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0.1 Abstract/Sammendrag

This paper’s content is about projective geometry. In the paper the con-
cept of a projective space of a vector space is presented with examples of
such projective spaces. It look at maps from a projective space to itself, and
prove that there exists an isomorphism between Gry, ,,(F) and Gr, ,—m(F).
At the end Pliicker embedding is presented and wegde product is introduced.

Denne oppgaven handler om projektiv geometri. I oppgaven presenteres kon-
septet om et projektiv rom tilknyttet et vektorrom med eksempler pa noen
projektive rom. Man ser pa avbildning fra et projektiv rom til seg selv, og
beviser at det eksisterer en isomorfi mellom G7y,,(F) 0g G7p e (F). Mot
slutten av oppgaven blir Pliicker Imbedding presentert og ytreprodukt blir
introdusert.



Chapter 1

Projective geometry

1.1 Introduction to projective geometry

Projective geometry is the study of projections. In linear algebra a projective
space of dimension n over some field F is seen as the set of 1-dimensional
subsets of the vectorspace F*™!. Where any k-dimensional subspaces in F*+!
represents a k— 1 dimensional objects in the projective space. Another way of
thinking of projective spaces, is as extensions of Euclidean spaces by adding
"infinity points" that determines the direction of a line in the space. The
weakness with this way of thinking is that it seperates the "infinity points'
from the other points, but they really are "inseperable" from the other points.

Definition 1 Let V' be a n-dimensional vector space over a field F, then
the projective space given by V is denoted by P(V') and consist of all the
1-dimensional subspaces of V. If V.= F™ then the notation P"*(F) will be

used.

First, we will see the relation between projective geometry and projec-
tions. To do this I will define what a projection is.

Definition 2 Let A be a set, and B be a subset of A. Then we call the map
g : A — B a projection if g has the following property: g o g = p, which
means that g(g(a) = g(a) for all a € A.

If V. = F" for some field F, Then the projection we will look at is
the projection that maps all nonzero vectors in V', to a n — 1 dimensional
object in V. One way to do this is to let the n — 1 dimensional object
A= An_1UAn_2U...UA1UAO such that Az = {(0, ceey 0, ]_, Lp—idtly oy Tp—1, [En) |
z; € F} and map a point a = (ay, ag, ...,a,) # 0 to the point in the inter-
section between A and the line | = {(kay, kag, ..., kay,) | k € F}, so if a; # 0
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then (ay, as, ..., a,) is mapped to (1,a;'as,a;'as...,a; 'a,). In the case that
a; = 0, since a # 0, there must be an k£ such that a;, # 0 and a,, = 0
for m < i Then a is mapped afa, Then this map is a projecting of V' on
A such that for any point b € A, the set of vectors which is projected to
b is equal the nonzero part of the subspace generated by b, so this projec-
tion can be seen as projecting F™ onto the set of 1-dimensional subspaces of V'

We will now look at some examples of projective lines and spaces over some
finite fields, and the projective plane over R and the complex projective line.

1.2 Projective spaces over finite fields

First I want to define what homogenous coordinates is, as this is quite com-
monly used to name points in a projective geometry:

Definition 3 Let V' be a vector space over the field F with dimension n.
Let B be a set of ordered basis elements in V. Then homogenous coordinate
a = la, a9, ...,a,],a # 0 is the equivalence class such that [a1,as, ..., a,] =
[b1,ba, ..., b,) only if there exist a k € F — {0}, such that ka; = b; for i =
1,2,...,n. [0,0,...,0] is not a homogenous coordinate.

Looking at the homogenous coordinates, it is clear that a homogenous
coordinate represents the nonzero part of a 1-dimensional subspace in the
vector space. Therefore it becomes quite useful when naming the points in a
projective space, since a projective space is a set of 1-dimensional subspaces.

The projective line over Zsz can be seen as the set of 1-dimensional sub-
spaces of the vectorspace Zs X Zs. The line contains four points. One can use
homogenous coordinates to represent the different points, then [1, 0], [1, 1], [1, 2], [0, 1]
represents all the points in the projective line

Look at the vector space V = Z3. By mapping 1-dimensional subspaces
of V' to points, 2-dimensional subspaces to line, one gets Py(Z,) which can
be illustrated by the the Fano plane shown below:

Since every 1-dimensional subspace of V' contains only one nonzero point,
it is natural to name the points in the projective plane using the nonzero point
of the corresponding 1-dimensional subspace of V| this is a consequence of
that V is a vector space over Z, and Z, contains only 2 elements and only
1 nonzero value. Since 1-dimensional subspaces over a vector space U over a
field F can be represented by a nonzero point u in U. Since fx*u, f € F, f #0
represents the same subspace, one can say that the points f % v and u maps
to the same point in the projective space given by U.



Figure 1.1: The projective plane over Zs, also known as the Fano plane.

Lets now look at the projective plane over Zs. As in last case this can
be constrcuted by looking at the subspaces of V' = Z3. In this case, since
each 1-dimensional subspace contains 2 nonzero points. Using the natural
basis for V', every 1-dimensional subspace can by represented by homogenous
coordinates in V' such that if a 1-dimensional subspace in V' is generated by
an point a = (aj,as,as), then the corresponding point in the projective
plane is represented by the homogenous coordinates [a, as, as]. Under is an
illustration of the the projective plane with homogenous coordinates:

Figure 1.2: The projective plane over Zs



1.3 The real projective plane

Before we look at the real projective plane, we will look at the real projective
line, P (R), which is again the set of all lines containing (0,0) in the vector
space R%2. Now we can look at the intersection between these lines and the
unit circle. Observe that a line intersects the circle at two points which are
antipodal points, and that two different lines intersects in different points.
Then we can say that the circle is an image of P;(R), where an antipodal
pair of points represents a point in the projective geometry. If we want that
a point in the projetive geometry is represeented by a unique point, if we
denote the points by their angle, we just double the angle, such that the
point which creates the angle a goes to the point which creates the point 2a.
observe now if we have two antpodal points 5 and 7 + /3, then both goes to
23, and also if two points o and 3 both goes to the same point, then either
a = [ or a and [ are antipodal points. then this is a representation of Py (R).

To construct the real projective plane, it is possible to do the same as
for the finite fields. An other way of obtaining it is extending the Euclidean
plane such that every pair of lines intersect in exactly one point. It is done
by adding a point in the "infinity" for every possible direction of a line in the
euclidean plane. A line in this extend plane is then a line in the euclidean
plane together with the corresponding "infinity point" or the line consisting of
all infinity points. This plane is the projective plane of the real(Or isomorphic
to it). It is important to see that there is no difference between a "normal
point and a "infinity" point.

1.4 The projective Complex line(The riemann
sphere)

The projective complex line can be seen as the set of 1-dimensional subspaces
of the vector space C?. It can also be imagined as the extension of the
complex plane (C). Since any 1-dimensional subspace of C? is generated by
a v € C? such that v = (21, z2) such that at least one of z; # 0. Since v and
kxv,k € C—{0} both generates the same subspace, one can use homogenous
coordinates to name the points in the projective complex line. the points can
then be named either [1, z] or [0, 1]. If one thinks of the projective space as
an extension of vector space of same dimension by adding "infinity" points,
then the points on the form [1, z] corresponces to z in the complex number,
while [0, 1] represents the added infinity point. The projective complex line
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Figure 1.3: If [ represents a 1-dimensional subspace of R?, then A and A’
arethe points where [ and the unit circle intersects and has the angle o and
T + «, they are antipodal points. By mapping A to the point B such that
the angle given by B is 2a we get a mapping fro m the unit circle to itself
which is surjective, and also C' and C’ maps to the same point P then either
C = C" or C and C" are antipodal points. So A’ does also map to B. So B
represents the subspace of R? given by .

can also be represented by the unit sphere in R®. This is done by saying
that (0,1,0) is the infinity point. (0, —1,0) is 0. The complex number are
placed such that if [z,1],z = a + bi then [z, 1] is represented by the second
intersection point between the line given by (0,0,1) and (a,b,0), and the
unit sphere.

1.5 Mappings on a projective space

First we want to introduce some notations.

Definition 4 Let V' be a n-dimensional vector space over a field F. Then
the set of linear maps from V to itself that is bijective is called GL(V'). If
V =F" we use GL,(F) instead of GL(V').

GL,(F) is frequently seen as the set of invertible n x n matrixes over
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Figure 1.4: The Riemann sphere
Source: https://commons.wikimedia.org/wiki/File:RiemannKugel.svg

the field [F since F" has a natural basis. For a arbitrary n-dimensional vector
space over I, the matrix associated with an linear map L over V' is dependent
on a chosen basis.

Definition 5 Let A be a set containing a finite number of elements. Then
the number of elements in A is denoted as |A|.

Example: Let A = {1,2,3,4,7,10}. Counting the number of elements in
A, we get that A contains 6 elements. Therefore |A| =6

Definition 6 Let A and B be sets, and let g be a function from A to B;
g:A— B
If C C A, we denote {g(z) | z € C} as gC or g(C)
Let us first look at the size of GL,JF if F is a finite field.

Theorem 1 Let F be a finite field, |F| = q¢ = p* where p is a prime number,
and k a nonnegative integer. Then the following statement is true:

n—1

GL.(F)| =[] ¢" - ¢

=0

Proof: Since GL,(F) can be seen as the set of invertible n x n matrices
over [ and a square matrix is invertible if and only if the set of coloumvectors
of the matrix are linearly independent. So if we want to construct a matrix
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of this form, for the first row we can choose any nonzero vector in F", so the
numbers of vectors we can choose from is ¢® — 1 = ¢" — ¢°. for the next we
can not choose a linear combination of the last one, which are g vectors, so
the numbers of vectors we can choose from is now ¢" — ¢q. Observe that if we
have ¢« numbers of lineraly independent vectors. the number of vectors which
can be writen as a linear combinations of these vectors is ¢°. Therefore when
choosing column number m there are ¢" — ¢™~! we can choose from. This
gives the formula in the theorem.

Lets look at some examples. Let F = Z3 and we are interested in find-
ing the size of GL5(F). First |F| = 3. Using the formula from the theorem
we then get that:

4
|GL5(F)| = [[ 3° — 3" = 242 % 240 % 234 % 216 x 162 = 475566474240
=0

So GL5(IF) contains 475566474240 elements.

If we have a projective space P, we want to look at automorphism of this
P. The mappings from P to itself such that structure is preserved. With that
[ mean that an n-dimensional object in P should map onto an n-dimensional
object in P

Definition 7 Let F be a field, and let U = P"(F) be the n-dimensional
projective space over F. Then the set of mappings L from U into itself such

that a k-dimensional object in U is sent to a k-dimensional object we call
PGL, 1 (F)

If P is the set of 1-dimensional subspaces of a vector space V, it is clear
that any L € GL(V) conserves structure also if one see L as an mapping
from P to itself.

Theorem 2 Let F be a finite field, |F| = q = p* where p is a prime. Then
|PGL,(F)| = % where PGL,(F) is the set of mappings from P"~1(F)
to itself, where the map is bijective and conserves the structure.

Proof: As any L € GL,(F) conserves subspace structure in the vector
space V = F", it will also conserve structure in P,,_;(IF). It is also clear that
GL,(F) contains any mapping with this property. We are interested to know
which mappings which works as the identity on P, (). Let L € GL,(F)
be a mapping with this property, then we have that Lv = u = kv, for all
v € V, where k € F, k # 0, since the subspace generated by v and u must
be the same. So this implies that &k * id,k # 0 in GL,,(F) is the only maps
which works as the identity on P"~'(F), and there exist |F| — 1 = ¢ — 1 such
maps. So |PGL,(F)| = |GL”(1F)|

q—



Theorem 3 Let U = PY(F) be a 1-dimensional projective space over a finite
field F such that |F| = q = p* then any map L € PGLy(F) can be constructed
by taking 3 distinct points in U and choose 3 distinct points to map them
to. There is no restriction to which points one can map to. So the size of
PGLy(F) is:

PGL(F)| = (¢ + Vala — 1)

Proof: Let [a,b], [c,d] € P}(F), such that [a,b] # [c,d]. Then there exists
a mapping L € PGLy(F) which has the property that L([1,0]) = [a,b] and
L([0,1]) = [c,d]. Let L' € GLy(F) be a linear map such that L'A = L(A)
where A is a 1-dimensional subspace of 2, which also represents a point in
P}(F). Then we know that L'(1,0) = ki(a,b) and L(0,1) = ky(c, d) for some
ki, ke € F—{0}. Then we get that

L(1,1) = L(1,0) + L(0,1) = ki (a, ) + ka(c, d)

, And L([1,1]) = [k1a + kac, k1b+ kod]. Observe that depending on L, [kja +
koc, kib + kod] can be any point in P!(F) except [a,b] and [c,d], so we can
atleast find a map L € PGLy(F) such that [1,0],[0,1] and [1,1] can be
mapped to any selection of three different points, This gives us that there
are at least (¢ + 1)q(q — 1) different mappings. Given that the first theorem
gives us that there are only (¢ + 1)g(¢ — 1) different mappings, we have that
the map is determined by the mapping of three seperate points.

Definition 8 Let I be a field and let V' be a vector space over F, then the

set of all linear maps of the form V — I is called the dual space of V' and is
denoted V*.

Theorem 4 Let F be a field, and let V' be an n-dimensional vector space
over F with an ordered basis B = {e1,ea,...,en} . Let B' = {f1, fo, ..., fu},
fi € V*, where fi(e;) is 0 if i # j and 1 if i = j. Then B’ is a basis for V*
and the linear map L -V — V* given by L(e;) = f; is an isomorphy from V
to V*

Proof: First we show that B’ is a basis for V*. Let f € V*. Look at the
values of f(e;) =d;. Let v € V, Then v = Y1 | a;e; for some a; € F so

fo)=fQ_aies) =) flaies) =) aif(e) =) aid;
i=1 i=1 i=1 i=1
This implies that f = Y7, d; f;, so B’ generates V*. It is also clear that B’ is
linear independent since if f' = > | b; f; such that for at least one i, b; # 0.
Then f(e;) =b; # 0so f # 0 and B’ is linearly independent and therefore a
basis.



Definition 9 Let F be a field and V' a vector space over F. Then the set
containing all k-dimensional subspaces of V' is denoted with Gri(V) and is
called the the grassmanian of k-dimensional subspace of V.. If V. = F" we
usually denote this by Gry,(F)

If V is a finite dimensional with dimension n, we want to show that it
is possible to construct an isomorphy between Grg (V') and Gr, (V). But
first I will prove some statements that will help us.

Theorem 5 Let F be a field and V' an n-dimensional vector space over F.
let L, L' € V* — {0}, then ker(L) = ker(L') if and only if L = aL' where
acF—{0}

Proof of " <= "1 Assume L = alL’,a # 0. Then if v € ker(L) we get
this: L'v = a™'Lv = a™' x0 = 0 s0o v € ker(V'). If u € ker(V’) then
Lv=al'v=a*0=0,sou € ker(L). This implies that ker(V') = ker(V"”).

Proof of " = ": Assume ker(V') = ker(V'), Let B = {by, ba, ...,b,_1} be
a basis for ker(V'). choose u € V — ker(V), then B U {u} is a basis for V.
Since u ¢ ker(V') we have that Lu = k and L'u = k" where k # 0 and k' # 0.
Let v € V, then v = cu + X1 ¢;b; so Lv = ak = akk'"'k' = kk'~'L'v. This
implies that L = aL’ where a = kk'~!

Theorem 6 Let F be a field, and V' an n-dimensional vector space over F.
Let A ={f1, fas s fu | fi € V" —{0}} with k < n such that A is a lineary
independent set. Then the intersection of the kernels of the maps in A is a
subspace of V with dimension n — k.

k
U= ﬂ ker(f;)

and dim(U) =n — k

Proof: We prove this by induction. If £ = 1, so A = {f;}.Since f; is a
nonzero linear map from V' to F, we get that ker(fi) has dimension n — 1.

Now assume that we know that the theorem is true for k = m,m < n,
let A={f1,fo, -, fms1 | fi € V*—{0}} be a lineary independent set. Since
A—{fins1} also is a lineary independent set, containing m different mappings,
we get that U = NI, ker(f;) is an (n — m)-dimensional subset of V. Since
ker(f,,41) is a n — 1 dimensional space, we get that W = U U ker(f,,4+1) is a
subspace of V' with dimension n —m or n — (m + 1). Assume that W has
dimension n — m. This implies that W = U, so U C ker(fy41)-
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Now look at span(A). From that A is a set of m + 1 linearly independent
elements, we get that span(A) is a m + 1 dimensional subspace of V*. Since
for any g € span(A), W C ker(g). So the kernel of g can be generated by
a basis B for W together with m — 1 linearly independent elements in V.
Given that for h,h' € V* ker(h) = ker(h') implies that h = ah’ we get that
span(A) has dimension m which is a contradiction. Therefore the assumtion
that W is a n —m dimensional subspace is incorrect, so W is a n — (m + 1)
dimensional subspace of V. This concludes the induction proof.

Theorem 7 Let IF be a field and V' an n-dimensional vector space of F. Let
W be a subspace of V* where By = {f1, fa, ..., fx} and By = {1, 92, ..., 9x }
both are basises for W. Then the following is true:

O ker(f;) = O ker(g;) = fﬂ ker(f)

Proof: Since Bj is a basis for W and B, is a subset of W, we get that
k
gi = Z ai,jfj
j=1
Soif U =Nk ker(f;),U" =Nk, ker(g;), and v € U then:
k
9i(v) = Zai,jfj =0
j=1

So U C ker(g;) for all i = 1,2, ..., k. But this implies U C U’, but since both
U and U’ are subspaces of V' with dimension n — k, we get that U = U’

Theorem 8 Let F be a field, and V' an n-dimensional vector space over F
with a basis B. Let W be a subspace of V', where By = {uy,us,...,u;} and
By = {v1,v9, ..., v} both are basises of W. Then the following statement is
true:

k k
() ker(Lu;) = () ker(Lv;)
i=1 i=1

where L is the isomorphism between V and V* given by the basis B

Proof: Since B; and By both are are basises for the same subspace W in
V we get that the sets {Luy, Lus, ..., Luy} and {Lwvy, Lvs, ..., Lug } both are
basises for the same subspace W’ of V*. Last theorem then gives us that:

k k
M ker(Lu;) = () ker(Lv;)

i=1 i=1
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Theorem 9 Let F be a field, and V an n-dimensional vector space over F.
Then there exists an isomorphism between Gry(V') and Gr,— (V). Given a
basis B for V such an isomorphism can be constructed.

Proof: Let B = {ej, e, ...,e,} be a basis for V, then B' = {f1, fo, ..., fn},
such that f; = Le; where L is the isomorphism between V' and V* induced
by the basis B. Then B’ is a basis for V*. Define the map ¢ : Gri(V) —
Gry—(V) such that if W € Gri(V), then

gW)= () ker(f) = () ker(f) = () ker(Lv) =U

feLw fes’ veS

where S is any basis of the subspace W and S’ is any basis for LW = {Lv |
v € W}. Since W is a k-dimensional subspace of V' and L is an isomorphism,
we get that LW is a k-dimensional subspace of V*. This implies that U is a
n—k dimensional subspace of V. So it is clear that g is a map. It is enough to
prove injectiveness of this map, since that would imply that there also exists
an injective map from Gr, (V') to Gri(V) and therefore g is bijective, and
an isomorphism. Let W, W' € Gri(V) such that W # W’. This implies that
LW # LW’ so there exist an fy in LW such that fy ¢ LW’. So let S’ be a
basis of LW’ then it is clear that A = S"U{fy} is a lineary independent set.
It is also clear that

() ker(f)n [ kex(f) C () ker(f)

feLw feLw’ feA

But N4 ker(f) is a subset of V' with dimension n—k — 1, so N e pw ker(f)N
Nyerw ker(f) has dimension less than n — k. So

() ker(f)# ) ker(f)

feLW feLw!’

. So g is bijective and therefore an isomorphism between Gr (V) and Gr,, (V).

Theorem 10 Let F be a finite field, where |F| = q¢ = p* where p is prime,
then the following is true:

|G L ()|

Grpn(F)| =
R e 1 [T A I

Proof: Let W,U € Grpn(F) then there exist L € GL,(F) such that
L(W) = U. We want to find out how many L € GL,(F) which has this
properties. It is equivalent to look at the number of L € GL,(F) such that
L(W) = W since W and U are isomorphic. Solet W = {(z1, s, ..., 1, 0,0, ...,0)T |
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x; € K,i = 0,1,...,m} then if L has this property then the corresponding
n X n matrix Ay is on this form:

B,V

O B,

where By is an invertable m xm matrix, V' is an arbitrary m x (n—m) matrix,
O is the (n —m) x m O-matrix, and By is an invertable (n —m) x (n —m)
matrix. Then B; has |GL,,(F)| alternatives, V has |F|("=mm = gln=mm
alternatives, and By has |GL,_,,(IF)| alternatives. This gives us that there
exist |G Ly, (F)||GL—m) (F)|g™~™™ = Q amounts of such linear projections.
So the size of G, ,(IF) is equal to the size of GL,(F) divided by Q.

Observe that the formula implies that if F is a finite field, then Gry ,(F) =
Gry_pn(F). This is expected since we before has shown that there exist
an isomorphy between Gry,,(F) and Gr,,_j (F), and since both of these set
contains a finite number of elements, they must have the same number of
elements

As an example, let us look at the field Zy and the size of Gry3(Zs) for
k = 1,2 This is the same as to look at the number of points and lines in the
projective plane over Zs,, or the Fano’s plane. The formula gives us this:

|G L3(Zs)| Tx6%x4 168

Z _ — —_ Y — =
Gr13(Z2)] \GL1(Zo)||GLy(Z2)]22  1%x3%2x%x22 24 !

So there is 7 points in P?(Z,), which is the correct number of point. Since
|Gro3(Zs)| = |Gr13(Zy)| = 7, The number of lines is also 7, counting the
lines of the drawing of the Fano’s plane coincide with this number.

1.6 Pliicker Embedings

First we will look at the determinant of a matrix.

Definition 10 Let F be a field and V = F" is an vector space, then if we
look at an n X n matrix as a matriz containing n- column vectors in F", then
the determinant is the only mapping f:V xV x .. xV = F (V is repeated
n times) that has the following properties: The determinant of the identity
should be 1:

fleg X eg x ... xe,) =1

It is linear in each coordinate, for all i =1,2,...,n

flor X vg X oo X av; + bu; X ... X vy)

13



=af(vy X vy X .. X U; X oo X U,) +bf(v1 X U9 X oo XU X oo X V)

It is alternating which means that:

f(v1,v9,...;0,) =0
if {v1,v9,..0,} is a lineary independent set.

We will confirm that this mapping is unique and that it is the same as
what we know as the determinant of a matrix. Assume we have a mapping
f:VxVx..xV —=T(Visrepeated n times). Let A be an n X n matrix.
From the properties we have that adding a scaled colomn to another column
does not change the value of the function: f(A) = f(A;;) where 4; ;, is the
matrix equal to A everywhere except that column ¢ is equal to v; +av;. This
opertation can be done by multipliying with the matrix B from the right.
B = I+ aA,;; where A, is the matrix containing only zeros, except the ele-
ment in the intersecting of row ¢ and column j, this element is equal to 1. The
other operation we can do is to multiply column ¢ with a # 0 and column j
with a™!, This can be achieved by multiplying the matrix A with the matrix
C from the left, where C'is the diagonal matrix containing 1s in the diagonal
except for the 7th place which contains a a and jth place which contains a
a~!. Observe that both of these types of matrixes has determinant 1 and
therefore det(A) = det(AB) = det(AC). If A is a matrix where the column
vectors are lineraly independent, that A is invertible. it is possible to find
matrixes B;,i = 1,2, ...,k such that AB;B,...By is a diagonal matrix such
that every diagonal element is 1 except for the last diagonal element. This
last element is equal to f(A) but also equal to det(A) so f(A) = det(A) if A
is invertible. If A is not invertible then f(A) = 0, and since also det(A) =0
we have that f = det. So det is the only mapping that has these properties.

Theorem 11 Let F be a field and A an 4 x 4 matriz over F such that:

ay as az G4

by by b3 by
Ci Co C3 (4
dy dy d3 dy

Then the following is true:
- a; Qs C3 C4 . a; as Coy C4
det(A) = det <b1 b2> det <d3 d4> det <b1 b3> det <d2 d4>
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ay aq Cy C3 Qo as 1 4
+ det (bl b4> det <d2 d3) — det <b2 b3> det (dl d4>

Q2 Qa4 C1 C3 as Q4 C1 C
+ det <b2 b4> det <d1 d3> — det <b3 b4> det <d1 d2>
Proof: we will show that this equation is true. If A = I we get that the
right side is equal to 1. The right side is also linear in a colom if the the other
coloms are fixed. Last if we add a linear sum of the other colums to one of
the colums not in the linear sum, the determinant does not change, which
implies that if two coloms switches places the determinant changes to the

additive inverse. so since the right side satisfies the these three conditions,
we know that it is equal to the determinant.

Pliicker embedings is a way of map a grassmanian set into a projective
space. It is a mapping taking Gry, ,(F) into P(Z)fl(lﬁ‘). The mapping is

defined in this way:

Definition 11 Let V be a n-dimensional vector space over a finite field F
where |F| = q = p* where p is prime. Then the map L : Grp (V) —
p(sl)fl(F) such that for a W € Gry,,, and B" a basis of W such that B; €
B,B; = (bi1,bi2,...,bin) and let the matriz M be the m x n matriz where
mi; = b;; then let L(W) = zw where xy = [xl,xg,...,x(n | where xy is
equal to the determinant of the matrix one gets when removinng} the n—m last
colons of M, and continue.

Now we want to look at an example of a Pliicker embeding. Lets look at

Gre4(F) for some field F. Let W € Gro4(F), andlet B = {(a, b, c,d), (e, f,g,h)}

be a basis for W. Then the pliicker embedding L : Groyu(V) — P(g)_l(F)
works like this on W:

L(W) = (det (Z ?) ,det (Z ;) , det (Z Z) , det (; ;) ,det (? Z) ,det (; Z))

== [dl,Za d1,37 d1,47 d2,37 d2,47 d3,4]
We are interesteded in which points z € ]P’@)_l(F) such that there exists
U € Groa(F) where LU = z. In other words the image of L. Let W €
Gre4(FF) such that {(a,b,c,d), (e, f,g,h)} is a basis for W. Then look at the

matrix:

a b ¢ d
le f g h
A_Obcd
0 f g h
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It is obvious that this matrix is not invertible, as the rows are not linearly
independent. If we denote row ¢ as r;, then ry = 2(7"1 —r3) + ry. Therefore
the determinant of A must be 0. If we develope the determinant from the
two first rows we get this:

a b\ [(c d a c\ (b d a d\ (b c
= (290 =Co) GG )
=dyod3 s — dy3day + dyadaz =0
So if x is in the image of L, we have that © = [z, z9, 3, T4, T5, Tg] must

satisfy the following equation:

T1Tg — ToXs + 324 = 0

If we let I = Z, and look at the plicker embeding L mapping Gra4(Zs)
into P°. First we will calculate the size of Gry4(Z,):

|G L4(Zy)) 15% 14+ 12 % 8
o (7] — _ = 35
) = (L) [ LZ)2 ~ 3a2v32242

Then we look at the number of points z in P(Z)®, x = 21, T2, T3, T4, T5, T¢]
such that the equation xixg — xoxs + 324 = 0 holds. We know that if
1126 = 0, we get that zoxs = wx314. 2126 = 0 if either of x1 or zg or
both is 0. if woxs = x314 = 1 that is only if 29 = 23 = x4 = x5 = 1
and if zoxs = z324 = 0, we have 9 different ways of choosing the values of
Xo, X3, Ty, Ts, but x; = 0 for all 7 is not valid so need to remove 1 possible
way, so if x1xg = 0 there are 29 ways to arrange the points. If z;24 = 1 there
are 6 solutions, and 29 + 6 = 35. So there are an equal number of points in
P°(Z,) which satisfies the condition as the size of Gr 4(Zs)

In general, the image of an plicker embedding of Gy, (IF), which is a subset

of P(Z)fl(lﬁ‘), is the solution to several homogenous equations, as the one in
the previous example.

Definition 12 Let V' be a finite-dimensional vectorspace with dimension n
and x,y € V,, then the wegde product (using the symbol N\)

r ANy = (dia,dr3,...;d1n,dos,dag,...;dp_11)
where d; ; = ;Y5 — T;Y;

This operation can be exteded to work for a finite set of vectors
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Definition 13 Let V' be a finite-dimensional vectorspace with dimension n
and x; € V for v < m be a set of m vectors in V', then the wegde product

m
Nt T = Xy <cig< <im iy in,.ovim (1.1)

where d;, 4y, s the minor of the coloums iy, ia, ..., iy, of the matriz A, where
A is the m X n matriz where row i 1s x;

Theorem 12 Let V' be finite-dimensional vector space with dimension n,
and A = {x; | x; € Vi = 1,2,....,m} be a set of m wvectors in V, then
APz = 0 if and only if A is a lineary dependent set.

From this theorem it is obvious that if a vegde product contains two of
the same vectors, the product is equal to 0. Also if the vector space has
dimension n, vegde product containing more than n vectors must also be 0,
since the vectors in the wegde product must be linearly dependent

Definition 14 Let V' be a n-dimensional vector space of a field F. Then we
define a algebra, F XV X VAV XVAVAV xX..xVAVA..AV with the

natural vector space operation and
(k’l, U1,1,U2,1 VAN U2, U3 1 VAN Uus 2 VAN U3z X ... X Up1 N Un,2 N A un,n)

*(/{52, V1,1, V2,1 VAN V2,2, V3,1 A V32 N V33 X ... X Up1 N Un,2 VANPIRAN Un,n)

= (k1ka, k1v1 + kouq, kyugy Ausg +uig Avra, ...,

m
m % m—i m
Ry Ny Ungi 4 Y Nyt N Ui =+ ko AJL ) Ui, ooy
i=1

n
n i n—i n
kit ALy Ui+ ) Njoy Ui NjZ) Uneig ko Ay )
i=1
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