equals x + (¢—1)y if u; =0, and x — y if u; # 0; thus
n—wt(u wt(u
g(u) = (x4 (g-1)y)" """ (@ — )=,

Summing over u € C gives the required result. L1

Consider the problem of transmitting a single hexadecimal digit, or equivalently, a
bitstring of length 4. Such a message may be transmitted as a sequence of four bits, but
this scheme will provide no error-correcting capability: if the message 0100 is transmitted,
and the third bit is altered due to static so that the word 0110 is received, the error cannot

be detected by the receiver. The following examples show how we can do better.

A5.6 Example: Parity Check Code. A slightly better scheme would be to add a single
parity check bit to every word; thus message words and the corresponding codewords are

as listed in the following table. This code detects single errors but corrects no errors.

Message Message
Word Codeword Word Codeword
0000 00000 1000 1000 1
0001 0001 1 1001 1001 0
0010 00101 1010 10100
0011 00110 1011 10111
0111 01111 1111 11110

This code has an information rate of % = 80%), meaning that 4 out of every 5 bits transmit-
ted carry useful information; 1 out of every 5 bits transmitted supply redundancy useful
in checking the validity of the information transmitted.

This code has generator matrix and parity check matrix given by

H=[11111].

SO O
O O = O
o= O O
_ o O O
— =

A5.7 Example: 3-Repetition Code. The idea behind this code is to simply send
every bit three times, and to require the receiver to use a simple ‘majority rules’ approach

to decoding. This code is not only 1-error detecting, but in fact 1-error correcting. This
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advantage comes at the cost: 2 out of every 3 bits transmitted are redundant bits, and the
information rate is only 3 ~ 33%.

Message Message
Word Codeword Word Codeword

0000 000 000 000 000 1000 111 000 000 000
0001 000 000 000 111 1001 111 000000 111
0010 000 000 111 000 1010 111 000 111 000
0011 000000 111111 1011 111000111111

0111 000111111111 1111 111111111111

This code has generator matrix and parity check matrix given by

r101 000 000 0007

011 000 000 0O0O

111 000 000 00O 000 101 000 000

a— 000 111 000 00O 7 000 011 000 0O0O
000 000 111 000} {000 000 101 000
000 000 000 111 000 000 011 000

000 000 000 101

000 000 000 011

A5.8 Example: The [7,4,3] binary Hamming Code. The following scheme is su-
perior to the previous example in that it also allows single bit errors to be corrected, yet
it has a substantially higher information rate of % ~ 57%. It is in fact a perfect code,
although not an MDS code.

M\;}ssrage Codeword M\;}ssrage Codeword
0000 0000 000 1000 1000 011
0001 0001 111 1001 1001 100
0010 0010 110 1010 1010 101
0011 0011 001 1011 1011 010
0100 0100 101 1100 1100 110
0101 0101 010 1101 1101 001
0110 0110011 1110 1110 000
0111 0111 100 1111 1111111

This code has generator matrix and parity check matrix given by

O 0001111

G = , H=1]10 1 1 0 0 1 1
00 L0110 1 01 0 1 01
0 001 1 11
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Note that the columns of H consist of the numbers one through seven, written in binary.
This allows for very easy decoding. Note that a message string z € F3 is encoded as a
codeword y = 2G € F3. Suppose that this word is transmitted and a word y’ € F5 is
received. The receiver first computes the syndrome Hy” € F3.

e If the syndrome is zero, then 3/ is a legitimate codeword. We assume no bit errors
occurred during transmission (otherwise at least three bit errors occurred, which
we deem unlikely). We recover z € 3 as the first four bits of ¥/

e If the syndrome is nonzero, then the syndrome is the binary representation of
some i € {1,2,...,7}. First switch the i-th bit of ¢’ (i.e. add 1 mod 2 in the i-th
coordinate) to obtain the unique closest codeword to y’. We assume the resulting
codeword is actually y; so as before, we recover x € 3 as the first four bits of y/.

For example consider the message word = = 1101, which is encoded as y = G = 1101001.

Suppose this codeword is transmitted but that due to interference, the string ¢y’ = 1111001
is received. We compute the syndrome

This is the binary representation of 3, so switch the third bit of 3 to recover y = 1101001
and thereby we find x = 1101.
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Let R = C[Xy, Xa,...,X,], the algebra of all polynomials in X3, Xo,..., X, with com-
- € GL,(C) and polynomial

plex coefficients. For every invertible matrix A = [GULJ

f(Xq,...,X,) € R we define

(Af)(Xl, e ,Xn) = f((Xl, e ,Xn)A) = f(ziailXi, ZiaigXi, ey Zzaanz)

It is easy to see that A(f + g) = Af + Ag and A(fg) = (Af)(Ag). The map f — Af is
therefore an automorphism of the algebra R. Moreover (AB)(f) = A(Bf) for all A,B €
GL,(C) since
ABf)(X1,...,Xn) = (BH(X1,...,Xn)A)
= f((X1,...,X,)AB)
=((AB)f)(X1,...,X5).

This means that we have a (left) action of GL,(C) on R.

Let 7 : G — GL,(C) be a complex linear representation of a group G. Recall that
this simply means that 7 is a group homomorphism from G to GL,,(C). Then G also acts
on R, where the action of ¢ € G on a polynomial f is given by

fr=m(9)f

The set of invariants of G (which of course depends on the choice of representation 7) is
the set of all polynomials fixed by every element of G:

RE ={fcR:n(g9)f = f forall g € G}.

(Unfortunately this conflicts with the use of superscripts for G-orbits; but the notation is
by now too standard to adjust.) Note that RY is a subring of G; it is called the ring of
invariants of G. The main question is to determine R®. A first observation is that every
A € GL,(C) maps k-homogeneous polynomials to k-homogeneous polynomials, for each
k > 0. Writing R, C R for the subspace of all k-homogeneous polynomials (with the zero
polynomial included), then

R=ER:

k>0

in which every summand is preserved by the action of G. By Section A3.2 we have

(A6.1)  dimRy = (""F7Y).

We obtain

R¢ =P R{

k>0
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where R{ is the space of all k-homogeneous polynomials fixed by every element of G. Thus
it suffices to determine each of the summands R .

A6.2 Example: The Orthogonal Group. Consider the real orthogonal group
G={AeGL,(R) : AA" =1}

in its natural action on C”, i.e. we have simply the inclusion mapping 7= : G — GL,,(C),
A — A. Since orthogonal transformations preserve the Euclidean norm, it is clear that G
fixes the polynomial

n(X1,Xo,..., Xp) = X7+ X3+ + X2,
It follows that the ring of invariants R® contains the subring generated by 7, i.e.
RO 2 Cly) = {f(X? + X2 + -+ X2) : £(T) € C[T]}.
It turns out that equality holds: R® = C[n].

A6.3 Example: The Symmetric Group. Consider the symmetric group G = 5, in
its natural permutation representation of degree n. Here every o € S,, is represented by
the corresponding permutation matrix, thus:

7T<O') = |:6ia7jj|i,j .
It is clear that the elementary symmetric polynomials

el(Xl,XQ,...,Xn) =X1+Xo+--+X,,
e2(X1, X2, .., Xn) = X1 cicjcn XXy = Xa Xo + X0 X5 + -+ + X1 X,

ek(le X27 s 7X71) = 21§i1<i2<---<ik§n XilXiQ o sz )

en(Xl,Xg, e ,Xn) = X1X2 .. Xn

are invariant under coordinate permutations. Therefore the ring of invariants contains the
subring generated by ej,es, ..., ey, thus:

RG ) (C[el,eg, ce ,en].

Once again, although it is not obvious, equality holds: RY = Cley, ea,. .., e,]. For example,
the polynomials
pr(X1, Xoy .o, X)) = XF+ X5+ -+ XE
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are clearly invariants; according to our assertion, these may be expressed as polynomials
in ey, eg,...,e,. Indeed, we find that

pP1 = €1,
2 .
p2 = e] — 2ey;

p3 = e? — 3ejes + 3es;

etc.

These examples are suggestive of the following general result: whenever G is finite, the
ring of invariants is finitely generated. (The same conclusion holds more generally whenever
the representation 7 is unitary, i.e. with respect to some basis of C™ the matrices 7(g) are
unitary; in particular this happens whenever the subgroup 7(G) C GL,(G) is a compact
Lie group. The orthogonal group of Example A6.2 satisfies this condition.) The conclusion
here is that there exists a finite list of polynomials 1,12, ...,nm € C[X1,..., X, ] such that

RG = C[mﬂ?% .- 777771]

A list of such polynomials nx(X1,...,X,) for k =1,2,...,m, with m as small as possible,
form what is called a fundamental set of invariants. Given G and 7, algorithms are
known (using Grébner basis methods) for explicitly determining such a fundamental set
of invariants. Such an algorithm is presented, for example, in [20], [60]. Although it is not
our present purpose to describe such an algorithm here, nevertheless we outline one of the
key ingredients: a criterion for testing whether a known list of invariants n1,..., 7, is a
fundamental set of invariants. A graded subring of R is a subring S C R satisfying

S:@Sk

k>0

where S = S N Ry; for example that the ring of invariants of G is a graded subring. We
define the Hilbert series of a graded subring S C R by

Hg(t) = (dim Si)t*.

k>0

A6.4 Theorem (Molien). Let 7 : G — GL,(C) be a representation of a finite
group GG. Then the Hilbert series of the ring of invariants is given by

1 1
Hpe(t) = el QGZG det(I —tm(g))
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In order for Molien’s Theorem to be useful, we must have some means of computing Hilbert
series of some commonly arising subrings of R. Recall that polynomials g1,¢g2,...,9m €
C[X1,X2,...,X,] are algebraically dependent if there exists a nonzero polynomial
f(11,Ts,...,Ty) € C[T1,Ts,...,T,] such that f(g1,92,...,9m) = 0. Otherwise, we say
that g1, g2, ..., 9m are algebraically independent.

A6.5 Theorem. Let n1,72,...,7m € R be algebraically independent homogeneous
polynomials of degree dy,ds,...,d,, respectively, and let S = C[n1,m2,...,7m] C R,
the subring generated by 11,72, ..., mm. Then the Hilbert series of S is given by

1
Hs(t) = .
s(t) (1—td)(1 —td2) - (1 — tdm)
Proof. The k-homogeneous component S; C S is spanned by {n{*ns*---ntm : e; > 0,

€1,,62

> e; = k}. In fact this is a basis for Si: the polynomials n{'ns? - - -nSm cannot be linearly
dependent, for otherwise the polynomials 71,72, ..., n, would be algebraically dependent.
So dim Sy is the number of m-tuples (e1,es,...,e,) of non-negative integers satisfying
e1+ea+ - - +e, = k; but this is also the coefficient of ¥ in

1
(1—td1)(1—td2) - - (1—tdm)

— (1+td1 +t2d1 +t3d1+ . ‘)(1+td2+t2d2 +t3d2+ . .) . (1+td1n +t2d1n +t3d1n+ . .). |:|

A6.6 Example: The Trivial Group. Let G =1 acting on R = C[X1,..., X,], so that
the ring of invariants is the full polynomial ring: R = R. By (A6.1) and the Binomial
Theorem we obtain

Hye () = Hp(t) = 3 (dim Rp)t* = 3 (" +Z - 1)#? _ ﬁ

k>0 k>0

This result agrees with the prediction of Molien’s Theorem A6.4. Note that in this case
a fundamental set of invariants is given by Xi, Xs,...,X,, each of degree 1, so that
Theorem A6.5 gives the same result.

A6.7 Example: Even Polynomials. Let n =1 and consider the group G = {1, g} of
order two, acting on R = C[X] by sign changes; here m(g) = [—1]. Clearly the ring of
invariants is simply the subring of all even polynomials in X, i.e.

RY = C[X?] = {f(X?) : f(T) € C[T]}.
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Clearly Rf is one-dimensional (spanned by X*) whenever k = 0,2,4,6,...; and Rf =0
whenever k is odd. Thus

Hpo(t) =1+t +tt + 10 +... =

1—t2°

Again since a fundamental set of invariants consists simply of 7(X) = X? of degree 2, the
same result is given by Theorem A6.5.

A6.8 Example: The Symmetric Group S;. Consider the group G = S3 acting
naturally on R = C[X,Y, Z] by means of coordinate permutations. This is the special case
of Example A6.3 with n = 3, where we claim that a fundamental set of invariants consists
of the homogeneous polynomials

ea(X,Y,2) = X+Y+Z; e(X,Y,Z)=XY+XZ+YZ and e3(X,Y,Z)=XYZ

We show how Molien’s Theorem can be used to verify this result. The polynomials eq, e
and es are algebraically independent, which can be seen as follows. Suppose there exists a
nonzero polynomial

WTy, To, T3) = TP TR Te? + - - - € C[Ty, Ty, T3]

such that h(ei, ez, e3) = 0. Here ¢ # 0 and T T2*T4* is the lex-highest monomial appearing
in h; that is, for every monomial 7y T3> T4* appearing in h, either

11 > j1; Or

11 =J1 and i9 > jo; oOr

i1 =J1 and iz = jo and i3> js.
Then the coefficient of X+ +*FY itk ZE in h(ey, ez, e3) is ¢ # 0; in particular, h(eq, ez, e3)
cannot vanish. By Theorem A6.5, the subring S = Cley, e2, es] C R has Hilbert series

1

Hst) =T -ma-e)

By Molien’s Theorem, the Hilbert series of R is

10 1 3 2 1
Hpa(t) = 6[(1_t)3 L IR R Rl R TR

We conclude that S = R is the full ring of invariants. To see this, note that S C RS and so
the k-homogeneous components satisfy Si C Rf for all kK > 0; however dim Sy = dim Rf
by comparing coefficients of t* in the corresponding Hilbert series; therefore equality must
hold as claimed.



For further reading on the main themes of this course, the student is encouraged to
consult additional sources as listed below:

1]

[10]

[11]

[12]

[13]

[14]

Algebra: [49], [32] Incidence geometry: [11]
Classical groups and their geometry: [61] Projective geometry: [21], [12]
Coding Theory: [65], [14] Projective planes: [31], [4]
Combinatorics: [13], [14] Generalized quadrangles: [52]
Finite geometry: [25] Generalized polygons: [63]
[ L3
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