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Abstract

There are many problems in computer vision, robotics, statistics, biology, which require
solving systems of polynomial equations. Every formulation of the problem by polynomial
equations contains unknowns (which we are trying to determine) and parameters (which
define the certain instance of the problem). For example, in computer vision, when mini-
mal problems are formulated, the unknowns and parameters represent the camera relative
poses and image measurements, respectively. Solving the problem means determining the
unknowns given the parameters. However, we don’t try to find a closed-form expression of
unknowns as the functions of parameters since it might be very hard to do that for many
problems, or because these expressions are very huge. Instead we just solve certain instances
of the problem, i.e. we find the unknowns for the given values of parameters.

It may happen that the problem has symmetries. It means that there is a multivariate
vector rational function such that the solution set of every instance of the problem is invariant
under the action of this function. Usually, the symmetries are caused by a special formulation
of the problem. For example, in computer vision, the existence of symmetries is caused by
a certain geometric construction consisting of points, lines and planes: we may change this
construction (i.e. the positions of points, lines and planes) without violating the relations
which define this construction. In robotics, the symmetries of the inverse kinematics are
caused by a special construction of the manipulator. If the problem has symmetries we can
use them to simplify the problem: different solutions of every instance of the problem which
are in the same orbit under the symmetry can be collapsed into one element — the solution of
the instance of the reduced problem. In other words, the reduced problem with less number
of solutions can be constructed from the original problem, and, as a consequence, is easier
to solve.

In Chapter 9 we show how the symmetries of minimal problems in computer vision can
be detected using numerical algebraic geometry. In general, the method described there can
be applied to any practical problem which can be formulated by polynomial equations. After
the symmetries are found, the reduced problem can be constructed. However, this is a hard
task in general. We believe that in computer vision the reduced problem can be found ad hoc.

Keywords: monodromy, symmetries in polynomial systems, polynomial system simplifi-
cation, symmetries in minimal problems in computer vision, Galois/monodromy group
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Abstrakt

Existuje mnoho problemil v poéitacovém vidéni, robotice, statistice, biologii, které vyzaduji
reSeni soustav polynomialnich rovnic. Kazda formulace problému pomoci polynomialnich
rovnic ma neznamé (které se snazime vypocitat) a parametry (které definuji urcitou in-
stanci problému). Napiiklad, v minimélnich problemech v pocitacovém vidéni, neznamé a
parametry reprezentuji relativni pozice kamer a méfeni z obrazki. VyfeSit problém zna-
mena vypocitat nezname pro zadané parametry. Nesnazime se ale najit vzorce které vyjadri
nezndmé jako algebraické funkce v parametrech kvili tomu Ze je to obvykle obtizné udélat
nebo protoze tyhle vzorce jsou obrovské. Misto toho my jen fesime konkretni instance prob-
lému, t.j. vypocitame nezname pro konkretni zadané parametry.

Muze se stat ze problém mé symetrie. To znamena Ze existuje néjaka racionalni funkce
vici akci které je mnozina feSeni soustavy invariantni. Obvykle symetrie jsou zplsobeny
specidlni formulaci problému. Napfiklad, v poéitac¢ovém vidéni, existence symetrii je zpi-
sobend urcitou geometrickou konstrukci sestavajici z bodii, pfimek a rovin: tato konstrukce
se d& zménit bez poruseni relaci které tuto konstrukci definuji. V robotice, symetrie in-
verzni kinematické dlohy jsou zptisobené specidlni konstrukci manipulatoru. Kdyz problém
mé symetrie, dokdZzeme je pouZit pro zjednoduSeni problému: rizné feSeni ve stejné orbité
viaci akci symetrie se mohou zkolabovat do jednoho bodu — fesen{ redukovaného problému.
Jinymi slovy, z originalniho problému dokazeme zkonstruovat redukovany problém s mensim
poctem TeSeni ktery je jednodussi pro vypocet.

V 9-té kapitole ukidZeme jak se daji detekovat symetrie v miniméalnich problemech v
pocitacovém vidéni. Po nalezeni symetrii mtazeme zkonsnruovat redukovany problém, coz je
obecné velmi naro¢ny. Vérime, ze v pocitac¢ovém vidéni redukovany problém se dé nalézt ad
hoc.

Klicova slova: monodromie, symetrie v polynomialnich soustavach, zjednoduSeni poly-

nomialnich soustav, symetrie v minimalnich problemech v poé¢itacovém vidéni, Galois/monodromy
grupa
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1 Introduction

1.1 Motivation

One of the most common problems in mathematics is to solve systems of polynomial
equations. Nowadays, polynomial models are widely applied across the sciences. They arise
in computer vision, robotics, statistics and many other branches. For example, in com-
puter vision, we model relative camera pose problems (or minimal problems) by polynomial
equations. Also, in robotics, the inverse kinematic task is modelled by polynomial equations.

Every formulation of a problem by polynomial equations contains unknowns (which we
are trying to determine) and parameters (which define the certain instance of the problem).
For example, in computer vision, when minimal problems are formulated, the unknowns and
parameters represent the camera relative poses and image measurements, respectively. To
solve the problem means to determine the unknowns given the parameters. There may exist
closed-form expression of unknowns as the functions of parameters. However, we don’t try
to find these expressions since it might be very hard to do it for many problems, or because
these expressions are very huge. Instead we just solve certain instances of the problem, i.e.
we find the unknowns for the given values of parameters.

There are situations when we need to solve polynomial systems repeatedly. For example,
in computer vision, when performing a 3D reconstruction from 2D images, we choose many
subsets of images and for each of these subsets we solve a minimal problem associated to it.
We are thus interested in speeding up the computations, since we want to make the problem
solving closer to real time usage. One way to achieve this is to simplify the polynomial
system by revealing its symmetries. The symmetry of the problem is a multivariate vector
rational function such that the solution set of every instance of the problem is invariant under
the action of this function. Usually, the symmetries are caused by a special formulation of
the problem. For example, in computer vision, the existence of symmetries is caused by a
certain geometric construction consisting of points, lines and planes: we may change this
construction (i.e. the positions of points, lines and planes) without violating the relations
which define this construction. In robotics, the symmetries of the inverse kinematics are
caused by a special construction of the manipulator. If the problem has symmetries we can
use them to simplify the problem: different solutions of every instance of the problem which
are in the same orbit under the symmetry can be collapsed into one element — the solution of
the instance of the reduced problem. In other words, the reduced problem with less number
of solutions can be constructed from the original problem, and, as a consequence, is easier
to solve.



To verify if the polynomial system has symmetries, the so called Galois/monodromy
group of this system can be computed. If a generic instance of the problem has finitely many
solutions, then the Galois/monodromy group is finite and can be computed using numerical
algebraic geometry. Moreover, this group encodes the structure of the solutions of a generic
instance, i.e. using this group we can decide if the problem has symmetries.

1.2 State of the Art

We refer to the previous works [21][19][17]. In [21] the Galois groups of structure from
motion problems were computed symbolically over the rational numbers. It is shown there
that the Galois groups of the 5-point problem and the triangulation problem are the full
symmetric groups Sig and Sg, respectively, meaning there is no structure in the solutions
of generic instances of these problems. In [19] it was observed that the weak perspective-n-
points problem has symmetries. They were then exploited to simplify the problem. In [17]
it was shown how to find the scaling symmetries of a general polynomial system.

There is a more general approach to finding symmetries of parametric polynomial sys-
tems. For this, the so called Galois/monodromy group of the polynomial system must be
computed since it encodes the structure of the solutions of this system. After that we can
find the symmetries and use them for problem simplification. As far as we know, there
are two general methods for Galois group computation [10][16]. The recent works [1][3] de-
scribe how to exploit the structure of the Galois/monodromy group for polynomial system
simplification. However, it still remains a hard task in general.

1.3 Contributions

This work is the first attempt to develop a complete, rigorous and systematic approach to
finding how to simplify parametric polynomial systems. Our motivation comes from systems
appearing in computer vision but is applicable to a large family of similar structured systems
which appear, e.g., in robotics [25][27] and control engineering [18].

Unlike for generic parametric polynomial systems (there are no relations among the
parameters), where the situation is much simpler and has been fully characterized in [3], our
situation is very complex and has not yet been described to be accessible to non-specialists.

We collected, arranged and concisely presented a large number of elements from the
theory to understand the symmetries in parametric polynomial systems. Namely, we have
reviewed elements from group theory, algebraic geometry, algebraic topology and Galois
theory. We have shown how to combine these branches in order to understand the concept
of symmetries. Our exposition covers the latest results on simplifying very generic polynomial
systems [3] which have no relations among parameters. We go beyond that because problems
in computer vision are more structured.

We explain the very classical and previously studied the 5-point problem using the general
theory and illustrate how to analyze problems in general and suggest a possible approach to
a systematic discovery of symmetries. We show that this is a very hard problem in general.

We apply our approach to two new minimal problems in computer vision discovered
recently [11] and show that one can be simplified while the other cannot.



2 Elements of General Algebra and Topol-
ogy

In this chapter we will give some basic facts from general algebra and topology which we
will use further in Chapters 4 and 5.

2.1 General algebra

Definition 2.1. A 3-tuple R = (R,+,-), where each of the operations +, - takes two
elements of R and produces a new element in R, is called a commutative ring if it satisfies
the following axioms:

1. (R,+) is an abelian group, meaning that:

e (a+b)+c=a+ (b+c) for all a,b,c € R (that is, + is associative).
e a+b=">b+aforall a,b € R (that is, + is commutative).

e There is an element Op € R such that a + 0r = a for all @ € R.

e For each a € R there exists —a € R such that a 4+ (—a) = Og.

2. (R,-) is a commutative monoid, meaning that
e (a-b)-c=a-(b-c) for all a,b,c € R (that is, - is associative).
e a-b=">-aforall a,b € R (that is, - is commutative).
e There is an element 1z € R such that a-1g = 1g-a =a for all a € R.

3. Multiplication is distributive with respect to addition, meaning that

e a-(b+c)=(a-b)+ (a-c) for all a,b,c € R (left distributivity)
e (b+c)-a=(b-a)+ (c-a) for all a,b,c € R (right distributivity)

It can be proved that Or and 1 are unique. So, we can actually call them the zero element
and the identity element, respectively.

In this thesis we work only with commutative rings and we will further write just “a ring”
instead of “a commutative ring”. Also, given a,b € R, we will write a — b instead of a + (—b).

Definition 2.2. Let R = (R, +, ) be a ring. We define I C R to be an ideal of R, if



(i) Or €I,
(ii)) a+be I foral a,be I,

(iii) r-aelforallr e R, a €l

The first natural example of an ideal is the ideal generated by a finite number of elements.

Definition 2.3. Let a1, ..., an, be elements of R. Then we set
m
(a1,...,am) = {Zri'ai 71,y Tm € R}.
=1
The crucial fact is that (ai, ..., an) is an ideal of R.

Proposition 2.4. Ifay,...,an € R, then (a1,...,ay) is an ideal of R. We call (a1, ..., am)
the ideal generated by ay,...,an,.

Proof. First, 0 € (ai,...,am) since 0 = >, 0 a;. Next, suppose a = Y ;" p; - a; and
b=>",q-a; for p1,...,Pm,q1,...,¢m € R and let r € R. Then the equations

m

a+tb= Z(pi+Qi)'aia
i=1
m
r.azz(r.pi).ai
i=1
complete the proof that (ai,...,a,) is an ideal of R. O

Example 2.5. Let R = (Z,+,-) and [ = nZ C Z,n € Z,n > 1 the subset of all integers
divisible by n. Then I C Z is an ideal of Z: 0 is divisible by n; if a and b are divisible by n,
so is their sum; if a is divisible by n, so is the integer r - a for every r € Z. The crucial fact
is that I = (n).

Definition 2.6. Given two rings R = (R, +g,-r) and S = (S, +g,5), a ring homomor-
phism from R to § is a function ¢: R — S such that for all r; and r2 in R it holds
that

@(r1+rr2) = @(r1) +s p(r2),
o(r1-r 12) = @(r1) s @(r2),
¢(1g) = 1s.

Example 2.7. Let R = (Z,+,) and S = (Zn,+ mod ns* mod n); » € N, n > 1, where
(Zny + mod ns* mod n) 18 the ring of integers {0,1,...,n — 1} modulo n and the operations
4 mod » and + o4 » are the usual addition and multiplication of integers followed by taking
modulo n. Consider the map

p: L — L

a+— amodn



It is a ring homomorphism since
p(a+0b) = (a+b) mod n = (a mod n) + yod n (b mod n) = @(a) + mod n ¢(b),
p(a-b) = (a-b) mod n = (amodn): medn (bmodn)=e(a): mdnp(b),
¢(lz) =1modn=1z,.
A bijective ring homomorphism has a special name.

Definition 2.8. Given two rings R = (R, +g, 'gr) and S = (S, +g, s), a ring isomorphism
from R to S is a bijective ring homomorphism from R to §. Then rings R and S are said
to be isomorphic.

For simplicity, we will further write just R for a ring R = (R, +,-). And for two rings
R, S we write + (resp. -) for both +x and +g (resp. ‘g and -g). Also in some cases, for
simplicity, we will omit the sign - in a - b and write just ab for a,b € R.

Proposition 2.9. Any ring homomorphism ¢: R — S sends Ogr to 0g. Moreover, o(—r) =
—(r) for all v € R.

Proof. We can write:
¢(0r) = ¢(0r + 0r) = ¢(0r) + ¥(Or).

Then
©(0r) + 05 = ¢(0r) + ¢(0r) + 05 = ©(0r) + ©(0r) = 05 = ©(0R).

For the moreover part:
0s = ¢(0r) = @(r —7) = @(r) + p(=1) = ©(—r) = —p(r).
O

Definition 2.10. Let ¢: R — S be a ring homomorphism. We define the kernel of ¢ to be

ker(p) ={r e R: ¢(r) =0s}
and the image of ¢ to be
im(p) = {p(r) : r € R}.

Example 2.11. Take the ring homomorphism ¢ from Example 2.7. Tts kernel ker(y) is the
set of integers which are divisible by n, so ker(¢) = nZ. The image im(yp) = Z,, because
the integers 0,1,...,n — 1 € Z map to 0,1,...,n — 1 € Z,, by ¢, respectively.

Given a ring R and an ideal I C R, we define an equivalence relation ~ on R as follows:
a~b < a—-bel (2.1)

It is easy to verify that this is indeed an equivalence relation: a ~ a since Ogp € I, a ~ b
implies b ~ a since b —a = (—=1)-(a—b) € I, a ~ b and b ~ ¢ imply a ~ ¢ since
(a—0b)+ (b—c) =a—ceI. We can then define the equivalence class of a € R as

] < {be R|a~b}



It follows from (2.1) that
al|=a+1={a+r|rel}.

We call [a] a coset of I in R given by a. The set of all such equivalence classes is denoted
by R/I. It becomes a ring, the quotient ring of R modulo I, if one defines

@+D+b+D Y @+b)+1,

(@+1)- b+ ¥ (@ b)+1I.

The zero and the identity elements are Og + I and 1 + I, respectively. The following
proposition shows that these operations are well-defined, meaning the result of the sum and
the product doesn’t depend on the choice of class representative.

Proposition 2.12. The operations above, which turn R/I into a ring, are well-defined.

Proof. Notice that it is enough to check it only for two different representatives of a+ I since
R is commutative. So, take a; +1 = as+ 1 and b+ I. Then a1 = as + j for some j € I. We
have

(@ + D)+ (b+1)=(a1+b)+T=(az+j+b)+1=(az+b)+ 1= (ay+ 1)+ (b+]1),

(a4 1)-(0+1) = (a1-0) + I = ((az+) - b) + I = (az-b+j-b) + I =
=(ag-b)+1=(az+1)(b+1).
O

Example 2.13. Recall Example 2.5. The quotient ring R/I = Z/nZ consists of the equiva-
lence classes [a] = a+nZ. Each of the equivalence classes [a] is the set of integers congruent
to a modulo n.

We now give the First Isomorphism Theorem for rings.

Proposition 2.14. Let ¢: R — S be a ring homomorphism. Then,
1. ker(y) is an ideal of R.
2. im(yp) is a subring of S.
3. The quotient ring R/ker(yp) is isomorphic to im(¢p).
In particular, if ¢ is surjective then S is isomorphic to R/ker(p).
Proof. 1. Take kj, ks € ker(y) and r € R. Then:
o(k1 + k2) = @(k1) + p(k2) =05 + 05 = 05 = k1 + k2 € ker(p).

o(r-k1) =@(r) - (k1) = o(r)-0sg = 0g = r - ky € ker(p).
2. According to Definition 2.1, we need to check 4 things:



e The set im(¢p) is closed under the operations + and -. To check this we take s; =
©(r1), 82 = p(re) € im(p). Then

s1+ 52 = @(r1) + ¢(r2) = (r1 +r2) € im(p),
s1- 52 = @(r1) - @(r2) = ¢(r1 - 72) € im(yp).
e By Proposition 2.9, 0g = ¢(0r) € im(¢p).
e By Proposition 2.9, for any element s = ¢(r) € im(p) there is —s = o(—r) € im(p).
e By Definition 2.6, 1g = ¢(1g) € im(yp).
3. Let I = ker(p). Define a map

@: R/I — im(p)
r+ 1w o(r)

It is well-defined because if r|{ + I = ro + I, meaning r; = ro + j for some j € I, then
P(r1+1) = p(r1) = (ra + j) = ¢(r2) + ¢(j) = @(rz2) + 05 = p(r2) = @(r2 + I).

It is a ring homomorphism because

P((ri+ 1)+ (r2+1) =@((r1+r2) +1) = (r1 +r2) = (r1) + @(r2) = @(r1 +1) +@(r2 + 1),

P((ri+1)-(r2+ 1)) =0((r1-r2) + 1) = @(r1-12) = @(r1) - p(r2) = @(r1 + I) - P(r2 + 1),
P(lr+ 1) = p(1gr) = 1s.
The map © is injective because

Pri+ D) =(ro+1) = @(r1) =p(re) = @(r1 —1r9) =0 =r—ro €l =r+I1=ro+1.

It is obviously surjective because for any s = ¢(r) € im(y) there is a coset r + I which maps
to s by p. O

Despite the fact that the following proposition is a corollary of Proposition 2.14, we prove
it in another way.

Proposition 2.15. A ring homomorphism ¢: R — S is injective if and only if ker(p) =

{O0r}.

Proof. If ¢ is injective then obviously there is only one element which maps to Og by ¢,
namely Og. Conversely, suppose ker(¢) = {Og}. Then

o(r1) = @(r2) = @(r1 —ry) =05 =>r; —ry =0r = r; =12.



Remark 2.16. From now on, if we have a surjective ring homomorphism ¢: R — S with kernel
I C R, the induced isomorphism between the quotient ring R/I and S will be denoted as
@: R/I — S and we will write

3

R/T=S.

By ¢: R — S we denote an injective ring homomorphism.
Example 2.17. Consider the ring homomorphism from Example 2.7:

p: L — L,

a+— amodn

As it is surjective and its kernel is nZ, by Proposition 2.14, we have

7]
YA/

Definition 2.18. A nonzero ring R (i.e. R # {Ogr}) is called an integral domain if it has
no nontrivial zero divisors. In other words, if a,b € R, then

ab=0r = a=0g or b=0g.

Example 2.19. The ring of integer numbers is an integral domain since there are no two
integers a,b # 0 such that ab = 0. The ring of integers modulo 4 is not an integral domain
because 2-2 = 0 in Z4.

Definition 2.20. A field F is a nonzero ring where every nonzero element has a multiplica-
tive inverse, meaning, to every a € F,a # Op there is b € F' such that ab = 1p.

Example 2.21. The set Q of rational numbers is a field. To every fraction § with a # 0

b

there is a multiplicative inverse ..

It is good to know how the rational numbers Q are actually constructed. We can take
the ring of integers Z and consider the set Z x Z*, where Z* = Z\{0}. We can define a
relation on this set as

(a,b) ~ (¢,d) <= ad = bc (2.2)

It can be verified that this is an equivalence relation. Then we can form the set of equivalence
classes (Z x Z*)/ ~. We put a ring structure on this set as follows:

[(a,0)] + [(c. )] = [(ad + be, bd)],  [(a,b)] - [(e, d)] < [(ac, bd)] (2.3)

It can be verified that these operations are well-defined. Finally, it can be checked that
(Z x Z*)] ~ is actually a field. We define

def

QY @xz)/ ~.

We generalize the above construction of Q as follows.



Proposition 2.22. Let R be an integral domain. If we define a relation on R x R* as in
(2.2) and put a ring structure on it as in (2.3), then (R x R*)/ ~ becomes a field. We call
it the field of fractions of R and denote it Frac(R).

Proof. 1. We at first verify that (2.2) is indeed an equivalence relation. We need to prove
that it is reflexive, symmetric and transitive. For reflexivity, take (a,b) € R x R*.
Then ab = ba since R is commutative. This means (a,b) ~ (a,b). For symmetry, take
(a,b), (c,d) € R x R* and suppose (a,b) ~ (¢,d). Then ad = be. But then c¢b = da,
since R is commutative, and so (¢, d) ~ (a,b). For transitivity, take (a,b), (c,d), (e, f) €
R x R* and suppose (a,b) ~ (¢,d), (¢,d) ~ (e, f). Then

(af)d = (ad)f = (be)f = blef) = (be)d.

As (a,d) € Rx R*, then d # Or. Hence (af)d = (be)d implies (af —be)d = Og. Since R
is an integral domain, this implies af —be = Og, or that af = be. Thus, (a,b) ~ (e, f).
2. Now we prove that the operations (2.3) are well-defined. Suppose that [(a,b)] = [(a’, V)]
and [(¢,d)] = [(¢/,d)]. Then ab’ = a’b and c¢d’ = /d. Thus,
(ad + be)V/d' = adb/d' + beb'd' = a'bdd + &dbt’ = (a'd' + b')bd,
ach'd = a’bc’d = bdd' ¢,
which means [(ad + be, bd)] = [(’d + b'¢,b'd")] and [(ac,bd)] = [(d'¢,b'd")].
3. It is straightforward to verify that Frac(R) forms a ring under these operations. The
zero element is Opyac(r) = [(Or, 1r)] and the identity element is 1pyac(r)y = [(1r, 1r)]-

Given an element [(a,b)] € Frac(R) with a # Or we can see that [(b,a)] is the multi-
plicative inverse of [(a,b)]. It follows that Frac(R) is a field.

O]

Remark 2.23. Since for any ring R its field of fractions is defined in the same way as the
rational numbers Q were defined, every element [(a,b)] of Frac(R) will be denoted [4].

We can embed R to Frac(R) in the same way we embed Z into Q. We do it via the
following ring homomorphism:

Y: R — Frac(R)

a
a— |—
[112]
b

a
[11{} = [1]%] — a=alg=blg=0.

We can see that v is injective since

Proposition 2.24. Let ¢: R — F be an injective ring homomorphism where R is an integral
domain and F' is a field. Then there exists an injective ring homomorphism ¢*: Frac(R) — F
which extends @, meaning 90*‘¢(R) = .



Proof. We define

©*: Frac(R) — F
7] = e@e®)

1. We check that it is well-defined. At first notice that ¢(b) has an inverse in F since it

is nonzero for every nonzero b (follows from injectivity of ¢). Now, let @ which

~ Y
means ab’ = a’b. Then from

o(a)p(b) = p(a'b) = p(ab)) = p(a)p(t)) = @(a)et') " = p(a)p(b) ™

it follows that

/

o ([57]) = el@)e®) ™ = pl@e®) ™ =¢ ([7])-
2. " is a ring homomorphism since

@ ([%] + [2]) =¢ <[adb; bcD = p(ad + be)p(bd) ™! =

= (e(a)p(d) + ©(b)e(c)) (p(b)e(d) ™" = pla)e(b) ™" + p(c)p(d) " =

3. To prove gp*‘w(R) = ( we just notice that

¢ ([]) = etarwan = vzt = pta)

O]

Definition 2.25. Let R be a ring and I C R be an ideal of R. Then [ is said to be prime,
if, for a,b € R, we have

abel — a€lorbel.

Example 2.26. Let R = 7Z and I = pZ C Z for some prime number p. To see that [ is a
prime ideal let a,b € Z and ab € I. Then p divides ab. Because p is prime, then p divides a
or p divides b. This exactly means that a € I or b € 1.

10



Proposition 2.27. Let R be a ring and I C R be an ideal of R. Then R/I is an integral
domain if and only if I is prime.

Proof. Let a,b € R. For R/I to be an integral domain means the following:
ab+I=(a+1)b+1)=0r+] = a+I=0g+Torb+1=0gr+1.
By (2.1), this is equivalent to:

abel — aclorbel.

2.2 General topology

It wasn’t our aim here to write an introduction to the general topology. This section
looks like a list of definitions and propositions to which we will refer in Chapters 4 and 5. So,
you can actually skip this section and return back when you see a reference to it in Chapters
4 and 5.

Definition 2.28. A topological space is an ordered pair (X, 7), where X is a set and 7 is
a collection of subsets of X, satisfying the following axioms:

1. @ and X belong to 7.
2. Arbitrary (finite or infinite) intersections of elements from 7 belong to 7.

3. Finite unions of elements from 7 belong to 7.

The elements of 7 are called closed subsets of X and the collection 7 is called a topology
on X. A subset Y C X is said to be open in X if its complement X \ Y is closed in X, i.e.
X\Yer.

Proposition 2.29. Let (X, 7) be a topological space. Then:

1. Arbitrary (finite or infinite) unions of open subsets of X are open in X.

2. Finite intersections of open subsets of X are open in X.

Proof. 1. Let {Uq}aeca be an arbitrary collection of open subsets of X. Thus every U, is
of the form X \ V, for a closed subset V,, C X. Then using De Morgan’s law:

U Va= U(X\Va):X\<ﬂ Va>.

acA a€A acA

Since (] Vu is closed in X, then X ( N Va> is open in X.

acA acA

11



2. Let {U;}!_, be a finite collection of open sets of X. Thus, every U; is of the form
X \ 'V, for a closed subset V; C X. Using again De Morgan’s law we obtain:

ﬂm:ﬂ(X\m:X\(Uw).
=1 =1 =1

n n
Since |J Vj is closed in X, then X \ <U V;) is open in X.
i=1 i=1

Proposition 2.30. Let (X, 7) be a topological space and' Y C X be a subset. Let
={VnY|Ver}

Then (Y, 7') is a topological space. The topology 7' is called the subspace topology on'Y.

Proof. 1. @ and Y belong to 7 since

g=0nY, Y=XnNY.

2. Let {V/}aeca be an arbitrary collection of elements from 7’. Then each of them is of
the form V! =V, NY for some V,, € 7. Thus,

ﬂv}:ﬂ<%nY):<ﬂMQﬁY€%

acA acA acA

3. Let {V/}™, be a finite collection of elements from 7’. Then V/ = V; NY for some
V; € 7 and hence

n

iLnJlVlz U(viny) = (QV) nyer.

i=1
Ul

Definition 2.31. Let (X, 7) be a topological space and Y C X be a subset. The closure
Y of Y in X is the intersection of all closed subsets of X which contain Y. In other words,

vy= () W

closed

YCV C X
Since an arbitrary intersection of closed sets is closed, then Y is closed in X.

Corollary 2.32. Let (X,7) be a topological space and let Y C X be a closed subset. Then
for any subset S CY there holds
SCy,

where S denotes the closure of S in X.
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Proposition 2.33. Let (X, 7) be a topological space and let Y C X. If for anyy € Y there
exists an open subset Uy of X which contains y and is contained in'Y, then'Y is open in X.

Proof. We can write

Y =] U,

yey

Because U, is open in X, then using Proposition 2.29 we conclude that Y is open in X. [J

Definition 2.34. Given a topological space (X, 7) and a point p € X, a neighbourhood
of pin X is a subset V C X such that contains an open subset U containing p,

peUCV.
If V is an open subset of X, then V is called an open neighbourhood of p.

Definition 2.35. Let (X, 71) and (Y, 72) be two topological spaces. Then a function f: X —

Y is said to be continuous if for every open subset U C Y, the inverse f~1(U) is an open
subset of X.

Definition 2.36. A homeomorphism is a continuous map between topological spaces
which is bijective and has a continuous inverse.

Definition 2.37. A topological space (X,7) is connected if any presentation of X as
X = Uy UUs; by disjoint open subsets implies U} = X or Uy = X.

Definition 2.38. Let (X, 7) be a topological space and z1,z2 € X. A path in X from x;
to x2 is a continuous function from the unit interval I = [0,1] C R to X such that f(0) = z;
and f(1) = x9.

Definition 2.39. A topological space (X, 7) is path-connected if for any 1,9 € X there
is a path in X from z; to zs.

Definition 2.40. A topological space (X, 7) is locally path-connected if for any =z € X
and any open subset V, © z of X there is a smaller open subset x € U, C V, of X which is
path-connected in the subspace topology.

Proposition 2.41. Let (X, 7) be a topological space. If X is connected and locally path-
connected, then X is path-connected.

Proof. Fix x € X and let Y be the set of all points in X such that there is a path from x to
any point in Y. The set Y is nonempty, since X is locally path-connected. We would like
to show that Y is both open and closed in X. Let Y¢ = X\Y. Then we can represent X

X=YUYy*®

as a union of disjoint open subsets of X. By Definition 2.37, we have X =Y, since Y is
nonempty. Since Y is path-connected, then so is X.

To show that Y is open in X, let y € Y. Since X is locally path-connected, we can
choose an open subset U > y of X which is path-connected. Thus, for any u € U there is a

13



path from u to y and, since y € Y, there is a path from y to x. Hence there is a path from
u to z in X. This means that U C Y. By Proposition 2.33, Y is open in X.

To show that Y is closed in X we will prove that Y€ is open in X. Let 3/ € Y¢ and
choose an open subset U’ > ¢/ of X which is path-connected. The intersection U' NY = @,
since if there is some p € U’ NY, then there is a path in X from 3/ to p (p € U’) and also
there is a path in X from p to z (p € Y)). But this means that there is a path in X from ¢’
to x, so that 3y’ € Y. It’s a contradiction. Thus, U’ NY = & and then U’ C Y°. Again, by
Proposition 2.33, Y is open in X. O

Definition 2.42. A topological space (X, 7) is said to be reducible if it can be written
as a union X = X7 U Xy of two proper closed subsets X7, Xo of X. A topological space is
irreducible if it is not reducible.

Definition 2.43. Let (X, 7) be an irreducible topological space. A subset Y C X is said to
be dense in X if Y = X.

Proposition 2.44. Let (X,7) be an irreducible topological space and let Y C X be a
nonempty open subset. Then 'Y is dense in X.

Proof. For contradiction suppose Y # X. Since Y is a nonempty open subset of X, then
Y¢= X \Y is a proper closed subset of X. Since Y C Y, then

X =Y°UY.

So, we are able to write X as a union of two proper closed subsets of X, which means X is
reducible. It is a contradiction. O

Proposition 2.45. Let (X, 1) be a topological space. If there is a finite collection {X;}7,
n

of proper closed subsets of X such that X = |J X;, then X is reducible.
i=1

7

Proof. From all possible finite covers of X by proper closed subsets (which is nonempty since
{X;}', is such a cover) take the one with the smallest number m of subsets. Denote it as
{Y;}™,. We know that

m—2

X:Q}g: < U1 Yi) U(Ym_lqu>.

=

By minimality of m it follows that Y,,_1 U Y}, is not a proper subset, because otherwise we
would get a cover by m — 1 proper closed subsets of X. Thus Y,,,_ 1 UY,, = X. So, X is
reducible.

O]

Proposition 2.46. Let (X, 1) be an irreducible topological space. Then the intersection of
a finite number of nonempty open sets of X is nonempty and open in X.

14



Proof. Denote a finite collection of nonempty finite open sets of X as {U;}"_;. According to

n
Definition 2.29, their intersection (] U; is open. We can write U; = X \ Y; for some proper
=1

1=

n
closed subset Y; of X. For contradiction suppose (| U; = @. Then
i=1

@zﬁUi:ﬁ(X\Yi):X\ LnJYi:>LnJYZ-:X.
i=1 i=1 i=1 i=1

So, X can be written as a union of proper closed subsets of X. By Proposition 2.45, X is
reducible. It is a contradiction. O
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3 Elements of Group Theory

Group theory is crucial for understanding the main ideas of this work. The word “group”
was invented by a french matematician Evariste Galois in 19th century who used this object
to study permutation of the roots of a univariate polynomial. In some sense we will use
groups in this work for the same purpose (you will learn more about it in Chapter 7). Here
we are going to explain basic definitions of group theory (group, group homomorphism, etc.)
and, finally, explain the relation between the stabilizer, normalizer and centralizer. We also
would like to note that there is a powerful software for computation with groups, called GAP
[12], which we used in this work.

3.1 Basic definitions

Definition 3.1. A tuple G = (G, %), where the operation * takes two elements and produces
another element, denoted a * b, is called a group if it satisfies the following axioms:

(i) Closure: For all a, b in G, the result of the operation, a * b, is also in G.
(ii) Associativity: For all a,b and cin G, (a*b) xc=a* (b*c).

(iii) Identity element: There exists an element 1 in G such that, for every element a in
G, the equation 1g *a = a * 1g = a holds true. It can be proved that such an element
is unique, and thus one speaks of the identity element.

(iv) Inverse element: For each a in G, there exists an element a~! in G, such that

axal=a1lxa=1q.

Example 3.2. The set of integers Z together with the addition operation + forms a group
(Z,+). The sum of two integers is obviously an integer (closure). The addition operation is
associative. The identity element is 0 € Z. The inverse element to a € Z is —a.

Definition 3.3. We say that a group G = (G, *) is finite if G is a finite set. The order of
G is the number of elements of G.

Definition 3.4. Given a group (G, x) and a subset H C G, a tuple (H,x*) is called a
subgroup of (G, ) if (H,x*) is a group.

Example 3.5. Let (G,*) = (Z,+) and H = nZ C 7Z, where nZ is the set of integers that
are divisible by n. We verify that (nZ, +) is a subgroup of (Z,+). The sum of two integers
divisible by n is again an integer divisible by n (closure). Operation + is associative in nZ,
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because it is associative in Z. The identity element in nZ is 0. And to every integer divisible
by n there is an integer with an opposite sign, which is obviously divisible by n.

Definition 3.6. Given two groups (G, *) and (H,+), a group homomorphism from (G, %)
to (H,+) is a function ¢ : G — H such that for all g; and g9 in G it holds that

©(g1 % g2) = w(g1) * (g2)-

Example 3.7. Consider (G,*) = (Z,+) and (H,*) = (Zn,+ modn), * € Z,n > 1, where
(Zn, + mod n) is the group of integers {0,1,...,n — 1} modulo n and the operation + 04 n
is the usual addition followed by taking modulo n. Define a map

p: L — Ly

a— amodn
It is easy to verify that ¢ is a group homomorphism, because
w(a+b) = (a+b) mod n = (a mod n) + med n (b mod n) = ¢(a) + mod n ¥(b)-

Proposition 3.8. Any group homomorphism ¢: G — H sends 1g to 1. Moreover,
w(g7") = (p(9)) " for allg € G.

Proof. By Definition 3.6,
P91 % 92) = (1) + 0(g2) V91,92 € G.
Take g1 = go = 1g. Then
o(la) = ¢(lg * 1a) = ¢(1c) (1)
Multiplying by (¢(1g))~! from the both sides we obtain
ln = ¢(1g).
For the last part of the statement:
I =¢(le) = w(gg™") = e(9)e(g™") = ¢(g™") = (¢(9)) "
O

Definition 3.9. Given two groups (G, %) and (H,+), a group isomorphism from (G, %) to
(H,-) is a bijective group homomorphism ¢ from (G, *) to (H,+). Then groups (G, *) and
(H,-) are said to be isomorphic and we write

16

G=H.

Example 3.10. Let (G,*) = (Z,+) and (H,+) = (nZ,+) for some n € Z, n > 1. Then
define ¢ to be:

p: Z —nZ

ar—n-a
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where - is the usual multiplication of integers. We claim that ¢ is a group homomorphism
since
pla+b)=n-(a+b)=n-a+n-b=y(a)+ o).
We can also show that ¢ is bijective. Its inverse is
o linzZ -7
1
ar— —-a
n

This shows that ¢ is an isomorphism and that the groups Z and nZ are isomorphic.

Further in the text we will omit the group operation and write just G for a group (G, *).
Definition 3.11. Let ¢ : G — H be a group homomorphism. We define the kernel of ¢ to
be

ker(p) € {g € G : p(g) = 1}

and the image of ¢ to be

im(p) © {ol9) : g € G}.

Example 3.12. Let G =Z and H = Zy,,n € Z,n > 1. We define ¢ to be

w: 7 — L,

a+— amodn

Then the kernel of ¢ is exactly the set of integers which give zero modulo n. These are
exactly the integers from nZ. So, ker(y) = nZ. Here im(yp) = Z,, because the integers
0,1,....n—1€Z map to0,1,....n—1 € Z, by ¢, respectively.

Definition 3.13. Given an element g of a group G and a subgroup H of G, define
gH = {gh | h e H}
to be the left coset of H in G with respect to g.

Example 3.14. Let G = Z and H = nZ. Take any g € Z. Then
gH ={g+nk|keZ}
is the set of integers congruent to g modulo n.

Proposition 3.15. Let G be a group and H be a subgroup of G. Let g1 H and goH be two
left cosets of H in G. Then either g1t H NgoH = @ or g1 H = go H.

Proof. If ¢ H NgoH = @, then we are done. Suppose g1HNgoH # @. Takea € g1tHNgo H.
Then a = g1hy = gahs for some hy, ho € H. This means gs = glhth_I, or that go = g1h for
some h € H. It is easy to see that hH = H because H is closed under its group operation.
Then goH = g1hH = g1 H. O
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The above proposition says that the left cosets of H in GG partition G into disjoint sets
gH for g € G. We can define the following relation on G:

g1~ g2 = giH =gH (3.1)

Using Proposition 3.15 it can be verified that this is an equivalence relation. We can then
define the equivalence class of g € G as

g ¥ g ec|g ~g}

It follows from (3.1) that
9] = gH.

The set of all such equivalence classes is denoted as G/H, i.e.
def
G/H = {gH | g € G}.

Definition 3.16. A subgroup N of a group G is called a normal subgroup of G if it is
invariant under conjugation in G, that is,

Vge G:gNg~t=N.
Example 3.17. Let G =Z and N = nZ for n € Z,n > 1. Take any g € Z. Then we have
g+nL+(—g) =g+ (—g)+nZ=nl,

which shows that nZ is a normal subgroup of Z. Actually here, G = Z is a commutative
group (a +b=">b+ a, Ya,b € Z). That’s why we can write

gNg ' =g 'N=1gN =N

for N = nZ and g € Z. Commutativity of elements in Z allows us to change Ng~! to g~ ' N.
That means, in general, that every subgroup of a commutative group is normal.

It turns out that if we define a normal subgroup NN in this way, we then are able to turn
the set of left cosets G/N into a group. It is crucial that the group law of G/N is induced
from the group law of G.

Proposition 3.18. Let G be a group and N be a normal subgroup of G. Define an operation
on the set of left cosets, G/N, as follows:

(aN)(bN) ¥ (ab)N (3.2)
Then:

1. The operation (3.2) is well-defined.

2. The operation (3.2) turns G/N into a group.
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Proof. 1. To check that (3.2) is well-defined we need to show that the result doesn’t
depend on the choice of class representatives. Let @’ N = aN and o' N = bN. Then

(@ N)(W'N) = (a'b')N =d' (W N) =d' (bN) = a/(Nb) = ('’ N)b =
= (aN)b=a(Nb) = a(bN) = (ab)N = (aN)(bN).

2. The closure of G/N under this operation follows immediately from (3.2). This opera-
tion is associative, since

((@N)(BN))(eN) = ((ab)N)(eN) = ((ab)e)N = (a(be))N =

= (aN)((be)N) = (aN)((bN)(cN)).
The identity element is 1N and the inverse of aN is a ' N.
O

For simplicity, we will write abN instead of (ab)N. According to Proposition 3.18 the
following definition makes sence.

Definition 3.19. Let G be a group and N be a normal subgroup of G. We call G/N the
quotient group of G by N.

The following proposition is known as the First Isomorphism Theorem for groups.

Proposition 3.20. Let G and H be groups and let p: G — H be a group homomorphism.
Then:

1. ker(y) is a normal subgroup of G.

2. im(p) is a subgroup of H.

3. The quotient group G /ker(yp) is isomorphic to im(yp).
In particular, if ¢ is surjective then H is isomorphic to G /ker(p).
Proof. 1. Take g € G. We need to prove that

gng~t € ker(p) Vn € ker(y).

Applying ¢ to it we get

plgng ™) = (9)e(n)p(g™") = e(9)lre(g™") = e(9)e(9™") = plgg™") = ¢(lc) = 1m.
That means gng~ ' lies in the kernel ker(¢).

2. We need to check that im(y) is closed under multiplication in H. Take two elements
©(g1) and ¢(g2) in the image im(p). Then

P(g1)p(92) = p(g9192) € im(p).
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3. Let K = ker(p). Define a map
?: G/K — im(p)
9K — ¢(9)
It is well-defined because if g1 K = go K (which means g5 191 € K) then
P(91K) = o(g1) = ¢(9295 ' 91) = 9(92) (95 91) = (92) 111 = p(g2) = P(g2 K).
It is a group homomorphism since
?((91K)(92K)) = 2(9192K) = (9192) = p(91)0(92) = (91 K)p(92K).

We show that p is injective:

B(91K) = 2(92K) = ¢(91) = ¢(92) = 1 = (2(91)) " 0(g2).
By Proposition 3.8,

L = (p(91)) " plg2) = ¢lg1 '92) = 91 '92 € K = g1 K = g2 K.

Finally, we show that @ is surjective. But this is trivial because for any ¢(g) € im(p) there
is a coset gK which maps to ¢(g) by @. So @ is indeed an isomorphism. O

Remark 3.21. From now on, if we have a surjective group homomorphism ¢: G — H with
kernel K C G, the induced isomorphism between the quotient group G/K and H will be
denoted as p: G/K — H and we will write
7
G/K = H.
If a group homomorphism ¢: G — H is injective, we write ¢: G — H.

Example 3.22. Let G =Z and N = nZ for some n € Z,n > 1. Let H = Z,,. We can define
a group homomorphism

w: 7 — L,

a+— amodn

We saw in Example 3.12 that ker(¢) = nZ and im(yp) = Z,. By Proposition 3.18, nZ is a
normal subgroup of Z and

@
=

Z/nZ = T,

Proposition 3.23. Let G be a group and N be a normal subgroup of G. If H is a subgroup
of G such that N C H, then N is a normal subgroup of H.

Proof. Since N is normal in G, then
gNg'=N, VgedG.

In the above equation we can just take those g which are in H and obtain
gNg ' =N, VgeH,

which means N is normal in H. O
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In Chapter 5 we will work directly with objects which are isomorphic to some quotient
group. That’s why we are also interested in subgroups of quotient groups. We prove the
following proposition which will be useful in Chapter 5.

Proposition 3.24. Let G be a group and N, H be normal subgroups of G with N C H. Let
G/H, G/N, H/N be the quotient groups. Then

1. H/N is a normal subgroup of G/N.

IRl

2. (G/N)/(H/N) = G/H.

Proof. We define a map:

g: G/N - G/H
gN — gH
We check that 3 is well-defined. Suppose g1V = goN. Then g, '91 € N. Because N C H,

then g;lgl € H, which means g1H = goH. So, 3 is well-defined.
Now, 3 is a group homomorphism since

B((g1N)(92N)) = B(g192N) = g192H = (91H)(92H) = B(g1)B(g2)-

Obviously, g is surjective because for any coset gH just take a coset gIN which maps to gH

by 5.
The kernel of S is:

ker(8) = {gN € G/N | B(gN) =1g/u} = {gN € G/N | gH = 1gH} =

={gN e€G/N|ge H} = H/N.
By Proposition 3.20, H/N is a normal subgroup of G/H and

(G/N)/(HIN) 2 G/H (3.3)

3.2 Permutation groups

Let X be a finite set. A bijective map from X to itself is called a permutation of X.
Denote the set of all permutations of X as S(X). Then it is trivial to verify that (S(X), o)
forms a group where o is the operation of function composition. This group is finite of order
d!, where d is the cardinality of X, since there are d! different permutations of d elements.
Sometimes, for simplification, we will write Sy instead of S(X). A subgroup G C S(X) is
called a permutation group.

Remark 3.25. For 0,7 € S(X), we will omit the sign o in their composition o o 7 and write
just o7. In general, we will follows this rule for any two maps.
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Example 3.26. Let X = {1,2,3}. Then S(X) is the group of all permutations of X. There
are 3! = 6 different permutations of 3 elements, so |[S(X)| = 6. There is a subgroup G C S(X)
which consists of the identity permutation and the permutation which exchanges 1 and 2
and keeps 3 fixed. The order of G equals 2.

We will represent a permutation o € S(X) using cycle notation: for X = {1,...,d},
the elements in each cycle are put inside parentheses, ordered so that o(j) immediately
follows j or, if j is the last listed element of the cycle, then o(j) is the first element of the
cycle. For example, if X = {1,...,6} then the permutation

o(l)=4,0(2) =1,0(3) =3,0(4) =2,0(5) =6,0(6) =5
o=(142)(3)(56)
in cycle notation.

Definition 3.27. A permutation group G C S(X) is transitive if for every z, 2’ € X there
is an element g € G such that g(z) = 2/

Example 3.28. Let G = ((1 3)(24),(14)(2 3)) € Sy be a subgroup. It is easy to see that
it is transitive. If we let G = ((1 2), (3 4)) C Sy, then G is no longer transitive since there is
no element o € G such that o(1) = 3.

S N)

Definition 3.29. Let X be a finite set and G C S(X) be a permutation group. For z € X,
the stabilizer of z by G is the set

Stabg (z) = {g € G | g(x) = x}.

Proposition 3.30. The stabilizer Stabg () is a subgroup of G.
Proof. Take g1, g2 € Stabg (). Then gi192(z) = g1(g2(x)) = ¢g1(x) = = and hence g192 €
Stabg (z). Obviously, eq € Stabg (z). If g € Stabg (z) then x = eg(x) = g lg(z) =
g 1(g(x)) = g7'(x), so Stabg (z) is closed under taking inverses. O
Example 3.31. Let X ={1,2,3,4} and G = ((1 3)(24),(14)(23)) C Ss. Then

Stabg (1) = Stabg (2) = Stabg (3) = Stabg (4) = {eg}.
Example 3.32. Let X = {1,2,3} and G = S3. Then Stabg (1) = {eg, (2 3)} = ((2 3)).

Proposition 3.33. Let X be a finite set and G C S(X) a transitive permutation group. Fiz
an element x € X and let G, denotes the stabilizer Stabg (). Then the map

n:G/Gy — X
9G4z — g(x)

1s bijective.
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Proof. We first show that 7 is well-defined. It means that if g1 G, = g2Gy, then g1 (z) = go(x).
The first equality means that g; = gah for some h € G;. Then g1(x) = g2h(x) = g2(h(x)) =
92(x).

We that 7 is bijective. For injectivity, let 7(91Gz) = 17(92Gz). Then gi(z) = ga(z), or
T = gl_lgg(x). Hence gl_lgg € Gy, or go = g1h for some h € G,. Then ¢1G, = ¢g2G,. For
surjectivity, by assumption G acts transitively on X, which means that for every 2/ € X
there is g € G with 2’ = g(z). Then 7n(¢9G,) = «'. O

3.3 Products of groups

Here we explain two basic definitions related to the notion of product of groups. We will
refer to this section in Chapter 8.

Given two groups G and H, there are several ways how to construct a new group from
G and H. The first one is analogous to the Cartesian product of two sets.

Definition 3.34. Given two groups G = (G,*) and ‘H = (H,-), we define the direct
product G x H of G and H as follows:

1. The underlying set is the Cartesian product G x H, i.e.:
GxH={(g,h) | ge G,h e H}.

2. The operation * of G x H is defined component-wise:

(g1, h1) * (g2, h2) - (g1 * g2, h1 + ho)

Proposition 3.35. The direct product G x H constructed in Definition 3.34 satisfies the
group arioms.

Proof. It is obviously closed under the operation x. The associativity of x follows from the
associativity of * and - since:

(g1, h1) * (g2, h2)) % (g3, h3) = (g1 * g2, h1 * ha) % (g3, h3) = ((91 * g2) * g3, (h1 * h2) * h3) =

= (91 % (92 % g3), h + (h2 * h3)) = (g1, h1) * (g2 * g3, ha = h3) = (g1, h1) * (g2, h2) * (g3, h3)).
The identity element is (1¢, 1) since for every (g,h) € G x H:

(g, 1u) *(9,h) = (lg * g, g +h) = (g, h) = (g * 1, h+ 1) = (9, h) x (1, 1n).

The inverse of (g, h) is (g7, h™1) since

(gvh)*(g_lvh_l) = (g *g_lvh°h_1) = (le 1H) = (g_l *gvh_l 'h) = (g_lvh_l)*(gvh)'
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Example 3.36. Let (R, +) be the additive group of real numbers. Then the direct product
of (R, +) with itself is the group (R x R, @) with the operation @ given by

(a1,b1) @ (az, b2) = (a1 + az, by + b2).

Let (R*,-) be the multiplicative group of nonzero real numbers. The direct product of (R*,-)
with itself is the group (R* x R*, ®) with the operation ® given by

(a1,01) © (az,b2) = (a1 - az, by - ba).

We can also let (R xR*, ®) to be the direct product of (R, +) and (R*,-). Then the operation
® is given by
(a1,b1) ® (az,b2) = (a1 + az, by - ba).

As it was done in Section 3.1, we will write just the underlying set G x H for the direct
product of G and H.

There is also another way to construct a new group from the given two groups, which
generalizes the direct product. However, first we need to be familiar with the notion of
automorphism group of a group G.

Definition 3.37. Let G be a group. We define a set

Aut(G) déf {¢: G — G| ¢ is an isomorphism}.

It is easy to verify that such a set forms a group with respect to the operation of function
composition o. We call (Aut(G),o) the automorphism group of G. The elements of
Aut(G) are called the automorphisms of G.

Definition 3.38. Given two groups G = (G, ) and H = (H, ) and a group homomorphism
¢: H — Aut(G), we construct a new group G x,H, called the (outer) semidirect product
of G and H with respect to ¢, defined as follows:

1. The underlying set is the Cartesian product G x H.
2. The operation * is defined as:
def
(91, 1) % (g2, h2) = (91 % @(h1)(g2), I * ha).

Proposition 3.39. The semidirect product G x, H constructed in Definition 3.38 satisfies
the group axioms.

Proof. It is obviously closed under * since @p, def ©(h1) maps go to some element in G. The
associativity of x follows from the associativity of * and - since

((g1,h1) * (g2, h2)) * (g3, h3) = (g1 * ¢n, (g2), h1 = ha) * (g3, h3) =

= ((91 * 0ny(92)) * Phiehs (93), (ha + ho) * hs) =

—
N

= (1% (911 (92) * @nina(98)), L+ (g hy) ) =
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8 <91 * (¢h1(92) * ©Ohy (©hg (93))>,h1 «(ho- hs)) =

@ <g1 * QOp, (92 * QOhy (93)) yhl e (ha - h3)> -

= (g1, h1) * (92 * ©hy(93), ho * h3) =

= (g1, h1) * ((g2, h2) * (g3, h3)),

where (1) and (2) follow from the facts that ¢ and ¢p, are group homomorphisms. The
identity element is (1, 1) since for every (g,h) € G X, H:

(los 18) % (9, ) = (1g * 91, (9) 1a - 1) 2 (9, 1) D (9% on(16), b= 1) = (g, h) * (1, 1),

where both (1) and (2) follow from Proposition 3.8. The inverse of (g, h) is (¢p-1(g71),h™1)
since

(g:1) % (pp-1(g™ ") h™ ) = (g x enlen-1(g ), e h™") = (g % ppup-1(g™"), b)) =

= (g*e1y(97 ") 1u) = (9% 97" 1) = (1, 1n) = (on-1(16), 1u) =
= (pn-1(g % g) h7 e h) = (@p1(g7) * on-1(9), A7 = h) = (n-1(g™ 1), 1) % (g, h).
O
We note that the semidirect product is the generalization of the direct product (just take

¢ which sends all h € H to idg). For simplicity, the semidirect product of groups G and H
with respect to ¢ will be denoted as G' %, H.

Example 3.40. Let K = S({a,b}) be the permutation group. Let G be the direct product
K x K x K and H = S({1,2,3}). We define a map
v: H — Aut(G)
h= (9= (gh-101)> Ih-1(2)> In-1(3)))

where g; denotes the i-th element of g. So, ¢p = @(h) just permutes the elements of g
according to ™. We at first show that ¢y, is a group homomorphism. Take g, ¢’ € G. Then

en(99") = on( (9191, 9292 9393) ) = en(9) = @n-11), In-1(2)> In-1(3)) =

g

= (9h—1(1)9h-1(1)> Ih—1(2)Ih-1(2): In-1(3)Ih-1(3)) =
= (9h-1(1)> 9n—1(2): In-1(3)) (Gh-1(1) Ih=1(2)> In-1(3)) = Pr(9)n(9).

Also @y, is bijective since h is bijective. Therefore ¢y is an isomorphism. Now we show that
¢ is a group homomorphism. Take hy, he € H and let g = ¢p,(g9) = (gh;1(1),gh;1(2),gh;1(3)).
Then

p(hihy) = (g = (g(h1h2)’1(1)’g(h1h2)’1(2)’g(h1h2)’1(3))) =

(1) ~ . _
= (97 @z ) I (hr @) It 2 3)) = (9 @m0y Gn 2 Gni ) =
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= (9 o1 (9)) = (9 = on(¥1:(9))) = @(h1)p(h2).
Equality (1) is true because g; = Iny () for all 4 = 1,2,3. Thus, we may construct the

semidirect product G x, H. At first, the order of G %, H equals 213.3! = 48. To understand
the structure of G' %, H we will embed it into S({(a, 1), (b, 1), (a,2),(b,2),(a,3),(b,3)}).

X
Define a map

b: G xy H = S(X)
(9, 8) = ((2,5) = (gng (@), h(5)))

The map w((g, h)) is bijective since g;,7 = 1,2,3 and h are bijective. We prove that v is a
group homomorphism. Take (g, k) and (¢, ') in G 1, H and let g = ¢p(¢’). Then

v((g:h)(g' b)) = ¢((9g, hl)) =
= ((,9) = ((99) @y (3 (0), (hA')(5)
= ((1,9) = ((99)nw ) (1), (W' ()
= ((5:3) = ((gnaw ) naw () (0, W (R (5)
= ((5,5) = ((Gnw () In-1 (nw () 0
= ((1,9) = ((Gnew () Ihr () (@
((4,5) — (gh(h’(j))(gh/(j)(z))a

e
{

= ((4,9) = (gnny (@), h(3")) =
= ((4,9) = Ygm ([, 5)) =
= ((4,5) = Vg (g (i, 4)))) =
=((g:1)v((g',h")).

The group homomorphism 1 is injective since h and g;,i = 1,2,3 are injective. To show
how the elements of im(¢)) act on X let’s take, for example, g = ((a b), 1x, 1K) € G and
h=(123) € H, where (a b) € K permutes a and b. Then the action of ¥/((g, h)) on X can
be divided into 2 stages:

[(a,1)] (D, 1)] [(a,2)]
Eb,l% Ea,lg Eb 2;
a, 2 a,2 a,3

.2 7 2| T 0,3
(a,3) (a,3) (0,1)
L(0,3)]  L(®:3)]  Lla, 1)

Notice that every element f € im(1)) respects the partition of X into blocks:

B= {{(a,l),(b,l)}, {(0.2),(5.2)}, {(a,3), (b, 3)}}.
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This means that
f(By=Bor f(B)NB=@ VBe B, Vfcim(y).

If such a partition B of X exists then we say that im(¢)) acts imprimitively on X (see
Chapter 8). The group G x, H = (K x K x K) x, H is denoted in the literature as K H
(or K wr H) and is called the wreath product of K and H.

3.4 Relation between the stabilizer, normalizer and centralizer

In this section we would like to reveal the connection between the stabilizer, normalizer
and centralizer inside the permutation group, since this will play a key role in Chapter 5.
We already know from Section 3.2 what the stabilizer of an element is. We give the following
two definitions.

Definition 3.41. Let G be a group. The normalizer of a subset S C G is defined as

def
Ng (S) = {g€ G |gS = Sg}.

We will be mostly interested in normalizers of subgroups.

Example 3.42. Let X = {1,2,3,4} and G = ((1 2)(34),(13)) CS(X). Take z =1 € X.
Using GAP we can compute the stabilizer of x in G. The command which does that is

Stab := Stabilizer(G,1);

We obtain
Stabg () = ((2 4)).

Similarly, the normalizer of Stabg (x) in G can be computed using the command
Norm := Normalizer(G,Stab);

We obtain
Ng (Stabg (z)) = ((2 4), (1 3)).

Notice that if H is a subgroup of GG, then from Definition 3.41 it follows that H is a normal
subgroup of Ng (H) and, thus, we may construct the quotient group Ng (H)/H. It is
obviously isomorphic to Z/27Z.

Definition 3.43. Let G be a group. The centralizer of a subset S C G is defined as

CG(S)dﬁf{gEG|gs:sgforalls€S}.

We will be mostly interested in centralizers of subgroups.

Example 3.44. Let X = {1,2,3,4} and G = ((1 2)(3 4),(1 3)) C S(X) be a permutation
group. Again, we use GAP to compute the centralizer of G in S(X):

Cent := Centralizer(G,SymmetricGroup(4));
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We obtain
Cs(x) (G) = ((1 3)(2 4)).

Consider a finite set X and a transitive permutation group G C S(X). Take some z € X
and denote G, = Stabg (). Basically, in this section we prove that

Ne (Ga) /Gy 2 Cy(x) (G) (3.4)

Example 3.45. Let X = {1,2,3,4} and G = ((1 2)(3 4),(1 3)) C S(X) be a permutation
group. Take z =1 € X. Then, according to Examples 3.42 and 3.44, we have

Ne (Gp) /Go = Z)2Z = Cg(x) (G) .

We now prove relation (3.4). Let G/G; be the set of left cosets. Then we can define a
group homomorphism

pr: G — S(G/Gy)
g — (ng > g’ng)

It is easy to see that for every ¢’ € G the map pr(¢’) is well-defined since if g1G, = g2Go,
then ¢'g1G. = ¢'g2G.. So, pr, is well-defined. It is a group homomorphism since

pr(d'g") = (ng > (g’g”)ng> = <9Gac = g’(g”g)Gx) = pr(g")pL(g")-
We can try to define another group homomorphism
pr: G —S(G/Gy)
n— (gGw — gn_lGx>

However, we will not succeed here because the map pr(n) will not be well-defined for all
n € G. For pr(n) to be well-defined means

901Gy = oGy = gin Gy = gan G, V1,92 € G. (3.5)
We can see that for g1, 92 € G,
901Gy = oGy = g5 91Gy = Gy <= g5 g1 € Gy,
glnflGx = ggnflGl‘ <— ngglglnflGx =G <— ngQ_lngf1 € Gy.
Thus, (3.5) can be rewritten as
g;lgl clG;, — ngglgln_l € Gy, Yg1,90 € G. (3.6)

As we vary g1 in G, and keep go = 1¢ fixed, the values g;lgl = g1 run through all the

elements of G,. Thus, by Definition 3.41, we can equivalently rewrite (3.6) as n € Ng (G,).

Thus, pr(n) is well-defined if and only if n € NG, def N¢ (G.). So, we redefine pg to be

pr: NG, — S(G/G,)
n— (gGm — gn_le>
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Also notice that pgr is a group homomorphism because
pr(ning) = <9Gm — g(mnz)‘le) = <9Gm > g(ng_lnfl)Gm> =

= (ng > (9n51)”f1Gx) = pr(n1)pr(nz).

We can create the following diagram (¢ is to be defined):
G 2 S(G/G,) 22— NG,
idg l‘ﬁ
S(X)
Recall the map n: G/G; — X from Proposition 3.33. We define ¢ to be
¢: S(G/Gz) — S(X)
o (12 = ol (@)

(What 7 does is just pulling back z’ to the coset gG, with 2’ = g(z), apply o to this coset
and map it back to X by 7.) It is true that ¢ is a group homomorphism because

p(o102) = (:c’ — 77(0102(77—1(;5/)))) =

= (#' = (e~ (o2t~ @)
= (2 = 6(01) (9(02)(@)) ) = d(01) (o).
Also ¢ is bijective since 7 is bijective. Thus, ¢ is an isomorphism.
Proposition 3.46. Diagram (3.7) is commutative which means
¢pL = idg.

Proof. Take any ¢’ € G. Then 7 = ¢(pr(¢')) € S(X) can be written as

T2’ = glg(a),
where 2/ = g(x). So, it is the same as

Tia’ = g'(),
since ¢'g(z) = ¢'(g9(x)) = ¢’(2’). But this is exactly what idg(¢") = ¢’ does. O

Let’s talk now about injectivity of pr and pgr. If pr wasn’t injective then ¢pr = idg
wouldn’t be injective, which is impossible. Thus, pz, is injective. So, diagram (3.7) now looks
like

G < S(G/G,) <25~ NG,

idg %l‘ﬁ
S(X)
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Now we claim that ker(pr) = G5. Indeed, take any n € G,. Then
pr(n) = (ng > gn*le> = (ng = ng) = Is¢/c.)-

Conversely, suppose n € ker(pr). Then pr(n) sends 16G, to 1gn G, = 16G,. But this
means n € G,. Hence, according to Proposition 3.20, the diagram can be redrawn as

G <P S(G/Gy) <225 NG, /G,

=] (33
S(X)
We now give the main proposition of this chapter.
Proposition 3.47. In diagram (3.8) it holds that
Cs(c/c.) (PL(G)) = PR(ING:/Ga) (3.9)

Proof. O : Take (03: gG, — gn_lGx) € pr(NG,/G;) and (O‘LZ gG, — g’gGw) € pr(G).
We need to prove that orop, = orop, or that

(O'Ri 9Gy — gnflGx> (O'L5 9Gy — g/ng> =

= (aL: 9Gy = g’ng) (UR: 9Gy = gn_lGx),
which is equivalent to showing that
(ng = (g’g)n‘le) = (ng — g’(gn_l)Gm).

The latter equality obviously follows from the associativity law.
C : Take o € CS(G/G’I) (pL(G)) Then

oo =oro, Yor € pr(G).

It means that
(ng > a(g/gG:c)) = (ng > g’(d(ng))),
which is equivalent to
o(9'9Gz) = ¢'(0(9G2)), Vg.9' € G.
Take ¢G, = 1¢G,. Then

0(9'Gs) = g'(0(16Gx)), V' €G.
If we denote 0(1gGy) = n~ G, for some n € G, then we see that
o(gGy) = gn G, V¢ €G.

It remains to prove that n € NG,. But it can be proven in exactly the same way as in (3.6)
using the following fact (which says that o is well-defined):

g'Gx: /,Gmégln_lGx: //n—le‘

So, o indeed lies in pr(NGz/Gx). O
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Relation (3.4) can be proved from (3.9) by showing that

Cs(c/a,) (pL(G)) = Cg(xy (G)

which is “kind of obvious” (for the proof see Proposition 5.26).
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4 Elements of Algebraic Geometry

Every system of polynomial equations defines an object called affine variety. The branch
of science which studies affine varieties is called algebraic geometry. In this chapter we are
going to explain basic elements of algebraic geometry (i.e. polynomial ideals, affine varieties,
the Zariski topology, etc.). The final concept which we will be interested in is the concept
of rational maps between affine varieties. The material described here will be further used
in Chapter 7.

4.1 Affine varieties

The set of all polynomials in x1,...,z, with coefficients in C is denoted Cl[z1,...,x,].
One can show that C[xy,...,z,] is a (commutative) ring.

Definition 4.1. Let f1,..., fi, be polynomials in C[z,...,x,]. Then we set
V(fi, -y fm) ={(a1,...,a,) € C"| fi(a1,...,a,) =0 for all 1 <i<m}.
We call V(f1,..., fm) the affine variety defined by f1,..., fi.

In other words, V(fi,..., fm) is the solution set of the polynomial system defined by
fi,ooy fme

Example 4.2. Let f{ = x — 1 and fo = y — 2 be the polynomials in C[z,y|. Then

=}

Exarnlple 42.3. Let fii = 2> —1and fo = zy — 1. From f; = 0 we get 1tha‘c x equals
1,e%™5  €2™5 . Substituting that into fo = 0 we get y = % equals 1,e2™5, e?™5 . Hence

1 eZm% 627”%
V(f17 f2) = { |:1:| ) [eZWi§] ) [627”';) :
Example 4.4. Let f = 22 +y? — 1 € C[z,y]. It is well-known that over the real numbers f

defines a circle. Over the complex numbers there are more points in V(f). We can see that
V(f) is infinite since C is infinite.
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We already know from Definition 2.2 what an ideal is. Since Clxy,...,zy,] is a ring, we
can study its ideals. We already know from Proposition 2.4 that for fi,..., f,, the set of all
polynomial combinations (fi, ..., fi,) is an ideal of C[xy,.. ., z,].

It turns out that to every affine variety X C C™ we can associate an ideal in the following
way. We define

I(X)={f €Clz1,...,x,] | fla1,...,a,) =0 for all (a1,...,an) € X}.
If X =@, welet I(X) = Clxy,...,z,]. The crucial observation is that I(X) is an ideal.

Proposition 4.5. If X C C" is an affine variety, then I(X) C Clxy,...,x,] is an ideal.
We call 1(X) the ideal of X.

Proof. 1t is obvious that 0 € I(X) since the zero polynomial vanishes on all of C", and
so, in particular it vanishes on X. Next, suppose f,g € I(X) and h € C[zy,...,x,]. Let
(a1,...,an) be an arbitrary point of X. Then

fla,...,an) +g(ar,...,a,) =04+0=0,

h(ai,...,an)f(a1,...,an) = h(ai,...,a,)-0=0,
and it follows that I(X) is an ideal. O

Proposition 4.6. Fvery ideal I C Clzy,...,x,] is finitely generated. In other words, I =
(f1y--+y fm) for some f1,..., fm € 1.

Proof. |6, Chapter 2, §5, Theorem 4|. O

4.2 Regular and rational functions

Let X C C™ be an affine variety.

Definition 4.7. A function f: X — C is said to be regular if there exists a polynomial F
with coefficients in C such that f(p) = F(p) for all p € X.

The set of all regular functions on X is denoted by C[X]. We can define a ring structure
on the set C[X]: the operations f; + fo and fi - fo can be defined as

def

(fr+ f2)(p) = fi(p) + fa(p),

(fi- R)(0) < f1(p) - folp)

for every p € X. It is then straightforward to check that such a definition turns C[X] into a
ring, which we will call the coordinate ring of X.

It is easy to see that for a given function f € C[X] its defining polynomial F' is not
unique: we can add to F' any other polynomial G which vanishes on X without altering f.
This can be explained algebraically as follows. Consider the map

¢: Clzy,..., 2, = CIX]

(4.1)
F— (p~ F(p))

34



It is obvious that ¢ is a ring homomorphism. It is surjective, because any regular function
on X is defined by some polynomial. Its kernel ker(¢) consists of polynomials which vanish
on X. By definition, ker(¢) = I(X). Then, by Proposition 2.14, we have

[l

Clar, .., 2] /I(X) 2 C[X] (12)
So, every function on X can by identified with a coset F' 4+ I(X) for some polynomial F'.

Example 4.8. Consider X = {+i} C C given by the polynomial f(z) = 22 + 1. Then
I(X) = (22 + 1) C C[z] and

[1-e-l

Clz]/(z® + 1)
Because 22 + 1 is reducible over C, the resulting coordinate ring has nontrivial zero divisors
[z +i] = (x +4)+ (x> + 1) and [z —i] = (z — ) + (2% + 1), and hence is not an integral
domain.

Clx].

Definition 4.9. An affine variety X C C” is irreducible if whenever X is written in the
form X = X; U X5, where X7 and X5 are affine varieties, then either X; = X or Xy = X.

Example 4.10. Let X = V(zz,y2) C C3. We can write X = X; U X3 for X; = V(z,v)
and Xo = V(z). Thus, X is not irreducible. Let Y = V(y — 2%) C C2. It turns out that
Y is irreducible. However, it is hard to prove that directly from Definition 4.9. Proposition
4.11 turns this question into an algebraic problem.

Proposition 4.11. Let X C C" be an affine variety. Then X is irreducible if and only if
I(X) is a prime ideal.

Proof. |6, Chapter 4, §5, Proposition 3|. O

Using isomorphism (4.2), Proposition 4.11 and Proposition 2.27 we obtain the following
corollary.

Corollary 4.12. For a nonempty irreducible affine variety X C C", its coordinate ring C[X]
s an integral domain.

Let X C C" be an irreducible affine variety. Hence, using Corollary 4.12 and Proposition
2.22, the following definition makes sense.

Definition 4.13. The function field of a nonempty irreducible affine variety X C C" is
the field of fractions of C[X]. This field is denoted as C(X).

So, by Proposition 2.22 and Remark 2.23, the elements of C(X) are the equivalence

classes [5], where f,g € C[X], g # 0.

Definition 4.14. Let X C C™ be an irreducible affine variety. A rational function on X
is an element f € C(X).

Remark 4.15. Given an irreducible affinem variety X C C™ and a rational function ¢ =

[5] € C(X) we can try to define the evaluation of ¢ at points of X as ¢(p) = %. However,

g
we may not succeed always: there may exist some points p € X for which g(p) = 0.
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Definition 4.16. A rational function ¢ € C(X) is said to be regular at p € X if it has a
!

representative with g(p) # 0.

Example 4.17. Let X = V(zy — 2%) C C3. The ideal I(X) is prime, since zy — 22 is
irreducible over C. So, by Proposition 4.11, X is irreducible. Hence the function field C(X)
can be constructed. Take a rational function ¢ = [2] € C(X). (For simplicity we write just

2] instead of |2 | for ¢ from (4.1).) Me may notice that |£| € C(X) defines the same
z #(2) y

rational function because .
ry—22=0cC[X]= =~ 2.
zZ Yy

Take a point p = (0,1,0) € X. If we try to evaluate 7 at p we will not succeed, as z(p) = 0.
on p and obtain @p) 0 _ By Definition 4.16, we claim that

But we can evaluate 2

y(p) 1
o=[%] = [é] is regular at p = (0,1,0) and ¢(p) = 0.
However, there is still one thing which hasn’t been explained yet: why two different
representatives L 2 of the same rational function ¢ € C(X) should give the same value

91’ g2
after evaluation at some p € X, for which g;(p), g2(p) # 07 As 5—1 and 5—; represent the same
rational function ¢, we should have f1go — fag1 = 0 € C[X]. Then

f192 — f201 = 0= f1(p)g2(p) — f2(p)g1(p) = (f192 — f291)(p) = 0(p) = 0 = =

Hence, if a rational function ¢ € C(X) is regular at p € X, then its value at p doesn’t depend
on the choice of representative g for which g(p) # 0.

4.3 Subvarieties

Definition 4.18. Let X C C” be an affine variety.
(i) For fi,..., fm € C[X] we define
Vx(fi,.- oy fm)={p € X | fi(p) =0 for all 1 <i<m}.
We call Vx(fi,..., fm) the subvariety of X.

(ii) For an ideal J C C[X] we define
Vx(J)={pe X | f(p)=0forall feJ}.
(iii) For each subset Y C X, we define
Le(Y) = {f € C[X] | f(p) =0 for all p € Y}.

Proposition 4.19. Let X be an affine variety and Y be a subvariety of X. Then Ix(Y) C
C[X] is an ideal.
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Proof. 1t is obvious that 0 € Ix(Y) since the zero function on X vanishes also on the subset
Y C X. Next, suppose f,g € Ix(Y) and h € C[X]. Take a point p € Y. Then

f(p)+9(p) =0+0=0,
h(p)f(p) = h(p)-0 =0,
and it follows that Ix(Y") is an ideal. O

Proposition 4.20. Let X be an affine variety and fi,..., fm € C[X]. Then
Vx(fi,-oo fm) = Vx((fi,- oo fm))-

Proof. O : Take p € Vx({f1,..., fm)). Since f1,..., fm € (f1,.-., fm), then fi(p) =--- =
fm(p) = 0. Hence p € VX(fla .- afm)

C: Take p € Vx(fi,...,fm) and f € (fi,..., fm). Then f =37 gifi for gi,...,9m €
C[X]. Evaluating f at p we obtain

f) =" g:i0)filp) = gi(p) -0 =0.
=1 i=1

Then p € Vx((f1,..., fm))- -

Let X be an affine variety defined by Fi,..., F,, € Clz,...,z,] and Y = Vx(g1,...,9)
be a subvariety of X for gi,...,g, € C[X]. It is easy to see that Y C C" is an affine variety.
Indeed, if we take representatives Gy, ...,G, € Clzy,...,z,] of g1,...,gr, then

Y = V(F,...,Fn,Gi,y....Gy).
Example 4.21. Let X = V(z — 22 — 3?). If we take ¢(z) € C[X] for ¢ from 4.1, then
Y = Vx(¢(x) ={(0,a,a°) Ja€ C} C X
is a subvariety of X. Note that this is the same as V(z — 2% — 42, z) in C3,

Proposition 4.22. Let X C C" be an affine variety. If Y = Vx(f1,..., fm) is a subvariety
of X, thenY = Vx(Ix(Y)).

Proof. Since every f € Ix(Y') vanishes on Y, the inclusion Y C Vx(Ix(Y)) follows directly
from the definition of Vx(J) for an ideal J. Going the other way, note that fi,..., fi, €
Ix(Y) by the definition of Ix. It follows that Vx(Ix(Y)) € Vx(f1,...,fm) =Y because
if every function in Iy (Y') vanishes on some p € X, then fi,..., f;, vanish on p. O

Proposition 4.23. Let X C C" be an affine variety. Then every ideal J C C[X] is finitely
generated.
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Proof. Let I = ¢=1(J) C Clay,...,x,), where ¢ is the ring homomorphism (4.1). We claim
that I is an ideal. Indeed, 0 € I since ¢(0) =0 € J. Take F,G € [ and H € Clxy,...,xy).
Then

H(F+G)=¢(F)+¢(G)eJ = F+Geg¢ '(J),

G(HF) = o(H)S(F) € ] —> HF € 671())
By Proposition 4.6, I = (Fy,..., Fy,) for some Fi,..., F,, € Clzy,...,z,]. We claim that

= (O(F1), -, o(Fim))-

The inclusion D is obvious since ¢(F}),...,¢(Fy,) € J. For the reverse inclusion, let f € J.
Take some F € ¢~ 1(f) C I. Since I = (Fy,...,Fy), then F = Y G,F; for some
G; € Clxy,...,x,]. Hence

O]

If we let X = C" then every affine variety Y is a subvariety of X. This is because
X is an affine variety: it is defined by the zero polynomial 0 € Clzy,...,x,]. Hence if
Y =V(F,...,Fy) for Fi,...,F, € Clz1,...,x,], then Y = Vx(¢(F1),...,¢(Fn)). Thus,
everything described in this section can be applied to affine varieties too.

4.4 Zariski topology
It is crucial that every affine variety can be turned into a topological space. But before

giving the proof of this we should be familiar with the concepts of sum and product of ideals.

Definition 4.24. Let {J,}aca be a (possibly infinite) collection of ideals of a ring R. We
define the sum of .J, to be

o —{if,-

acA i=1

fi € Ja, for some a; € A,m € N} :

In other words, this is the set of all finite sums of elements from {J,}acA.

Proposition 4.25. Let {Ja}aca be an arbitrary collection of ideals of R. Then ) 4 Ja 15
an ideal of R.

Proof. Obviously 0 belongs to the sum since it belongs to each of these ideals. Take f,g €
Y oacaJa and h € R. Then f =37 f; and g = > "% g; are finite sums of elements from

{Ja}aca. Hence
mi mo
FHg=>_Ffi+> 6€> Ja
i=1 i=1

acA
mi mi
hf:h;fi :;hfi € ZAJQ.
1= 1= ac
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Proposition 4.26. Let X C C™ be an affine variety and {Ja}aca be an arbitrary collection
of ideals of C[X]. Then

(] Vx(Ja) = Vx (Z Ja> .

a€A a€A

Proof. C : Take p € () Vx(Jo) and f € > caJa. Then f = 37" f; is a finite sum of
a€cA
elements from {Jy}aeca. Since f; belongs to J,, for some a; € A, then f;(p) = 0. Hence

f(p) =222 filp) = 0.
D: Takepe Vy (ZaeA Ja). Since Jo € Yo Ja for every a € A, then p € Vx(Jy) for

every « € A. Hence p € () Vx(Ja). O
acA

We can ask a question: is an arbitrary union of subvarieties of X also a subvariety of X7
It turns out that the answer is no in general.

Example 4.27. Let Y = (J,cz Vc(z — a) be an infinite subset of C. Then Y is not a
subvariety of C since every polynomial in C[z] has only finitely many roots.

However, the answer to the above question becomes positive for a finite union of subva-
rieties. Notice that if we prove that for a union of two subvarieties, then by induction we
can extend the proof to any finite union. It turns out that the union of two subvarieties
corresponds algebraically to the notion of product of two ideals.

Definition 4.28. Let I and J be two ideals of a ring R. We define the product of I and
J to be

IJ_{ZfZgl‘fl,,fmGI,gl,,gmGJ,mGN}
i=1

It is easy to see that I -J is an ideal of R. Obviously 0 € I - J as it belongs to both [
and J. For f,geI-Jand h€ Rwehave f+gel-Jand hfel-J.

Proposition 4.29. Let X C C" be an affine variety and I, J be two ideals of C[X]|. Then
Vx(I)UVx(J)=Vx(-J).

Proof. C : Take p € Vx(I) UV x(J). Then either f(p) =0 for all f € I or g(p) =0 for all
g € J. Thus, f(p)g(p) =0 for all f € I and all g € J. Thus, h(p) =0 for all h € I - J and,
hence, p € Vx (I -J).

O : Take p € Vx (I-J). Then f(p)g(p) =0 forall f € I and all g € J. If f(p) = 0 for
all f € I, then p € Vx(I). If f(p) # 0 for some f € I, then we must have g(p) = 0 for all
g € J. In either case, p € Vx(I) U Vx(J). O

Now we are ready to define a topology on an affine variety X (see Definition 2.28).

Proposition 4.30. Let X C C" be an affine variety. Let T be the set of all subvarieties of
X. Then (X, T) is a topological space.
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Proof. 1. @ and X belong to 7 since

QIVX(l), X:VX(O).

2. Let {Y,}aca be an arbitrary collection of subvarieties of X. Denote by J, the ideal
generated by the functions which define Y,. By Proposition 4.20, Y, = Vx(J,). By

Proposition 4.26,
(] Yoa=Vx (ZJQ).

acA a€A

According to Proposition 4.23, > 4 Jo = (f1,-.., fm) for some fi,..., f,, € C[X].
Hence, by Proposition 4.20,

() Ya=Vx(fi.- -\ fm),

acA

which means [ Y, is a subvariety of X.
acA

3. We need to prove that any finite union of subvarieties of X is again a subvariety of
X. However, this is equivalent to proving the same statement for a union of two
subvarieties. So, let Y7, Yo be subvarieties of X. Denote J; and Jo the ideals generated
by the functions which define Y7 and Y3, respectively. By Proposition 4.20, Y; =
Vx(J;) for i = 1,2. By Proposition 4.29,

YiUYs = Vx(Ji-Jo).

According to Proposition 4.23, J; - Jo = (g1, ..., gr) for some g1, ..., g, € C[X]. Hence,
by Proposition 4.20,
Yl U}/Z - VX(glu 791”)7

which means Y; U Y5 is a subvariety of X.

The topology defined in Proposition 4.30 is called the Zariski topology on X.

4.5 Rational maps

Let X C C” and Y C C™ be irreducible affine varieties. Hence we may talk about
function fields C(X) and C(Y). We define the notion of rational map ¢: X --» Y.

Definition 4.31. A rational map ¢: X --s Y is an m-tuple of rational functions
©1,---,pm € C(X) such that, for all points p € X at which all the ¢; are regular,

©(p) def (01(p),---,om(p)) € Y. We say that ¢ is regular at such a point p and p(p) € Y
is the image of p under p. The image of X under a rational map ¢ is the set of points

o(X) € {o(p) | p € X and ¢ is regular at p}.

The set of all points at which ¢ is regular is called the domain of .
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Proposition 4.32. Let ¢ € C(X) be a rational function. Then the set of points p € X at
which @ is reqular is nonempty and open in X.

Proof. Take any representative 5 of p. Because g # 0 € C[X], then this exactly means that
g(p) # 0 for some p € X. So, ¢ 1s regular at p. To prove that the set of such points is open,
consider all possible representations ¢ = fi For any regular function g; the set ¥; C X of
points p € X for which g;(p) = 0 is obvioﬁsly closed, and hence U; = X \ Y] is open. The
set U of points at which ¢ is regular is by definition U = |JU;, and therefore is open. By
Proposition 2.44, U is dense in X. O

Remark 4.33. For any rational map ¢: X --+ Y the set of points p € X at which ¢ is
regular is nonempty and open in X. This follows directly from Proposition 2.46. Again, by
Proposition 2.44, U is dense in X.

Example 4.34. Let X = V(y — 2?) to Y = C. We define the map
p: X -—»Y
(z,y) =

This is a rational map since, using the notation of Example 4.17, it is defined by a rational
function [#] € C(X). Thus, ¢ is defined everywhere on X.

Example 4.35. Let X =C to Y = V(zy — 1). We define the map

p: X -—»Y
1
t (12)
t
t] [1

This is a rational map since it is defined by rational functions [*],[}] € C(X). We note

that ¢ is defined on C\{0} which is nonempty and open and, hence, dense in C.

Proposition 4.36. Let ¢ € C(X) be a rational function. If ¢ vanishes on some nonempty
open subset U C X, then ¢ =0 € C(X).

Proof. Take a representative % of ¢. We need to prove that f =0 € C[X], or that Vx(f) =
X. The inclusion Vx(f) C X is obvious. For the reverse inclusion let Y = X \ Vx(g)
be an open subset of X. Then f vanishes on the nonempty open subset U NY C X. By
Proposition 2.44, UNY = X. By Corollary 2.32, X = U NY C Vx(f). O

We now find out how a rational map ¢: X --» Y induces a map on C[Y]. We define
o™ C[Y] = C(X)
g = G(Sola . '7()077’1/)7

where G € Clx1,...,x,] is a polynomial defining g. We can understand G(¢1, ..., ¢m) as an
element of C(X): we can add and multiply ¢1, ..., @, inside C(X) provided we understand
the coefficients of G as constant elements of C(X).

Proposition 4.37. Let ¢: X --» Y be a rational map. Then:
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1. ¢ is well-defined.

2. o™ is a ring homomorphism.

Proof. 1. Let G,G’ € Clx1,...,xm) be two different polynomials which represent g. We
need to show that

G(e1,- -5 0m) =G (@1, .., 0m),

or, equivalently,
(G -G (p1,...,0om) =0¢€ C(X).

We know that G — G’ € I(Y). If we show that H(p1,...,¢0m) = 0 € C(X) for
any H € I(Y), then we are done. So, take any H € I(Y). Then, by Remark 4.33,
H(o1,...,0m) € C(X) is defined on some nonempty open subset U of X. Since

(p1(p), - - om(p)) € Y forany p € U, then (H (1, ..., m))(p) = H(@1(p), - - -, em(p)) =
0 for all p € U. By Proposition 4.36, H(p1,...,om) =0 € C(X).

2. It is obvious that go#(l(c[y]) = l¢(x). We should check that " (g1 + 92) = ¢* (1) +
©"(g2) and o7 (g1 - g2) = ¢ (g91) - ¢ (g2). Let G1 and Go be polynomials which
represent g7 and gs, respectively. Hence G1 + Go represents g1 4+ g2. Then,

e*(g1+92) = (G1+G2) (@1, -, om) = G1(p1, -, om) +G2(01, - - -, om) = 07 (g1)+¢7 (g2).

The equality 7 (g1 - g2) = ©7 (g1) - ¢ (g2) can be verified in exactly the same way.
O]

It will be useful for us to understand when a homomorphism ¢#: C[Y] — C(X) corre-
sponding to a regular map ¢: X --+ Y is injective. We give the following proposition.

Proposition 4.38. Let ¢: X --» Y be a rational map. Then a homomorphism ¥ : ClY] —
C(X) is injective if and only if p(X) is dense in Y.

Proof. By Proposition 2.15, o7 is injective if and only if ker(¢#) is trivial. Take g € ker(o*)
and let U be the domain of ¢ which is, by Remark 4.33, nonempty and open. Then g(¢(p)) =
0 for all p € U, or, equivalently, g vanishes on ¢(X). But because Vy(g) is a closed set
in Y, then, by Corollary 2.32, ¢(X) C Vy(g). Hence, g € Iy(¢(X)). It is also easy to
see that Iy ((X)) C ker(¢#). Indeed, g € Iy(p(X)) implies g vanishes on ¢(X) since
©(X) C p(X). Then p#(g9) = G(¢1,-..,vm) € C(X) vanishes on U. By Proposition 4.36,
©"(g) = 0 € C(X). Thus, Iy (p(X)) = ker(¢”). It follows that the triviality of ker(p®)
is equivalent to the triviality of Iy (¢(X)). And the triviality of Iy (¢(X)) is equivalent to
©(X) =Y because, using Proposition 4.22,

Iy (p(X)) ={0} = »(X) = Vy(Iy(p(X))) = Vy({0}) =Y,

p(X) =Y = Iy(p(X)) = Iy (Y) = {0}.
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Example 4.39. Recall Example 4.35. For X = C to Y = V(zy — 1) we define a rational
map

p: X --»Y

1
t— (t,f)
t

Its image is ¢(X) = Y. Hence, by Proposition 4.38, ¢#: C[Y] — C(X) is injective. An
advanced reader may notice that we can interpret ¢ as a ring embedding C[z, z~!] < C(x),
where C[z, x71] is the localization of C[z] at z.

We can define a rational map from Y to X in the following way

P Y --» X
(z,y) »

Its image is ¥(Y) = C\{0}. We know that in the Zariski topology the closed subsets of C
are the empty set, finite subsets of C and the whole C. This is because every nonconstant
polynomial in Clz] has finitely many roots. That’s why the closure of C\{0} in C is the
whole C, which, by Proposition 4.38, means that 1#: C[X] — C(Y) is injective. Then,
C(Y) = Frac(C[z,z']) = C(x). Then we can interpret 1) as a ring embedding C[z] —
C(x).

Example 4.40. Let X = V(z +y — 1) and Y = C. Then we define a rational map

p: X --»Y

1
x, —
(@)~

It is obvious that ¢(X) = {1}. The closure ¢(X) of ¢p(X) in Y is equal to p(X) since p(X)
is finite. By Proposition 4.38, ¢*: C[Y] — C(X) is not injective. Since C[Y] = C[C] may
be identified with C[t] using the isomorphism (4.2), then ker(¢#) = (t — 1) C C[t].

Definition 4.41. A rational map ¢: X --» Y with ¢(X) is called dominant if p(X) is
dense in Y.

The next proposition shows that for a dominant rational map ¢: X --» Y we may
construct a map ¢*: C(Y) — C(X).

Proposition 4.42. Let p: X --+ Y be a dominant rational map. Then there is an injective
ring homomorphism ¢*: C(Y') — C(X) of function fields. We call ¢* the inclusion of C(Y)
into C(X) and write p*: C(Y') — C(X).

Proof. According to Proposition 2.24, we define ¢* to be an extension of an injective ring
homomorphism ¢# : C[Y] — C(X). O

Notice that the inclusion ¢* sends constant functions C C C(Y') to the same constant
functions C C C(X). We say that ¢* is the identity on constants. So, Proposition 4.42
tells us that any dominant rational map induces an inclusion of function fields. It can be
shown that the converse is also true: any inclusion of function fields gives rise to a dominant
rational map. In fact, there is a bijection between these sets.
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Proposition 4.43. Let X and Y be irreducible affine varieties. Then the operator ¢ — *
yields a bijection between dominant rational maps X --+ Y and injective ring homomor-
phisms C(Y') — C(X) which are identities on constants.

Proof. 26, Theorem 16]. O

Let X CC"Y C C™, Z C C" be three irreducible affine varieties. Given two rational
maps ¢: X --+ Y and: Y --» Z such that ¢ is dominant, it is easy to see that we can define

a composite Yo p: X --» Z as follows. Let ¥ be given by ¢, = [g—ﬂ ey W = [5—:] e C(Y)

with f;, g; € C[Y]. If p is defined by ¢1, ..., pm € C(X) then we define

@ZJOQ()d:ef (FI(QOI,---,SOm)V”’FT(@L---,‘Pm)))
Gl(@ly--'a(ﬁm) Gr((Pla'--ySOm)

where F;, G; € Clx1,...,zy] are polynomials defining f;, g;. It can be verified that ¢ o ¢ is
well-defined, i.e. the result doesn’t depend on the choice of representatives F;, G; and the
denominators are not the zero functions on X. If in addition ¢ is dominant then so is ¥ o .

Proposition 4.44. If o: X --+ Y and ¥: Y --» Z are dominant rational maps, then
(Yop) =" oy

Proof. |24, Section 3.3]. O

Definition 4.45. A dominant rational map ¢: X --» Y is said to be birational if there is
a dominant rational map ¥: Y --» X such that ¢ o ¢ = idx, p 01 = idy (where defined).

Proposition 4.46. Let X and Y be irreducible affine varieties. Then the operator ¢ — *
yields a bijection between birational maps X --+ Y and ring isomorphisms C(Y) — C(X)
which are identities on constants.

Proof. |26, Corollary 18| or [6, Chapter 5, §5, Theorem 10]. O
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5 Elements of Algebraic Topology

Algebraic topology is a branch of science which studies topological spaces from algebraic
perspective, i.e. to every topological space it associates an algebraic object, and to every
continuous map between topological spaces it associates a homomorphism between their
associated algebraic objects. For example, in Chapter 4 we saw that to every affine variety
(with the Zariski topology on it) we can associate an algebraic object called the function field
so that a dominant rational map f: X --» Y between affine varieties (which is continuous
in the Zariski topology) induces a ring homomorphism of function fields f*: C(Y) — C(X).
Algebraic topology studies general topological spaces. These can also be affine varieties
with the topology induced from the standard topology of C™ (we will explain it in detail in
Chapter 7).

In this chapter we are going to show that to every topological space we can associate an
algebraic object, called the fundamental group. This algebraic object is constructed from the
topological space by forming the loops in that space, i.e. the paths starting and ending at the
same point. We also show how the fundamental group is connected to a special kind of maps
between topological spaces, called covering maps. Finally, we explain how the symmetries
of the covering map can be revealed using the fundamental group.

We recommend [15] as a good introduction to algebraic topology. It’s very well written
and it isn’t supposed that the reader already knows a lot from algebra and general topology.

5.1 Fundamental group

Before talking about the fundamental group we have to be familiar with the concept
of a path in a space. Recall the definition of a continuous map between topological spaces
(Definition 2.35).

Definition 5.1. A path in a topological space X is a continuous map f: I — X where [
is the unit interval [0, 1] C R.

Example 5.2. Let X be the unit circle in R? with the topology induced from R?. We define
a map

fiI—X

s+ (cos(s-m),sin (s 7))

It can be verified that f is continuous. So, f is a path in X from 0 to 7 radians.

45



We will be interested in deformations of paths.

Definition 5.3. A homotopy of paths in a topological space X is a family f;: I — X,
0 <t <1 of paths, such that the map F': I x I — X defined by F(s,t) = fi(s) is continuous.
When two paths fo and f; are connected in this way by a homotopy f;, they are said to be
homotopic. We will also say that f; is a homotopy between fo and fi, or, simply, f; is a
homotopy of fj.

Example 5.4. Let X = R. Let also fy be a path in X which sends all s € I to 0 € X (so,
fo is just a constant path) and f; be a path in X which sends s € I to s € X (f; defines a
unit interval in X'). Define

ftZI—)X
Sr—t-s8

It is obvious that F' defined by F'(s,t) = fi(s) is continuous. Thus, f; is a homotopy between
fo and fi.

It can be observed that a homotopy defined in Example 5.4 doesn’t fix the endpoints of
fo and f1, because fi(1) changes as ¢ varies. In order to define the fundamental group of a
topological space we need a little bit different concept.

Definition 5.5. A homotopy of paths in X, fixing the endpoints, is a homotopy f; in
X such that
ft(0) =xg and fi(1) =1 forall0 <t <1,

i.e. the endpoints are the same for all £. If such a homotopy between fy and f; exists, then we
say that fp and f; are homotopic relatively to the endpoints (or, simply, homotopic
r.t.e.).

Example 5.6. Let X = R?. Let fy be the path which sends s € I to (1 —2s,0) € X and
f1 be a path from Example 5.2 (see Figure 5.1). Then we define

ftl I—- X
s (1 —=1t)fo(s) +tfi(s) = ((1 —t)(1 —2s) 4+ tcos(s - m),tsin(s - 71'))

This is a homotopy between fy and f; since F(s,t) =
ft(s) is continuous. Also f; is a homotopy, fixing the end-
points, since F(0,¢) = ((1—1t)-1+tcos(0),tsin(0)) = (1,0) . fi
and F(1,t) = ((1 —t) - (=1) + tcos(m), tsin(m)) = (-1,0)

forall0 <t <1. / \
So, given two paths fy, f1 in X with the same endpoints /

(ie. fo(0) = f1(0) and fo(1) = fi(1)) we can ask if they "7 o 1 e
are homotopic r.t.e. Before proceeding further we give the i
following proposition.

Proposition 5.7. The relation of homotopy of paths with

s , ; : ) Figure 5.1
fized endpoints in any space is an equivalence relation.
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Proof. |15, Proposition 1.2]. O

Given two paths f,g: I — X such that f(1) = ¢(0), there is a composition path f-g
that traverses first f and then g, defined by the formula

o det | f(29), 0<s<3
fg(s)‘{g@s—m, J<s<1

Thus f and g are traversed twice as fast in order for f-g to be traversed in unit time.

Suppose we restrict attention to paths f: I — X with the same starting and ending
point f(0) = f(1) = z € X. Such paths are called loops, and the common starting and
ending point z is called the basepoint. Then, according to Proposition 5.7, we can form
the set of all homotopy classes [f] of loops in X. This set is denoted 71 (X, x).

Proposition 5.8. 71 (X, x) is a group with respect to the operation defined as [f][g] def [f-g].
Proof. [15, Proposition 1.3]. O

This group is called the fundamental group of X at the basepoint . For example,
the fundamental group of the point is trivial, since
there is a unique path from the unit interval to a point.
It can be proven (see [15, Theorem 1.7]) that the fun-
damental group of the circle is isomorphic to Z (it re- Y f
flects the fact that a positive integer n is represented
by making n loops clockwise, while a negative integer
n is represented by making n loops counterclockwise).
In Figure 5.2 there is a space X with a black hole.
The loop f is homotopic to a constant loop based at
x. The loop ¢ is not homotopic to this constant loop,
since there is a hole inside this loop which forbids it to Figure 5.2
be deformed to a point. It can be shown (in the same
way as for the circle) that the fundamental group of this space is m (X, z) = Z.

Given a path f: I — X we define the inverse path f~: I — X to be

F ()= f(1-s).
If f is a loop in X based at z, then [f~] = [f]~! € 71 (X, ) [15, p. 26].
Suppose p: X — Y is a map between topological spaces taking z € X to y € Y. Then
¢ induces a homomorphism ¢, : 71 (X, z) — m1(Y,y), defined by composing loops f: [ — X
based at x with ¢, that is ¢.([f]) = [pf]. This induced map ¢, is well-defined wince a
homotopy f; of loops based at = yields a composed p.([fo]) = [¢fo] = [¢f1] = w«([f1])-
Moreover, @, is a homomorphism since ¢(f-g) = (¢f)-(¢g), both functions having the value

¢f(2s) for 0 < s < 3 and the value pg(2s — 1) for 3 < s < 1.

It is also true that (pv). = p«tbs. This follows from the fact that composition of maps
is associative, so (o) f = (¥ f).

Finally, we would like to give a general definition of a homotopy which we will use in
Section 5.2.
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Definition 5.9. A homotopy in a topological space X is a family f;: ¥ - X, 0<¢t <1
of continuous functions, such that the map F: Y x I — X defined by F(y,t) = fi(y) is
continuous. When two functions fy and f; are connected in this way by a homotopy f;, they
are said to be homotopic and we write fy ~ f1. We will also say that f; is a homotopy
between fy and f1, or, simply, f; is a homotopy of fo.

5.2 Covering spaces

Definition 5.10. Let X be a topological space. A covering space of X is a topological
space X together with a continuous map p: X — X such that for every z € X there exists
a neighbourhood = € U C X, such that p~!(U) is a union of disjoint open sets in X, each of
which is mapped homeomorphically onto U by p. The map p is called the covering map.

For example, let X be the unit circle in R? and X be the image of the map

f:R—R3
s+ (cos(2ms), sin(27s), s)
which is just the spiral in R3 (see Figure 5.3). We define a map
p: XX
(cos(27s), sin(27s), s) — (cos(2ms), sin(27s))

Take x = (cos(27s),sin(27s)) € X. Then the preimage p~!(z) is
the set

p 1 (x) = {(cos(2ms),sin(27s), s + k) | k € Z}.
X

&o QQQQ

Take an open neighbourhood z € U C X (red in Figure 5.3). The

Figure 5.3 preimage p~ ! (U) is a union of disjoint open subsets of X (blue in
Figure 5.3). Thus, p: X — X is a covering space.

Remark 5.11. Let p: X = X bea covering space and x € X. Suppose p~!(z) is finite and

that X is connected. Denote d = [p~!(z)|. If we take an open neighbourhood z € U C X

from Definition 5.10, then |[p~!(u)| = d for all u € U. As we vary x in X we see that the

number d is locally constant, so it is constant on the whole X, i.e. [p~!(z)| =d forallz € X.

Such a covering space is called finite-sheeted.

We will be interested in lifts of paths (and their homotopies) in X under p. We give the
following definition.

Definition 5.12. Let p: X >+ Xbea covering space. A lift of amap f: Y — X is a map
f:Y — X such that pf = f.

Proposition 5.13. Given a covering space p: X - X, a homotopy f: Y — X, and a map
fo: Y = X lifting fo, then there exists a unique homotopy fi: Y — X of fo that lifts f;.

Proof. [15, Proposition 1.30]. O
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Taking Y to be a point in Proposition 5.13 gives the path
lifting property for a covering space p: X — X, which says (see
Figure 5.4) that for each path f: I — X (green) and each lift = @
of the starting point f(0) = z there is a unique path f: I — d
X starting at  that lifts f (red and blue). In particular, the X
uniqueness of lifts implies that every lift of a constant path is ’de
constant. Cﬁ
Remark 5.14. Taking Y to be I, we see that every homotopy f; of \
a path fo in X, fixing the endpoints, lifts to a unique homotopy
ft of each lift fo of fy. The lifted homotopy ft is also a homotopy l

p
of paths, fixing the endpoints, since as t varies each endpoint of f;
< _ >

traces out a path lifting a constant path, which is constant as was
noted in the previous paragraph.

Proposition 5.15. The map p.: m (X, %) — m (X, z) induced by Figure 5.4

a covering space p: X — X, taking T to x, is injective. The image
subgroup p«(m1(X, 7)) in 71 (X, x) are ezvactly the homotopy classes of loops in X based at x
whose lifts to X starting at T are loops.

Proof. An element of the kernel of p, is represented by a loop fo: I — X such that there
exists a homotopy fi;: I — X of fo = pfo to the trivial loop fi, fixing the endpoints. By
Proposition 5.13, there is a lifted homotopy of loops j‘v} starting with ﬁ) and ending with a
constant loop. Hence [fo] = € (RX7) and p, is injective.

For the second statement of the proposition, loops at x lifting to loops at x certainly
represent elements of the image of p,: m ()Nf ,2) — m1 (X, z). Conversely, a loop representing
an element of the image of p, is homotopic to a loop having such a lift, so by Proposition
5.13, the loop itself must have such a lift. O

The following proposition shows that for a path-connected covering space p: X 5 X
with 7, € p~1(z), changing the basepoint Z; within p~!(x) corresponds exactly to changing
p«(m1 (X, 71)) to a conjugate subgroup of 71 (X, z).

Proposition 5.16. Let p: X = X bea path-connected covering space with T1,T3 € p ()
and let H be the subgroup p.(m(X,%1)) C m(X,z). Then py(m1(X,72)) = [y] " H[Y] for
some loop v in X.

Proof. Let 7 be a path from 7y to Zo. Then 7 projects by p to a loop v in X, representing
an element g = [vy] € m1(X,x). Set H; = p.(m1(X,7;)) for i = 1,2. We have an inclusion
g 'Hyg C H; since for a loop & at Z1, ¥~ -&-7 is a loop at Ts. Similarly we have gHyg~! C
Hy. Conjugating the latter relation by ¢g~' gives H; C ¢ 'Hyg, so g *Hog = H;. Thus,
changing the basepoint from Z; to Z» changes Hy to the conjugate subgroup H; = ¢~ 'Hyg
of m (X, z). O
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5.3 Monodromy group

Let p: X = X be a covering space. Take x € X and denote F' = p~!(x). Then every
loop 7 based at z defines a function o, : I’ — F' in the following way:

oy: FF— F
7o (1)
where 7 is a unique lift of v starting at . We note that o, acts bijectively on F' since o.,-
is its inverse. By Remark 5.14, if two loops v and 7/ are homotopic r.t.e., then their lifts 5
and 7' starting at Z are homotopic r.t.e., i.e. 7(1) = 3/(1). Thus, o, depends only on the
homotopy class of loops based at x. Hence we have a well-defined map:

o: m(X,z) — S(F)

] o (5.1)

which sends a homotopy class of loops [y] to a permutation of the fiber F' defined by ~v~.
We show that ¢ is a group homomorphism. Let [y1], [y2] be two homotopy classes of loops.
Then

—_——~ ., T~

e(bnlbal) = (1 92]) = 01 = (= (1-72)~ (V) = (F= 72 -1 )

N—

=0,-0.- =@(n)e()).

Thus, by Proposition 3.20, im(¢) is a subgroup of S(F"). We define the monodromy group
of p associated to the fiber F to be

Monp(p) & im(p).

In particular, if p is a finite-sheeted covering map, then Monpg(p) is a finite permutation
group.

Figure 5.5 shows the covering space which was defined in Section 5.2. We
fix a point  on the circle and look at the fiber F = p~!(2) =
{...,T_2,Z_1,%0,T1,%2,...}. Let v be a loop based at z such

that it runs around the circle only once (red in Figure 5.5). Then d
we denote unique lifts of v starting at @; by 7;, respectively (blue R
in Figure 5.5). Then o, just translates all the elements in F' by ggd B
one, i.e. B @% X
T2
oy: F— F N @%
=y T T
xT; — JIZ+1 \
The crucial fact is that for different fibers Fy = p~!(z1), Fo = i
p~!(z2) the monodromy groups associated to these fibers are iso- lp
morphic as permutation groups [15, p. 70|. Thus, in the literature
this group is usually denoted Mon(p) and is called simply the mon- x© v X
odromy group of p. In this work we are trying to be rigorous
and that’s why we keep the notation Mong(p) instead of Mon(p). Figure 5.5
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Assume now that X is path-connected. Let’s look at the kernel of ¢ defined in (5.1).
These are the homotopy classes of loops based at x which lift to loops starting at Z for every
T € F. Fix7y € Fand let H = p*(m()?,ffl)). By Proposition 5.15, H consists exactly
of the homotopy classes of loops based at x which lift to loops starting at ;. Let Zs be
another point in the fiber /. Combining Proposition 5.16 with Proposition 5.15 we conclude
that [y] "' H[y] consists exactly of homotopy classes of loops based at  which lift to loops
starting at T, where v = p(¥) for a path 7 from Z5 to 1. Thus we conclude that

def _
ker(p) = Corer, (xo)(H) = () [ 'H[)
hlem (X.a)

since to every To € F there is a path from z (follows from the fact that X is path-connected).
Thus, by Proposition 3.20,

[12-sl

(X, ) / Corey, (x.0)(H) = Monp(p) (5.2)

Proposition 5.17. Let p: X > X bea covering space. Let v € X and F = p~1(z). If X
is path-connected, then Monp(p) is transitive.

Proof. We need to show that for every 71,72 € F there exists 0 € Monp(p) such that
o(Z1) = Ta. Because X is path-connected, then there exists a path 7 from z; to To. Let
v =p(7) be aloop in X based at . Thus, for 0 = ¢([y~]) we have o(z1) =7(1) =T2. O

5.4 Group of deck transformations

Definition 5.18. For a covering space p: X — X we define f: X — X to be a deck
transformation of X, if f is a homeomorphism such that p = pf.

Notice that such a definition tells us that every deck transformation f acts bijectively on
the fiber p~!(x) for every x € X.

It is easy to verify that the set of all deck transformations of X forms a group under the
operation of function composition. The group of all deck transformations of a covering space
p: X — X will be denoted as Deck(p).

By Definition 5.12, f is a lift of p. So, we give the following Proposition.

Proposition 5.19. Suppose given a covering space p: X = X with X path-connected and
locally path-connected. Then a lift p: X — X of p, taking 71 € p~H(z) to T2 € p~1(x), ewists
if and only if p,(m1(X,31)) C pu(mi (X, 72).

Proof. = : Since p is a lift of p, it satisfies p = pp, which implies p, = p.p.. But then
pe(m (X, 1)) = pu (B (m (X, 71))) C pu(mi(X, T2)),
because ]7*(771():(,51)) C m (X, %), as p takes 71 to Ts.

< : Let € X and let v be a path in X from z; to . The path py in X starting at
xo = p(Z1) has a unique lift py starting at To. Define p(z) = py(1). To show this is
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well-defined, independent of the choice of ~y, let v/ be another path from Z; to . Then
(py) - (py)~ is a loop h in X based at z¢ and by construction, [h] € p.(m(X,71)). By
assumption, [h] € p*(m()?,"x})). This, by Proposition 5.15, means that h lifts to a loop h
at To. By the uniqueness of lifted paths, the first half of h is/\pf;’ and the second half is
py traversed backwards, with the common midpoint py(1) = py/(1). This shows that p is
well-defined.

To see that p is continuous at every point z, let UC X be a neighbourhood of p(z).
Our aim is to prove that there is a neighbourhood V' of = such that p(V) C U.LtUCX
be a neighbourhood of p(Z) having a lift U' C X containing p(z) such that p: U — U
is a homeomorphism (such U and U’ exist by the definition of a covering space). Take
U'=0'nU > p(Z). Choose a path-connected neighbourhood V' of z with p(V') C p(ﬁ”)
(can be done since p(U”) is a neighbourhood of p(Z) and p is continuous). We now show
that p(V) C U”. For paths from Z; to points 2’ € V we can take a fixed path ~ from Z; to
z followed by paths 7 in V from 7 to the points Z’. The the paths (pv)-(pn) in X have lifts
(py) - (pn) where pn = p~'pn and p~!: p(U") — U” is the inverse of p: U’ — U restricted to
U”. Thus the end points of lifted paths lie in U”, which means that p(V) C U”. Because
U”QU, thenp(V)QU. O

The following proposition shows that a lift p: X > Xofa covering map is defined by its
value at one point.

Proposition 5.20. Given a covering space p: X - X, if X is connected and two lifts
D1, P2 X=X of p agree at one point ofX then p1 and Py agree on all ofX

Proof. For a point # € X, let U be an open neighbourhood of p(Z) in X such that p~1(U)
is decomposed into disjoint sheets each mapped homeomorphically onto U by p (rewritten
definition of a covering space). Let U; and Uy be the sheets in p~1(U) containing p (%)
and p2(Z), respectively. By continuity of p; and pz there is an open neighbourhood N of ¥
mapped into U; by p; and into Uz by pa. If p1(Z) # p2(Z) then Ux 75 Uz, hence U; and U2
are disjoint and p; # p2 on the whole N. On the other hand, if p1(Z) - pg@ ) then U1 Ug
S0 p1 = p2 on the whole N since pp1 = p = pp2 and p is injective on Uy = Us.
We now summarize what we’ve just proved. Let X1 C X be the subset of all 7 € X with
p1() # p2(7). Similarly, let X5 C X be the subset of all ¥ € X with 71 (%) = p2(Z). Easy
to see that X; and Xj are disjoint and that X1 UXy = X. In the previous paragraph we
proved that if X, contains a point, then it contains an neighbourhood of this point, which
is open in X. By Proposition 2.33, )?1 is open in X. Similarly, )Z'g is open in . X. So, we can
write X as a union of two disjoint open sets. But it’s a contradiction since X is connected.
That’s why Xy is empty and X = Xo. O

Proposition 5.21. Suppose given a covering space p: )~(~—> X with X path-connected and
locally path-connected. Then a deck transformation f: X — X, taking T, € p~(z) to
T2 € p~ (), exists if and only if pu(m1(X,T1)) = pu(m1(X, 72)).

Proof. If there is a homeomorphism f: X - )z , taking 71 to Zg, then from the two relations
p=pfand p = pf~Lif follows that p.(m1(X,Z1)) = p«(m1 (X,72)). Conversely, suppose
that py(m (X Z1)) = p«(m (X Z2)). Using the inclusion p.(m1(X,71)) C p«(m1(X,Z2)), by
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Proposition 5.19, we can lift p to a map p; : X — X with pp1 = p, taking T1 to To. Using the
opposite inclusion, we can lift p to a map po: X — X with pp2 = p, taking To to £1. Consider
the maps paop1 and p1p2. These are lifts of p because ppop1 = pp1 = p and pp1ps = pp2 = p.
Easy to see that popy takes 1 to 1 and p1ps takes o to Zo. According to Proposition 5.20,
p2p1 = p1p2 = idg. Thus p; and pp are mutually inverse maps which means that p; is a
deck transformation of X taking z1 to Ts. O

Remark 5.22. Notice that by Proposition 5.16, the statement p (m (X, %1)) = ps(m1(X, Z2))
is equivalent to [y]"*H[y] = H, where H = p,(m1(X,#1)) and 7 is a loop in X which lifts
to a path in X from 7 to Zs. By Definition 3.41, this means that [y] lies in the normalizer
Nm(X,m) (H) of H.

The following proposition reveals the structure of Deck(p). Unfortunately, A. Hatcher
gives just a sketched proof of this proposition. We, however, tried to make the proof as
detailed as possible.

Proposition 5.23. Let pif( — X be a covering space wz’thN)N( path-connected and locally
path-connected. Fiz 1 € X and let H be the subgroup pi(m1(X,21)) C m(X,x). Then

DeCk(p) = N7r1(X,x) (H)/H
Proof. Define a map
¢: Ny (x,2)(H) — Deck(p)
_ - T~~~
v ] — <f T=a vy« (1)>

~ - ~——
where a = p(ay) for some path a; in X from 7 to  and a™ -y« is a unique lift of o™ -y«

starting at .

We prove that ¢ is well-defined. 1)
At first, we show that it doesn’t de-
pend on the choice of class representa-
tive . For this fix £ and a; and de- X
note o = p(ai). Let [yn] = [y] €
Nr (x,2)(H). It means there is a homo-
topy f: between 71 and 79, fixing the

- ~— - ~—

endpoints. Let a” -y and a” -«
be unique lifts of = -y -« and o~ -
9 - @, respectively, starting at z. FEasy
to see that = -y -« and a™ - 12 - « o

are homotopic r.t.e. (just take a ho- X D‘/ﬁ\'
motopy which fixes o and a~ pointwise v T x

and transforms ; to 79 in the same
- ~—
way as fy). By Remark 5.14, a= -y«
- . , Figure 5.6

and a~ -2+« are homotopic r.t.e, which
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means there endpoints are the same. 2) Now we prove that ¢ doesn’t depend on the
choice of a path ay (see Figure 5.6). For this, fix v and z and let a;, &) be two

different paths in X from Z; to Z. Let also @ = p(ay), o = p(&)). We need to prove
- ~——

- ~—
that = -vy-a (1) = &/~ -v-a’ (1). Let 5 be a unique lift of v starting at Z;. Denote
Ty = 7(1). Let ag and &) be lifts of a and o, respectively, starting at Zo. It is easy to
see that o -7 -dy and & -7-a} are unique lifts of o™ -y -a and o/~ -y -/, respectively.
We now prove that these two lifts end at the same point. For this it is enough to prove
that ap and a5 end at the same point. Since v € Ny (x4 (H), then, according to Remark
5.22, pu(m1(X,71)) = pu(m1(X, T2)), which by Proposition 5.15, means that the loop a-a’~
lifts to a loop based at 3. By homotopy lifting property, this loop has the form as-ah

and then o and & end at the same point. 3) We show that ¢ indeed produces a deck
/_\_/

transformation of the covering space p: X — X. For this just notice that  +— a~t-v-a (1)

is exactly the map constructed in the proof of Proposition 5.19, because in the point 2) we
/\/

have shown that a1 -v-a = &7 -3 -d2. And since p, (11 (X, 71)) = p.(m1(X, T2)), then, by
Proposition 5.21, the map ¢([y~]) is indeed a deck transformation. It is also easy to notice
that ¢([y7]) sends 1 to Ta. We claim now that ¢ is a group homomorphism (see Figure
5.7). Let [vi '], 173 '] € Npy(x2)(H). Then

o(iThe]) = e - 15]) = el - 31)]) = (~ oo G <1>) -
_ (fwm(lo _ <5Hm : ;-\%-Jau)),

where a™ =72+« and o~ -7; -« are unique lifts of &= v+ and a™ -y, - « starting at  and
_— — —

a” =9+ (1), respectively. But now,
(55»—> Qa7 Y (1)> = (f»—) a vy (1)> (5#—) a vy (1)> =

= @(hn Doz -

We prove that ker(¢) = H. The
loops v~! with [y~] € H are exactly ~

the loops in 71 (X, x) which lift to o

loops in X based at 1. That’s why _ T3 _ (90([71_1][72_1})) ()
¢([y7]) = idg. Conversely, take ¥ 7 @2

(7] € Noy .oy (H) with [y7] & H. % (elbz'D) @
Then ~~ lifts to a path starting Y2 as

at 71, which is not a loop at Zj. ;:Nl/ﬂ\ ~

Then ¢([y7]) sends = to f(z) #

Z, because if f(z) = 7 held true,

then there would exist two differ- p

ent lifts an, ay of «a starting at the

same point Z, which would contra- o

dict to the homotopy lifting prop- D‘I/\
X m !

erty. Hence ¢([y7]) #id ;.
"2

54 Figure 5.7



It remains to prove that ¢ is surjective. Take any f € Deck(p). Let ¥ be a path in X
from z; to f(z1). By Proposition 5.21, there holds

pe(mi(X,T1)) = pu(mi (X, f(31))),

which, by Remark 5.22, means that v = py represents the class in the normalizer N (x ) (H).
Hence, ¢([y7]) is a deck transformation sending z; to f(Z1). But then, by Proposition 5.20,
©([v~]) coincides with f.

We now have a group homomorphism ¢ which is surjective and has ker(p) = H. By
Proposition 3.20, it follows that

N, (x.o) () H 2 Decki(p) (5.3)

O

We can now fix € X and look at how Deck(p) acts on the fiber F = p~*(x). Because
f is bijective on the whole X, it acts bijectively on F. We define a group homomorphism

1 : Deck(p) — S(F)
fefle

It is easy to see that v is injective because, by Proposition 5.20, if two deck transformations
coincide on the fiber, they coincide on the whole X. The action of Deck(p) on the fiber F'

will be denoted as Deckp(p) def 1 (Deck(p)). And because 1 is injective, then

Y
Deck(p) = Deckp(p) (5.4)
Since S(F) is finite, then Deck(p) is finite.

5.5 Relations between the monodromy group and the group
of deck transformations

It is known [7, Proposition 1.4] that

DeCkF(p) = Cg(F) (Monp(p)) (5.5)

where Cg(H) denotes the centralizer of H in G. Our aim here is to give a detailed proof
of (5.5) which doesn’t require a knowledge of the fundamental theorem of covering spaces.
The proof is based on basic group theory (see Section 3.4).

The monodromy Monp(p) C S(F) is a transitive permutation group (associate with G
from Section 3.4), the stabilizer Stabygy, () (Z) of some element T € F' (associate with Gy)

and the normalizer Nyqp . (p) (StabMo11 #(p) (;f)) (associate with NG,,). For simplicity, we denote

Stabuon . (p) (Z) by Mz. We can create exactly the same diagram as in (3.8):

Monp (p) —2 S<MOHF(P) / Mz) PR N¥on (p) (Mf) / Mz
idy y) (5.6)

S(F)
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where idj; is the identity map on Mong(p). By Proposition 3.47, we have

“ (Monp(p) / M;) (pL (Monr (p))> = PT(NMonF<p> <Mz) / MS:’) (5.7)

We would like to add the group Deckp(p) somewhere to diagram 5.6 without violating its
commutativity. We propose the following diagram:

Monp(p) S<M0nF(P) / Mz) PR Nyonp(p) (Mi) / Mz

~ 5.8

|id >l Ny (x,0)(H)/H (58)
|

Mon(p) s S(F) o > Deckp (p)

where H = p,(71(X, %)), @ and ¢ are the isomorphisms from (5.3) and (5.4), respectively,
and idp is the identity map on Deckp(p). If it was possible to do that (i.e. find such an
isomorphism (3 and show that this diagram is commutative), the intuition would tell us that

Cs(r) <MonF (p)) = Deckp(p)

holds true. Luckily, such an isomorphism 3, which makes the diagram (5.8) commutative,
exists. We prove the following proposition which will help us to find 3.

Proposition 5.24. Let G be a group and H CHCQG be a chain of subgroups with Ij’
normal in G. Let G = G/H' be the quotient group and H = H/H' be a subgroup of G.
Then:

1. N

G(H) =Ng(H)/H'.

2. N~(H)/H £ Ng(H)/H.

G
Proof. 1. By definition,
Ng(H)={g€ G| ghg™' € H Vhc H},
Ng(H) ={gH' € G| gH'hH'g"'H' € H Vh € H},
Ng(H)/H' = {gH' € G| ghg™' € H Vh € H}.

Because H’ is normal in G, then
gH'hWH'g™'H' = ghH'g"'H' = ghg ' H'.

The condition gH'hH'g~*H' € H Vh € H defining N@(ﬁ) is then equivalent to ghg ' H' €
H VYh € H, or just ghg™' € H Yh € H. We see that this coincides with the condition
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defining N (H)/H'.
2. By Proposition 3.24, we have

IRl

Ng(H)/H = (N(H)/H')/(H/H') = Ne(H)/H.

O]

Using the notation of Proposition 5.24, we can associate 71 (X, ) with G, H = p.(m (X,7))
with H and Core,, (X,I)(H) with H’. To apply an isomorphism £ from Proposition 5.24 to
diagram (5.8) we only need to prove that

Mz = H/Corem(x7$)(H).

But it is straightforward because, by Proposition 5.15, Mz consists of classes of homotopy
classes of loops at = which lift to loops at Z.

We now show that diagram (5.8) is commutative.

Proposition 5.25. Diagram (5.8) is commutative.
Proof. It was proven earlier that the left part of the diagram commutes, i.e.

¢pr = tarid.

It remains to show that B
$PR = LDYPP.
Take nMz € Nyon . (») (Mg) / Ms. Then

Pr(nMz) = (m/Mg > m’n_1M5>.
Applying ¢ to it we get
O Mz)) = (& = pr(nMz)n ) (@)) = (7 = mn (@),

where m(Z) = 7', or T = m~1(2’). So the latter map can be rewritten as

S(PR(nM5)) = (5’ s mn_lm_l(fl)>, m 1 3F) =% (5.9)

Let’s now find out how ¢ p1%3 acts on nMz. Remember that n is an element in Ny, #(p) (Mg) ,
which means, by Proposition 5.24, it can be written as h] Corer, (x ) (H) for some homotopy
class of loops [v] € Nz (x,2)(H). Then,

E - ~—

nMz = ([fy]Corem(Xw)(H))Mg — [V]H DVE, (E’ oy (1))

- ~—
where o = p(@) for some path & from 7’ to Z and with the lift o= -y~ - « starting at Z’. But

this is exactly what does the map from (5.9). O
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Before proving the main result of this chapter we will need one more result concerning
how the centralizer of a subgroup changes under a group isomorphism.

Proposition 5.26. Let ¢: G S G bea group isomorphism and H C G be a subgroup. Then
¢(CG(H)> =Ca (¢(H)>-
Proof. C : Take ¢’ € qb(Cg(H)) Then ¢’ = ¢(g) with
gh=hg Vhe H.
Applying ¢ to both sides of the above equality we get
g'¢(h) = ¢(g)e(h) = ¢(gh) = ¢(hg) = (h)d(g) = ¢(h)g" Vh € H,
which means that ¢’ € Ce (qﬁ(H))

D : Take ¢’ € Cn (d)(H)) Then

g'o(h) = o(h)g', VheH.
Applying an inverse isomorphism ¢! to both sides we get
¢~ (9= 071 (g ¢(h) = ¢~ (&(h)g") = h¢™(¢), VheH.

This means that

¢~ '(¢") € Ca(H),
or that

g € o(CaH)).

We are now ready to prove the main result of this chapter.

Proposition 5.27. In diagram (5.8),

Cs(r) <MOHF(P)> = Deckp(p)
holds true.

Proof. Applying ¢ to both sides of Equation (5.7) we obtain the desired result using Propo-
sition 5.26 and the fact that diagram (5.8) is commutative. O
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6 Classical Galois Theory

As we know from Chapter 2, Definition 2.20, a field is a ring where every nonzero element
has a multiplicative inverse. By Definition 4.13, we know that given an irreducible affine
variety X C C", we can construct a field C(X) which is called the function field of X. By
Proposition 4.42, a dominant rational map ¢: X --+ Y between irreducible affine varieties
induces an inclusion ¢*: C(Y) < C(X) of function fields, so that ¢*(C(Y")) lies inside C(X).
A pair of fields p*(C(Y)) C C(X) is called a field extension. At this point we could move
to field theory to reveal some interesting properties of . It turns out that combining field
theory with group theory makes our investigations easier. This is exactly what classical
Galois theory (discovered by Evariste Galois in 19th century) does: it reformulates certain
problems in field theory in the language of group theory, which makes these problems easier
to solve. In Chapters 7 and 8 we will show how classical Galois theory can be used to reveal
useful properties of dominant rational maps.

6.1 Field extensions

Every field F' has only two ideals: {Op} and F itself. Indeed, if there is a nontrivial
proper ideal I C F, then for some nonzero a € I we have a-a~! = 1p € I and thus every
element from F' lies in I. This implies that every ring homomorphism of fields ¢: F' — L,
by Proposition 2.14, has trivial kernel, i.e. F' = ¢(F). Hence L contains a field isomorphic
F.

Example 6.1. The field C of complex numbers can be defined as the quotient ring

c ¥

Rz]/(z? + 1).
Then we can embed R into C via the following ring homomorphism:
p:R—=C
aa+ (z? +1)
Then ¢(R) is isomorphic to R.

Definition 6.2. Given a ring homomorphism of fields ¢: F' — L, we will usually identify
F with its image ¢(F') and write F' C L. In other words, we redefine the subset expression
F C L for fields F), L in the following way:

F C L < thereis a ring homomorphism ¢: F' < L

and we say that F' C L is a field extension. We will also say that F' is a subfield of L.
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Given a field extension F' C L, elements of the larger field L can relate to the smaller
field F' in two different ways.

Definition 6.3. Let ' C L be a field extension, and let « € L. Then « is algebraic over
F' if there is a nonconstant polynomial f € F[z] such that f(a) = 0. If « is not algebraic
over F, then « is transcendental over F'.

Example 6.4. The number v/2 € R is algebraic over Q, since v/2 is a root of 22 —2 € Qlz].
Also, i € C is algebraic over Q, since it is a root of 22 + 1 € Q[z].

When « € L is algebraic over F', there may be many nonconstant polynomials in F[z]
with « as a root. One of these polynomials is especially nice.

Proposition 6.5. If « € L is algebraic over F, then there is a unique nonconstant monic
polynomial p € F[x] with the following two properties:

(a) o is a root of p, i.e., p(a) =0
(b) If f € Flx] is any polynomial with o as a root, then f = q-p for some q € Flx].

Proof. Among all nonconstant polynomials in F[x] with « as a root, there must be one
of smallest degree. Pick one such polynomial and call it p. Multiplying by a constant if
necessary, we may assume that p is monic.

This polynomial certainly satisfies (a). As for (b), suppose that f(a) = 0 for some
f € Flz]. The division algorithm gives us polynomials ¢, € F'[x] such that

f=q-p+r, r=0 or deg(r) < deg(p).
Evaluating the above equation at a gives
0= f(a) =q(a)-pla) +r(a) = q(a) - 0+ r(a) = r(a).

If r had strictly smaller degree than p, this would contradict the definition of p. Hence r = 0
and (b) follows.

Finally, to prove uniqueness of p, suppose that another monic polynomial p satisfies
properties (a) and (b). Then applying (b) for both p and p we get that p divides p and p
divides p. Because they are monic, it means they should be equal. O

Definition 6.6. Let o € L. If « is algebraic over F, then the polynomial p in Proposition
6.5 is called the minimal polynomial of o over F'.

There is also another way to think about the minimal polynomial.

Proposition 6.7. Let a € L be algebraic over F, and let p € F[x] be its minimal polynomial.
If f € Flx] is a nonconstant monic polynomial with f(«) =0, then

f=p < f isirreducible over F.
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Proof. = : If p = gh, where some g,h € F[z] have strictly smaller degree than p, then
0 = p(a) = g(a)h(ar) would imply g(a) = 0 or h(a) = 0. This, however, contradicts the
minimality of degree of p.

< : If f is irreducible, then accordint to the proof of Proposition 6.5, p divides f, so that
f = ph for some h € F[z]. Since f is irreducible and p is nonconstant, h must be constant.
Because f is monic, then f = p. O

Example 6.8. Since v/2 is irrational, the minimal polynomial of v/2 over Q has degree at
least two. It is easy to see that 22 — 2 has v/2 as a root, and so is the minimal polynomial

of v/2 over Q.

We next show that, given a field extension F' C L and elements aj,...,a, € L, we can
create a subfield of L which contains F' and aq,...,«,. We define

Flag,...,an] = {h(al,...,an) | hEF[xl,...,xn]},

where F[x1, ..., xy,] is the ring of polynomials over F' in n variables. Hence Flay, ..., a,] con-
sists of all polynomial expressions in L that can be formed using a1, ..., a, with coefficients
in F. Let

F(al,...,an):{% ‘ a,ﬂEF[al,...,an],ﬁ#O},

Thus, F(ai,...,ay,) is the set of all rational expressions in «; with coefficients in F'. We say
that F'(aq,...,qy,) is obtained from F' by adjoining aq,...,a, € L. We can characterize
F(aq,...,ay) as the smallest subfield of L containing F' and aj, ..., a,, meaning, if K is

another subfield of L which contains F' and «q,...,q,, then F(aq,...,a,) € K. This
is because K is closed under addition, multiplication and taking the inverse of a nonzero
element.

Remark 6.9. Given a field extension F' C L and an algebraic element o € L over F', we can
construct a map

@: Flz] = Flof
f@) = f(a)

It is easy to verify that ¢ is a ring homomorphism. The kernel of this map is the set of
all polynomials which has « as a root. The proof of Proposition 6.5 shows that every such
polynomial is a multiple of the minimal polynomial p of a over F. This map is surjective
because every element F'[a] is a polynomial in . Hence, by Proposition 2.14,

Because p is irreducible (see Proposition 6.7), then (p) is a maximal ideal. So, F[z]/(p) is a
field and then so is F[a]. Since F(«) is the smallest field containing F' and «, we must have
Fla] = F(a).

When F' is a subfield of a field L, there is one bit of structure that hasn’t been used
yet. We know that L is an Abelian group under addition (see Definition 2.1). We can also
multiply every element of L by any element of F'. It is easy to check that these two operations
give L a structure of a vector space over F.
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Definition 6.10. Let F' C L be a field extension. Then L is a finite extension of F' if
L is a finite-dimensional vector space over F'. The degree of L over F, denoted [L : F], is
defined as follows:

L F| = {dimpL, if L is a finite extension of F,

00, otherwise,

where dimg L is the dimension of L as a vector space over F.

Example 6.11. Recall Example 6.1. Every element of C (a coset f(z) + (x? + 1) for
f(z) € R[z]) can be written uniquely as ax + b+ (2% + 1) for a,b € R. This is because the
remainder of f(z) after division by 22 + 1 is unique and has degree less than 2. So, every
element in C can be written as a linear combination of 1 + (22 + 1) and = + (2% + 1) with
coefficients in R, which makes the set {1+ (z?+1), 2+ (2%2+1)} a basis of C over R. Further,
we will denote these two elements as 1 and i, respectively.

Proposition 6.12. Suppose that F' C L is a field extension and o € L.
(a) [F(a): F] < oo if and only if o is algebraic over F.

(b) Let v be algebraic over F. If n is the degree of the minimal polynomial of o over F,
then 1,a,...,a" "1 form a basis of F(a) over F. Thus [F(a): F] = n.

Proof. Let n = [F(«) : F] be the dimension of F'(«)) over F. Then any collection of n +
1 elements of F(«) is linearly dependent over F. In particular, 1,c,...,a" are linearly
dependent over F. This means there are ag,...,a, € F, not all zero, such that

ag + ara+ -+ aa” = 0.
It follows that « is a root of
ap+ a1z + -+ apx” € Flx],

which is nonzero, since the a;’s are not all zero. Hence « is algebraic over F.

Conversely, let o be algebraic over F' with minimal polynomial p, where n = deg(p). By
Remark 6.9, F[a] = F(«), so every element of F(«) is of the form g(«) for some g € Flz].
Dividing g by p gives

g=qp+ap+arx+---+a,_13" "

where ¢ € F[z] and ag, . ..,a,—1 € F, and evaluating this at x = « yields

gla) =ag+aja+ -+ a,_1a" 1,

n

since p(a) = 0. Thus 1,a,...,a" ! span F(a) over F. To show linear independence, suppose

that

0="by+bia+-~4bp_1a™

for some by, b1, ...,b,—1 € F. Then a is a root of by +byx+---+b, 12" € F[x]. Since the
minimal polynomial p has degree n, this must be the zero polynomial. Hence b; = 0 for all
i, and linear independence is proved. Then [F(«) : F] = n follows from Definition 6.10. O
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Proposition 6.13. Suppose that we have fields F C K C L. If[L: F] < oo, then [L: K| <
oo and [K : F| < co. Moreover, if [L : F| < oo, then [L: F] =[L: K|[K : F].

Proof. Since L is a finite-dimensional vector space over F', we can pick a basis ~1,..., vy of
L over F'. Then:

1. One easily sees that K C L is a subspace of L over F. Since L has finite dimension
over F'| so does any subspace. Hence [K : F| < oc.

2. Take o € L. Since v1,...,yn span L over F, a = Zf\il a;Y;, where a; € F. Since
F C K, we can consider this as a linear combination with coefficients in K. Thus L is
spanned over K by a finite set, so that [L : K| < co.

For the moreover part, just pick bases aq,...,a,, of K over F and f1,...,08, of L over K.
It is straightforward to prove that the mn products

form a basis of L over F. O

Definition 6.14. A field extension F' C L is algebraic if every element of L is algebraic
over F'.

The next proposition shows that every finite extension is algebraic.

Proposition 6.15. Let F' C L be a finite extension. Then F C L is algebraic.

Proof. An element « € L gives a chain of fields F' C F(a) C L, and then Proposition 6.13
implies that [F(«) : F] < co. By Proposition 6.12, « is algebraic over F. O

Definition 6.16. Let f € F[z] be a nonconstant polynomial. Then an extension F' C L is
a splitting field of f over F' if

(a) f=clx—oa1)...(x —ap), where c € F and «o; € L, and
(b) L =F(aq,...,an).

However, the previous definition tells nothing about the existence of a splitting field. So,
we give the following proposition.

Proposition 6.17. Every noncostant polynomial f € F[x] has a splitting field. It is unique
up to isomorphism (and thus one speaks of the splitting field of f over F).

Proof. |5, Theorem 3.1.4, Theorem 5.1.6] O

Example 6.18. Let f = 2* — 1022 +1 € Q[z]. By the fundamental theorem of algebra f(z)

has 4 roots in C which are v2 + v3,v2 — V3, —v2 + V3, —v/2 — v/3. Hence the splitting
field of f over Q is

Q(V2 +V3,V2 = V3, —V2 + V3, —vV2 — V/3) = Q(v2,V3).
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The inclusion C is obvious. The reverse inclusion follows from the fact that

C (V2+V3) + (V2 - V3) (V2 VB + (—V2+V3)
V2 = : . V3= 5 .

We can write

Q CQ(vV2) CQ(V2,V3).

Since 22 — 2 is the minimal polynomial of /2 over Q, then, by Proposition 6.12, {1,v/2}
is a basis of Q(v/2) over Q. Similarly, {1,v/3} is a basis of Q(v/2,v/3) over Q(v/2) because
2% — 3 is the minimal polynomial of v/3 over Q(v/2). So, [Q(v/2: Q)] = 2 and [Q(v/2,V/3) :
Q(v/2)] = 2. By Proposition 6.13,

[Q(v2,v3): Q] = [Q(V2,V3) : Q(v2)][Q(vV2: Q)] =2 -2 = 4.
In other words, Q C Q(v/2,/3) is a finite extension of degree 4.

Definition 6.19. An algebraic extension F' C L is normal if every irreducible polynomial
in F[z] that has a root in L splits completely over L.

Example 6.20. Consider Q C Q(3/2). The minimal polynomial of /2 over Q is 2 +
2. It has 3 roots over C which are V/2,wv/2,w?v/2, where w = e2™5 € C. Then L =
Q(V2,wV/2,w?V2) = Q(\:;/Q, w) is the splitting field of 23 + 2 over Q. Since z3 + 2 is
irreducible over Q and the two roots w+/2, w?+/2 are not in Q(+/2), the extension Q C Q(+/2)
is not normal. However, the following proposition shows that the extension Q C L is normal.

Proposition 6.21. A field extension F C L is normal and finite if and only if L is the
splitting field of some polynomial f € F[x].

Proof. |5, Theorem 5.2.4]. O

Definition 6.22. A polynomial f € F[z] is separable if it is nonconstant and its roots in
the splitting field are all simple.

In other words, f is separable if it has distinct roots.
Definition 6.23. Let F' C L be an algebraic extension.
(a) «a € L is separable over F' if its minimal polynomial over F' is separable.

(b) F C L is a separable extension if every o € L is separable over F'.

It is well-known that f is separable if and only if ged(f, f') = 1, where f’ is the formal
derivative of f,i.e. for f = apz™ 4+ ap_12" 4+ - + a1z + aop,

' =napz™ ' + (n— 1)an_1x”_2 4+ .- +ay.

From this it is easy to deduce that if F' has characteristic 0, then every algebraic extension
F C L with F is separable. We give the following proposition.

Proposition 6.24. If F C L is an algebraic extension and F has characteristic 0, then
F C L is separable.
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Proof. Take a € L. Let = apz™ + -+ - + +a1x + ag € F[z] be its minimal polynomial over
F. Let p/ = nanx" ' + a; be its formal derivative. Because F has characteristic 0, then
a, # 0 implies na, # 0, so p' has degree n — 1. By Proposition 6.7, u is irreducible, so its
divisors are only 1 and u. Since deg(y') = n — 1, we have ged(u, ¢/) = 1, which means p is
separable. This means « is separable over F. O

The next proposition shows that every field extension F' C L which is finite and separable
can be generated by one element, or that L = F'(«) for some o € L. Such an element « is
called a primitive element of F' C L.

Proposition 6.25. Let F C L be a finite and separable extension. Then there is o € L such
that L = F ().

Proof. |5, Theorem 5.4.1]. O

Example 6.26. Take the finite field extension Q@ C Q(v/2,v/3) from Example 6.18. By
Proposition 6.24, this extension is separable, since Q has characteristic 0. Then, by Propo-
sition 6.25, Q(v/2,v/3) can be generated by one element over Q. Such an element is, for

example, v2 + /3, i.e.
Q(V2,v3) = Q(V2 +V3).

6.2 Galois group

If L is a field, then an automorphism of L is a ring isomorphism o: L — L. We now
define one of the central objects in Galois theory.

Definition 6.27. Let F' C L be a finite extension. Then Gal(L/F') is the set

{a: L — L | o is an automorphism, o(a) = a for all a € F}

In other words, Gal(L/F) consists of all automorphisms of L that are the identity on F.
The basic structure of Gal(L/F) is that it forms a group under the operation of function
composition. That’s why we call Gal(L/F') the Galois group of F' C L.

We give the following proposition.

Proposition 6.28. Let F' C L be a finite extension and let o € Gal(L/F). Then:

(a) If h € Flx] is a nonconstant polynomial with o € L as a root, then o(a) is another
root of h lying in L.

(b) If L =F(ay,...,an), then o is uniquely determined by its values on aq, ..., Q.

Proof. (a): Since o preserves addition and multiplication (it is an automorphism) and, by
Proposition 2.9, sends 0 to 0, we have
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which shows that o(«) € L is another root of h.
(b): Note that every element 8 of L = F(aq,..., ;) can be written as

ﬁ:h(Oél,...,Oén)

for some rational function h € F(z1,...,x,). Because o preserves addition, multiplication
and inverses, we have

o(B) =o(h(ar,...,an)) = h(o(a),...,o(an)).
O

Example 6.29. Consider R C C. Because C = R(i), then, by Proposition 6.28, any
o € Gal(C/R) is determined by o(7), since

ola+bi) =0(a) +o(b)o(i) =a+bo(i), a,beR.
For such an automorphism ¢ we can write
(0())*+1=0(i?) +0(1) = a(i* + 1) = 5(0) = 0 = 0(i) = +i.
Let 01(i) =i and 09(i) = —i. It is obvious that o7 = id¢ because
o1(a+bi) =a+bo(i) = a+ bi.
So, 01 € Gal(C/R). To show that o9 is a ring homomorphism we check
oa((a+bi) + (c+di)) =o((a+c)+ (b+d)i) = (a+c)+ (b+d)oa(i) =

= (a + boa(i)) + (¢ + doa(i)) = o2(a + bi) + o2(c + di),
o2 ((a + bi)(c+ di)) = o2(ac — bd + (ad + bc)i) = ac — bd — (ad + be)i =
— (a— bi)(c — di) = oa(a + bi)oa(c + di).

Since o909 = idc, then oo is bijective. Hence it is an automorphism of C, and so g2 €
Gal(C/R). Thus,
Gal(C/R) = 7Z/2Z.

Proposition 6.30. Let ' C L be a finite extension. Then its Galois group Gal(L/F) is
finite.

Proof. Since ' C L is finite, we can take a basis ai,...,a, of L over F. Then L =
F(aq,...,ap). Let 0 € Gal(L/F). By Proposition 6.28 (a), o is uniquely determined by
o(ay),...,0(ay). Let p; be the minimal polynomial of «; over F. Hence, by Proposition

6.28 (b), there are at most deg(p;) possibilities for o(«;). That’s why

Gal(L/F)| < [ ] deg(py)-
=1
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Now we would like to explain how Galois groups relate to permutations of the roots of
polynomials. Let f € F[z] be a separable polynomial of degree n. Let L be the splitting
field of f over F. Then f splits completely over L as

f=clzr—a1)...(r —ap), c€F

where aq,...,a, € L are distinct. So, L = F(ay,...,a,). We can define a map

x: Gal(L/F) — Sp (6.1)
as follows. Given o € Gal(L/F'), Proposition 6.28, part (a), implies that o(«;) is a root of
f (since q; is), so that o(a;) = a,(; for some 7(i) € {1,...,n}. Note that 7(i) is uniquely
determined, since a4, ..., a, are distinct. Also,

T {l,...,n} —{1,...,n}

is bijective since o is. It follows that 7 is a permutation, that is, 7 € S;,. This defines the
map (6.1).

Proposition 6.31. The map x: Gal(L/F) — S, defined above is an injective group homo-
morphism.

Proof. Suppose that o1, 09 € Gal(L/F) correspond to 11,72 € S, via (6.1). This means that
o1(ai) = ar, ;) for every i = 1,...,n, and similarly for o2 and 72. Then

(o102) (i) = 01(02()) = 01(Ary(3)) = Ury(1a(5)) = Xrim)(i)-

This shows that o109 corresponds to 772, so that (6.1) is a group homomorphism. It remains
to show that (6.1) is injective. This follows immediately from Proposition 6.28, part (b),
since L = F(aq,...,an). O

Example 6.32. Consider the extension Q C L = Q(v/2, w) from Example 6.20. Since z3 —2
is the minimal polynomial of /2 over Q and 2% 4+ = + 1 is the minimal polynomial of w over
Q, then, by Proposition 6.28 (a),

o€ Gal(L/Q) = o(V2) =w'V2,i=0,1,2, o(w) =w'i=1,2.

Hence, by Proposition 6.28 (b), there are 6 different candidates for elements of Gal(L/Q). It
can be verified that all of them are automorphisms of L fixing Q point-wise. So, |Gal(L/Q)| =
6. By Proposition 6.31, Gal(L/Q) = Ss since |S3| = 6.

Definition 6.33. A field extension F' C L is a Galois extension if it is finite, normal and
separable.

Example 6.34. The field extension Q C L from Example 6.20 is Galois since it is finite and
normal (by Proposition 6.21) and separable (by Proposition 6.24).

Proposition 6.35. A field extension F' C L is Galois if and only if L is a splitting field of
a separable polynomial in Fz].
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Proof. |5, Proposition 7.1.1]. O

It is crucial that every finite separable extension F' C L can be embedded into a larger
Galois extension F' C N. More precisely, we have the following result.

Proposition 6.36. Let F' C L be a finite separable extension. Then there is an extension
L C N such that F C N is a Galois extension.

Proof. Since F' C L is finite and separable, by Proposition 6.25, we can write L = F(«) for a
primitive element o € L. Let p be the minimal polynomial of o over F and let a; = «v, ..., g
be the roots of p. The polynomial p is separable since « is separable over F. Let N be the
splitting field of p over F',i.e. N = F(ay,...,aq). By Proposition 6.35, F C N is Galois. [

Definition 6.37. The field N constructed in Proposition 6.36 is called the Galois closure
of L over F since N is “the smallest” extension of L which is Galois over F (see |5, Proposition
7.1.7, (b)]).

Example 6.38. Consider the finite and separable extension Q C Q(\S/i) from Example 6.20.
The minimal polynomial of /2 over Q is 2% — 2. Its splitting field over Q is N = Q(+/2, w)
for w = 2™3. Thus, N is the Galois closure of Q(3/2) over Q.

6.3 Fundamental theorem of Galois theory

Let F' C L be a field extension and Gal(F/L) be its Galois group. We introduce the idea
of a fixed field. Let H C Gal(F/L) be a subgroup. Then let

Ly={a€el|o(a)=aforaloeH}.
It can be verified that Ly is a subfield of L which contains F'. We call Ly the fixed field
of H. Let K be an intermediate field between F' and L, i.e.
FCKCL.

Then we can look at the elements of Gal(L/F') which fix K pointwise. These are the elements
of Gal(L/K). It can be verified that Gal(L/K) is a subgroup of Gal(L/F).

Thus, to every subgroup H C Gal(L/F) we can associate an intermediate field /' C Ly C
L and to every intermediate field F' C K C L we can associate a subgroup Gal(L/K) C
Gal(L/F). The following proposition shows that this association is a one-to-one correspon-
dence if F' C L is a Galois extension.

Proposition 6.39. Let F' C L be a Galois extension. Then the maps between intermediate

fields F C K C L and subgroups H C Gal(L/F') given by

Kw— Gal(L/K
(L/K) (6.2)
H LH

reverse inclusions and are inverses of each other. Furthermore, [L : K| = |Gal(L/K)| and
[K : F] =[Gal(L/F) : Gal(L/K)]. The extension F C K is Galois if and only if Gal(L/K)
is normal in Gal(L/F'), and when this happens, there is an isomorphism

Gal(K/F) = Gal(L/F)/Gal(L/K).

68



Proof. |5, Proposition 7.3.2]. O

Proposition 6.39 is called the fundamental theorem of Galois theory. We can deduce
from it the following corollary.

Corollary 6.40. Let F C N be a Galois extension and let ¥ C L C N be an intermediate
field. Then there is a one-to-one correspondence between intermediate fields F C K C L
and intermediate groups Gal(N/L) C H C Gal(N/F). Furthermore, [L : K] = [Gal(N/K) :
Gal(N/L)] and [K : F| = [Gal(N/F) : Gal(N/K)].

For the needs of this work we have to generalize the second part of Proposition 6.39 in
the following way.

Proposition 6.41. Let FF C L be a Galois extension and F C K C L be an intermediate
field. Then there is an isomorphism

Gal(K/F) = Ney(1/ ) (Gal(L/K)) /Gal(L/K),

where Ng (H) denotes the normalizer of H in G. In particular, if F C K is Galois, then
NGal(L/F) (Gal(L/K)) = Gal(L/F) and

Gal(K/F) = Gal(L/F)/Gal(L/K).
Proof. |2, Proposition 2.6]. O

Example 6.42. Recall Example 6.32. The field extension Q C L = Q(+/2,w) is Galois (as
was explained in Example 6.34). Let 0,7 € Gal(L/Q) be the two generators of Gal(L/Q)

defined by
o(V2) =wv?2, o(w)=w,
r(V2) = V2, 7(w)=w?

The generators o and 7 are of order 3 and 2, respectively. If we label the roots a; =
V2,00 = wv/2, a3 = w?¥/2 of 2% — 2, then under the isomorphism Gal(L/Q) = S3 (6.1) the
automorphisms ¢ and 7 correspond to

—(123), 7~ (23).

AN/
LN T

Gal(L/Q)

{1

Figure 6.1: Fundamental Theorem of Galois Theory
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There are 6 subgroups in S3. Thus, by Proposition 6.39, there are 6 intermediate fields
Q C K C Q(v/2,w) (see Figure 6.1). Let’s take K = Q(w). Then Gal(L/K) = (o) = A3,
where A3 denotes the alternating group on 3 elements. Since As is normal in S3, then, by
Proposition 6.39, Q C Q(w) is Galois and

Gal(Q(w)/Q) = Gal(Q(V2,w)/Q)/Gal(Q(V2,w)/Q(w)) = S5 /A3 = S5.

Another way to see that Q C Q(w) is Galois (using Proposition 6.35) is to realize that Q(w)
is the splitting field over Q of a separable polynomial z? + = + 1.

If we take K = Q(~/2), then Gal(L/K) = (r) = {(2 3)). Since ((2 3)) is not normal in
S3, then Q C Q(+/2) is not Galois. However, we can apply Proposition 6.41 to Q C Q(+/2)
and get

Gal(Q(¥2)/Q) = Ny 95.00) (GAUQ(V2,0)/Q(V2))) /Gal(@(¥2,w)/Q) =
=~ Ns, (((23)) /(2 3)) = (2 3)) /(2 3)) = {1}.

Finally, we would like to give a useful remark which we are going to use in Chapter 8.

Remark 6.43. Let F be a field of characteristic 0 and let F' C L be a finite extension of degree
d. By Proposition 6.15, F' C L is algebraic and, by Proposition 6.24, F' C L is separable. By
Proposition 6.25, there is an element a € L such that L = F(«). By Proposition 6.12, its
minimal polynomial p over F' has degree d. Denote the roots of p as @ = a, ..., ag. They
are all distinct since p is separable. Hence, according to Proposition 6.36, the Galois closure
of L over F is the splitting field of p over F' which is

N = F(ai,...,aq).

Let G = Gal(N/F). By the fundamental theorem of Galois theory (Proposition 6.39),
there is a one-to-one correspondence between the intermediate fields FF € K C N and
the subgroups H C G. Moreover, by Corollary 6.40, there is a one-to-one correspondence
between intermediate fields

FCKCL

and intermediate groups
Gal(N/L) C H C G.

In particular, if there is no intermediate group between Gal(N/L) and G, then there is no
intermediate field between F' and L.
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7 Branched Covers of Algebraic Varieties

Solving systems of polynomial equations is a common thing in practice (for example, in
computer vision). Every formulation of the problem by polynomial equations G(x,p) = 0
contains the unknowns x € C" and parameters p € C". We are usually interested in finding
the solutions (i.e. determining the unknowns) given the certain values of parameters. If for
a generic choice of parameters pg € C™ the system has d < oo solutions, then we can create
a map

f+V(G(x,p)) = C™
[ﬂ . (7.1)

which projects the space of the unknowns and parameters, satisfying G, to the space of
parameters. This projection is a finite map of degree d between affine varieties.

The main purpose of this chapter is to establish the connections between algebraic ge-
ometry, algebraic topology and Galois theory. We state the result that a finite rational
map of degree d between affine varieties can be understood as a branched cover (meaning
it is a covering map except on a small set) of degree d in the analytic topology. When it
comes to revealing the properties of this branched cover we have to use results coming from
another branch of mathematics, called analytic geometry. There is a strong connection be-
tween algebraic geometry and analytic geometry which is described by the paper “Géométrie
algébrique et géométrie analytique” written by J.P. Serre. The results from this paper are
usually referred to as “GAGA”. In this chapter we give one of the important GAGA results
which states that an irreducible affine variety without its singular points is connected in the
analytic topology. We don’t explain any proofs here since most of them we don’t understand
completely.

We describe here the main object of this work, namely the Galois/monodromy group of
a branched cover. This is where we will combine our knowledge from Chapters 4, 5 and 6.
Finally, we describe the notion of symmetries of branched covers and show how they can be
found.

7.1 Finite rational maps

We will start by stating some of GAGA results. Let X C C" be an affine variety given
by F = [fl, .. ,fT]T,fi € Clz1,...,x,). Let Sing(X) C X be the set of singular points of
X, i.e. the points p € X for which the r x n Jacobian matrix

JEF)=|2&% . o\

Oz Oxn
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evaluated at p, has rank less than n — dim(X), where dim(X) denotes the dimension of X
[6, Chapter 9]. The set Sing(X) is a subvariety of X since it is given by F together with
(n —dim(X)) x (n —dim(X)) minors of J(F). We denote X, = X \Sing(X) the set of non-
singular points in X and we give this set the subspace topology induced from the standard
topology on C™. This topology on X, is called the analytic topology. We give the first
GAGA result.

Proposition 7.1. Let X C C" be an affine variety. Then Xa, is a complexr manifold.

Proof. |22, Lemma 2.2]. O

Corollary 7.2. Let X C C" be an affine variety. Then Xa, is locally path-connected.

Proof. This is because every complex manifold, by definition, looks locally like an open unit
disk in C™, which is path-connected. O

Example 7.3. Let X = V(z? —y?) C C% Then dim(X) = 1. Denote F = [z — y?]. Then
J(F)=[2z 2y].
Hence
. 2 9 0
Sing(X) = V(z© —y*, 2x,2y) = { [0} } .

Then
Xan = X\Sing(X) = V(a2 — y)\ {0}

By Proposition 7.1, X, is a complex manifold. By Corollary 7.2, it is locally path-connected.
We state the second GAGA result.

Proposition 7.4. Let X C C"™ be an irreducible affine variety. Then X, is connected.

Proof. [28, Theorem 8.3]. O

Corollary 7.5. Let X C C" be an irreducible affine variety. Then Xan is path-connected.

Proof. Follows from Proposition 2.41. O

Example 7.6. Let X = V(y? — 22 —23) C C2. This variety is irreducible, since y? — 2% — 23
is irreducible over C. The singular points of X are

Sing(X) = V(y* — 2® — 23,2y, —2x — 32°) = {0}.

Then X., = V(y?—22—23)\{0} is a path-connected complex manifold (however, you cannot
see it from the picture of X, over the real numbers).

The next proposition shows that every dominant rational map between irreducible affine
varieties of the same dimension is a covering map in the analytic topology.
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Proposition 7.7. Let f: X --» Z be a dominant rational map between irreducible affine
varieties of the same dimension. Then there is a Zariski dense subset U C Z containing a
Zariski open subset V. C Z such that the map

flyy: 71 0) = U

is a covering map in the analytic topology. Moreover, by Corollaries 7.2 and 7.5, f~Y(U)
(and hence U ) is path-connected and locally path-connected in the analytic topology. We call
[ the branched cover, meaning it is almost a covering map except on a small set Z\U. We
denote f‘f_l(U) by f. and f~Y(U) by U. Since U is path-connected, then U is connected. If

we let d = | f7 1 (ug)| for some ug € U, then by Remark 5.11, |f- (u)| = d for allu € U. We
call d the degree of the branched cover f.

Proof. [22, Chapter 2]. O

We explain how the set U can be constructed when Z = C™ and f: X --» Z is the projection:

- X—>Z
|
— Z
z
T T T
where x = [3:1 :cn] and z = [21 zm] . Let F = [fl fr} be the column
vector of polynomials which define X. Then the Jacobian of F is the following polynomial
matrix
JE) = [ EE L E]

of size r x (n4+m). Let Cy C X be the set of critical points of f, i.e. the singular points of
X or the nonsingular points x € X where the differential of f

fails to surject. This is exactly the set of points p € X for which the matrix
def [ oF OF OF IF
J(F), [ E EL =[Ew ... E@|ec

has rank less than n |16, Proposition 3.4|. Then U = f(X)\ f(Cy).

In Figure 7.1 you can see a formal example of a branched cover. The points p; and po
are the critical points of f: p; is singular (there is no tangent space to X at p;) and the
differential

dp2f: szX — Tf(p2)Z

maps T}, X to a point f(p2) (since Tp, X is “perpendicular” to T',,)Z), which implies dp, f
is not surjective. For the points u from U = f(X)\{f(p1), f(p2)} the fiber f~!(u) consists
of 2 points. By Remark 5.11, the cardinality |f~!(u)| has to be the same for all u € U.
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f(p1) f(p2)

Figure 7.1

Example 7.8. Let X = V(22 — 2) C C? and Z = C. Then let

i X--Z2

-

This map is defined everywhere on X. It is surjective by the Fundamental Theorem of
Algebra. Also X and Z are irreducible since I(X) = (23 — z) and I(Z) = {0} are prime
ideals. Also dim(X) = dim(Z) = 1. Then we can apply Proposition 7.7. The Jacobian of
F= [w3 — z] equals
_ [0 OF] _
J(F)=[2E 2] =[3.2 -1].
Let p= [:Eo zO]T € X. Then
Jo(F), = [323] .

This matrix has rank less than 1 if and only if £y = 0. The only point in X with 2o = 0

is the point p = [0 O]T € X. This is the point where the differential d,f fails to surject.

Thus, Cy = {[O O}T} is the set of critical points of f. Since f is surjective, we have
U = FEOV(Cy) = C\[0} and )
fe:U—=U

is a covering map in the analytic topology. Let ug =1 € U. Then

o ={[[) T

Since | £ (ug)| = 3, then, by Remark 5.11, | f-!(u)| = 3 for all u € U.

Definition 7.9. A dominant rational map f: X --» Z between irreducible affine varieties
is said to be finite of degree d if there is a Zariski dense open subset V' C Z such that for
every z € V the fiber f~1(z) consists of d distinct points.
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Proposition 7.10. A dominant rational map f: X --+ Z is finite of degree d if and only if
it induces a finite field extension f*(C(Z)) C C(X) of degree d.

Proof. |14, Proposition 7.16|. O

Example 7.11. Take f from Example 7.8. We saw that for U = C\{0} the map
fo:U—U

is a covering map of degree 3 in the analytic topology. By Definition 7.9, f is a finite rational
map of degree 3. Thus, by Proposition 7.10, f induces an inclusion of function fields

f11C(Z) - C(X)

of degree 3.

7.2 Galois/monodromy group

In this section we explain how the monodromy group of f. can be obtained as the Galois
group of a field extension. Let f: X --» Z be a branched cover of degree d. Then, by
Proposition 7.10, it induces the inclusion f*: C(Z) < C(X) of function fields of degree d.
Then the certain restriction f.: U — U of f is a covering map of degree d in the analytic
topology. Since C is the field of characteristic zero, then so are C(Z) and C(X). Hence we
can apply what was said in Remark 6.43 to the field extension C(Z) C C(X). Let o € C(X)
be a primitive element of this field extension. Then C(X) = C(Z)(«). Let p be the minimal
polynomial of « over C(Z) and let ay = a, ..., aq be its roots in the splitting field. Denote
R = {ai,...,aq} and let Ny = C(Z)(a1,...,aq) be the Galois closure of C(Z) C C(X).
Denote Gal(f) = Gal(Ny/C(Z)). We will say that Gal(f) is the Galois group of the branched
cover f. Then there is an injective group isomorphism y: Gal(f) < S(R) given by 6.1. Let
u €U and F = f71(u). We give the following proposition.

Proposition 7.12. The Galois group Gal(f) and the monodromy group Monp(f.) are iso-
morphic as permutation groups.

Proof. [13, Section I. O

In other words, there is a bijection n: R — F and a group isomorphism A: Gal(f) —
Monr(f.) such that for ¢(c) = non~! and the identity map idy; on Monp(f.) the diagram
Gal(f) —— S(R)
EP %Lﬁ (7.2)

id]w

Monp(f.) —— S(F)

commutes, i.e. idy A = ¢x.

We give the following example which was created with the help of Tim Duff.
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Example 7.13. Let f: X — Z be the map from Example 7.8, i.e. X = V(2 — 2) C C?,
Z = C and

- X—>Z
:
— Z
z
It was shown that for U = C\{0}, the restriction of f to U = f~1(U)
fo:U—=U

is a covering map of degree 3 in the analytic topology. Also the field extension C(Z) C C(X)
has degree 3. Let u =1 € U and

2mid 2mi2

U = [e 3] U = [e 3] U3 = [1] P =N u) = {u, ug, us}.
1 1 1

We now determine the monodromy group Mong(f.). Let’s take a look at the fundamental

group 71(U,u). Since U looks like a plane with one point 0 € C removed, then a loop ~

around 0 based at u represents the generator of m (U, u) (as it was explained in the end of

Section 5.1). In other words, m1 (U, u) = ([y]) = Z. Let’s take a loop

v: I =U

based at u (since ¥(0) = 1 = v(1)). It obviously encircles 0 € C. By the path lifting property
(see the paragraph after Proposition 5.13), this loop has 3 unique lifts 7,72, 73 starting at

_ e2miz] B e2mia N
uy = 1 y U2 = 1 y U3 = 1]

respectively. These lifts have the following form:

ij: I — ij
2miltt
e 3
b e27rit ]
since f.y; =~ for all j = 1,2,3. The monodromy group Mong(f.) is the image of the group
homomorphism (5.1). Since [y~] = [y]~! generates 71 (U, u), then 0., generates Monp(f.). It

is obvious that

Hence

Monp(f.) = (o) = (12 3)) = Z/3Z.
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Let Ny be the Galois closure of C(Z) C C(X), i.e. we have a chain of fields
C(Z) CC(X) C Ny.
Then, by Proposition 7.12,
Gal(Ny/C(Z)) = Monp(f.) = Z/3Z.

From Galois theory it follows that /' C L is a Galois extension if and only if |Gal(L/F)| =
[L : F| (see |5, Proposition 7.1.5]). Since C(Z) C Ny is a Galois extension, then

[Ny C(2)] = Gal(N}/T(2))| = 3
However, we know that [C(X) : C(Z)] = 3. By Proposition 6.13,
[Ny : C(2)] = [Ny : C(X)][C(X) : C(2)],

which implies
[Ny :C(X)]=1 < N;=C(X).

In other words, the field extension C(Z) C C(X) is Galois.
More generally we obtain the following proposition.

Proposition 7.14. If f: X --» Z is a branched cover of degree d such that [Monp(f.)| = d,
then the field extension C(Z) C C(X) is Galois and

Gal(C(X)/C(Z)) 2 Monp(1.)
for X from (7.2).
Proof. Let Ny be the Galois closure of C(Z) C C(X). Then, by Proposition 7.12,
|Gal(N}/C(2))| = Monp(fe)| = d.

From Galois theory it follows that F' C L is a Galois extension if and only if |Gal(L/F)| =
[L : F] (see [5, Proposition 7.1.5]). Since C(Z) C Ny is a Galois extension, then

[Ny : C(2)] = |Gal(Ny/C(2))] = d.

However, by Proposition 7.10, we know that [C(X) : C(Z)] = d since f has degree d. By
Proposition 6.13,
[Ny : C(2)] = [Ny : C(X)][C(X) : C(2)],

which implies
[Nf : (C(X)] =1 «— Nf = (C(X)

O

Definition 7.15. In the situation of Proposition 7.14 we say that the branched cover f is
Galois.
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We show another example of a branched cover which is not Galois.

Example 7.16. Let X = V(2% + 22% 4 322 + 2) C C? and Z = C. We define a map
f:X--+2Z
:
=z
z

This map is defined everywhere on X. It is surjective by the Fundamental Theorem of
Algebra. Also X and Z are irreducible since I(X) = (2% + 22 + 322 + 2) and I(Z) = {0}
are prime ideals. Also dim(X) = dim(Z) = 1. The Jacobian of F equals

J(F) = [62° + 823 + 627 1].
Let p= [:Eo zo]T € X. Then
Jo(F), = [62] + 823 + 622 .

This matrix has rank less than 1 if and only if g is the root of 6x° 4 823 + 622. The image
of the critical points of f are the roots of the generator of the elimination ideal

(2% 4 22 + 322 + 2,625 + 8% 4 622) N C[z] = (2723 — 762% + 722).
Thus, U = f(X)\f(Cy) = Z\V(272% — 7622 + 722) and
fo:U—U

is a covering map in the analytic topology of degree 6. Let u € U. The fundamental group
of U is isomorphic to the free product

m(Uu) X Z*Z* 7,

since we removed 3 points from C to get U. Let F = f.!(u). Then the monodromy group
Monp(fc) is the image of m1(U,u) under the group homomorphism (5.1). In this example
we don’t construct loops and their lifts explicitly as it was done in Example 7.13. The
monodromy group Mong(f.) can be computed numerically using [16]. In this case we get

Monp(f2) = ((14), (5 1)(6 4), (24)(13)).

The 3 permutations on the right are the monodromy permutations o for loops v based at u
and encircling each of the 3 points from f(Cy) € Z. These 3 loops generate 71 (U, ). Since
Monp(f.)| =48 # 6 = [C(X) : C(Z)], then f is not Galois.

7.3 Symmetries of branched covers

Let f: X --» Z be a branched cover. In this section we will explain what do we mean by
symmetries of branched covers. Recall the notion of a birational map from Definition 4.45.
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Definition 7.17. A birational automorphism of X is a birational map ¢: X --+ X.

Remark 7.18. We are not interested in all birational automorphisms of X, but only in some
special. From practical point of view, if we have a branched cover f: X --» Z as in (7.1),
then for every instance z € Z of the problem its solutions are the points in the fiber f~1(z).
We would like to exploit the global symmetry of the whole problem in such a way that we
are able to restrict this symmetry to the fiber f~1(2) of every instance z € Z.

Thus, the only reasonable way to define the concept of symmetries is the following one.

Definition 7.19. Let f: X --» Z be a branched cover. We define the set of symmetries
of f to be the set of all birational automorphisms ¢ of X such that f = f¢ (where defined).
We denote this set by Bir(f).

Such a definition puts a certain restriction on ¢ € Bir(f): it preserves the fiber f~1(2)
for every z € Z. (Notice the analogy with Definition 5.18.) It is easy to prove that for every
branched cover f: X --+ Z its set of symmetries forms a group.

Proposition 7.20. Let f: X --+ Z be a branched cover. Then Bir(f) is a group under the
operation of function composition.

Proof. The operation of function composition is associative. If 1, p2 € Bir(f), then
flp1p2) = (fo1)p2 = foa = f = p1p2 € Bir(f).
The identity map idx € Bir(f) since, obviously, f = fidx. If f = f¢, then
fet = (fe)e™ = flep ') = fidx = f = ¢ € Bir(f).
O

It is crucial that the group Bir(f) can be obtained as the Galois group of a certain field
extension.

Proposition 7.21. Let f: X --+ Z be a branched cover with its induced embedding of
function fields f*: C(Z) — C(X). Then
N ]
Bir(f) & Gal((C(X) /f ((C(Z))).

Proof. We define 3 to be

B: Bix(f) = Gal (C(X)/f*(C(2)))
o (07
We at first verify that 3 is well-defined. By Proposition 4.46, (¢~!)* is a ring isomorphism
from C(X) to C(X), so it is an automorphism of C(X'). According to Definition 7.19, we have
f = fo~'. By Proposition 4.44, f* = (¢~1)*f*. But this equality of maps exactly means
that f*(x) = (o~ )*(f*(x)) for every x € C(Z), or that (¢~1)* fixes f*(C(Z)) pointwise.
This exactly means that (p=1)* € Gal((C(X)/f*(C(Z))).

79



Now we show that /5 is a group homomorphism. Take ¢1,p2 € Bir(f). Then using
Proposition 4.44 we get

Blere2) = ((e102) )" = (03 01" = (07 ) (03 ")* = B1)B(2)-

We claim that 3 is bijective. By Proposition 4.46, the function ¢ — (p~1)* is injective on
the set of all birational maps from X to X. So, it is injective when restricted to Bir(f). To

prove that g is surjective, take any element from Gal ((C(X)/f*((C(Z))) It is an automor-

phism of C(X), and so, by Proposition 4.46, it has the form (¢ ~!)* for some birational map
¢: X --» X. We also know that f* = (o~ 1)*f* because (¢~1)* fixes f*(C(Z)) pointwise.
By Proposition 4.44, we have f* = (p=1)*f* = (fo~1)*. Because the operator o — (p~1)*
is injective, then f = fo~!. Thus, ¢ € Bir(f).
We proved that 3 is a bijective group homomorphism. Thus, £ is an isomorphism.
O

An immediate consequence of Proposition 7.21 is that Bir(f) is a finite group, since the
field extension C(Z) C C(X) is finite (see Proposition 6.30). Our aim now is to reveal the
connection between Bir(f) and Gal(f). We have the chain of fields

C(Z) C C(X) C Ny.

where the field extension C(Z) C Ny is Galois (first paragraph in Section 7.2). Let G =
Gal(Ny/C(X)) be the subgroup of Gal(f). Hence by Proposition 6.41, there is an isomor-
phism

K3
Bir(f) = Neai(y) (G) /G-

Let’s look at the image of G by x. This is a permutation group x(G) C S(R) isomorphic
to G. Recall that C(X) = C(Z)(1). Then G consists of elements of Gal(f) which fix a;.
Hence x(G) = Stabygay(y)) (a1). It is also easy to see that

X
Near(y) (G) /G = Nyar(p)) (X(G)) /x(G).
since x is a group homomorphism. Then relation (3.4) shows that
0
Nyar(r)) (X(G)) /x(G) = Cy(ry (X(Gal(f)))-

Combining 8, k, ¥ and g together we obtain

oxKpB

Bir(f) = Com(x(Gal(f)) (7.3)
We are now able to draw the following diagram:
Gal(f) —— S(R) xXp - Bir(f)
El)\ %lqﬁ (7.4)

Monp(f.) —s S(F) 2= Deckp(f.) +—— Deck(/.)
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where 1) is an isomorphism (5.4) and idp is the identity map on Deckp(f.). Diagram (7.4)
is commutative since diagram (7.2) is commutative. Since, by Proposition 7.7, f.: U—U
is path-connected and locally path-connected covering space, then, by Propositions 5.26 and
5.27, we conclude that
Bir(f) = Deck(f.) (7.5)
via the isomorphism ¥~ tpoxkS3.
Let ¢ € Bir(f). Since ¢ is birational and f: X --» Z is finite of degree d, then a rational
map fo: X --+ Z is finite of degree d. Then, by Proposition 7.7, fy: X --+ Z is a covering

map of degree d if we restrict Z to a dense subset U, C Z which contains an open subset of
Z. Thus, fy for all ¢ € Bir(f) are covering maps if we restrict Z to a dense subset

Usiz= (| UpCZ
EBir(f)
which contains an open subset of Z. Since ¢ preserves the fiber of f, then f=!(Upi;) =

(f) H(Upir) for all ¢ € Bir(f). Now, both Bir(f) and Deck(f.) act on the dense subset
f_l(UBir) C X which contains an open subset of X. The restriction map

r1: Bir(f) — Bir(f)’f—l(UBir)

© = 0| 1 )

is injective since if two rational maps agree on a dense open subset, they agree on the
intersection of their domains. Similarly, the restriction map

r9: DeCk(fc) — DeCk(fC)‘ffl(UBir)

d— d‘f_l(UBir)

is injective since, by Proposition 5.20, if two deck transformations coincide on one point, they
coincide on the whole U. Since Bir(f) = Deck(f.), these groups have the same cardinality.
Then

r1(Bir(f))| = [Bir(f)| = [Deck(fec)| = |rz2(Deck(fe))|.

Since every birational map in r;(Bir(f)) is a homeomorphism in the analytic topology, we
conclude that

r1(Bir(f)) = ro(Deck(f.)),
i.e. every deck transformation d € Deck(f.) in the analytic topology is indeed a birational
map ¢ € Bir(f).

Example 7.22. We continue with Example 7.13. We saw there that the field extension
C(Z) C C(X) of degree 3 is Galois with Galois group isomorphic to Z/3Z. Thus, by
Proposition 7.21,

Bir(f) = Gal(C(X)/C(Z)) = Gal(f) = Z/3Z.

It can be noticed that the generator of Bir(f) is the following map
p: X --+ X

1~
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since

(627”%:6)3 —z=a%— 2

Example 7.23. We continue with Example 7.16. We saw there that
Gal(f) = Nonp(f.) = ((14), (5 1)(6 4), (2 4)(13)).

Using isomorphism 7.3, we obtain

Bir(f) = Cg, (<(1 4),(51)(6 4), (2 4)(1 3)>) = <(1 14)(23)(5 6)> ~ 7,/97.
It can be noticed that the generator of Bir(f) has the form

p: X -—» X

since
(—2)° +2(—2)* +3(—2)* + 2 = 2" + 224 + 322 + 2.

Example 7.24. Let X = V(22 + az +b) C C3 and Z = C2. Define a map

fiX->2
xr
a HH
\ b

This map is defined everywhere on X. Is is surjective by the Fundamental Theorem of
Algebra. The affine varieties X and Z are irreducible since I(X) = (2% +az +b) and I(2) =
{0} are prime ideals. Also dim(X) = dim(Z) = 2. The Jacobian of F = [2? + ax + b] equals

J(F):[g—g %—5 %—E]:[Qx—i—a z 1].

The submatrix [2:6 + a] has rank less than 1 if and only if 22 + a = 0. Thus, the image of
the critical points of f are the roots of the unique generator of the elimination ideal

(2® + ax + b, 22 + a) N Cla, b] = (a® — 4b).
Thus, U = f(X)\f(C) = Z\V(a® — 4b) and
fe:U—U

is a covering map in the analytic topology. Let u = [0 —I]T € U. Then the covering map
fe has degree | f- ' (u)| = |V (22 — 1)| = 2. Hence f is a finite rational map of degree 2 and it
induces an inclusion of function fields C(Z) C C(X) of degree 2. We could construct a loop 7
in U based at u such that it induces a transposition of the elements in the fiber F = f7(u).
In other words, it can be shown that Gal(f) = Monp(f.) = Z/27.
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However, let’s use a little bit different strategy for determining Gal(f). From Galois

theory it follows that every field extension of degree 2 is Galois, i.e. the field extension
C(Z) C C(X) is Galois. Thus,

Monp(f.) = Gal(f) = Gal(C(X)/C(Z)).

From Galois theory it also follows that F' C L is a Galois extension if and only if |Gal(L/F)| =
[L : F] (as was shown in Example 6.29). Thus,

|Gal(C(X)/C(2))| = [C(X) : C(Z2)] =2 = Gal(C(X)/C(2)) =7Z/2Z.
By Proposition 7.21, we have
Bir(f) = Gal(C(X)/C(Z2)) =2 Z/2Z.

It can be noticed that the generator of Bir(f) has the following form

p: X --+ X
T —xr—a
al| — a
b b
since
(—x —a)*+a(—x —a) +b=2+2ax +a®> —axr — a* + b= 2* + ax +b.
Despite the fact that the roots z; 2 = —atva—db V2a2_4b of 2% 4+ ax + b are not rational functions,

the function z — —x — a which interchanges them is rational.

In Examples 7.22, 7.23, 7.24 we have shown how we can reveal the structure of Bir(f).
However, we didn’t explain how the generators of Bir(f) can be found. We will give an ideal
of how it can be done in Chapter 9.
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8 Imprimitivity of Galois Group

In Chapter 7 we saw how the Galois group of a branched cover can be computed and
how the symmetries can be revealed from it. In this chapter we will show how to use these
symmetries for passing from the original branched cover to a branched cover with smaller
degree. In Chapter 9 we will explain how this relates to polynomial system simplification.

If a branched cover f has symmetries, then we can factorize it and obtain two branched
covers of strictly smaller degree. In other words, f is decomposable (see Definition 8.7).
However, it may happen that f has no symmetries (i.e. Bir(f) is trivial), but it is still
decomposable. Thus, the existence of symmetries is not a necessary condition for f to be
decomposable. In this chapter we show that there exists a necessary and sufficient condition
for f to be decomposable. This condition is associated with one of the properties of the
Galois/monodromy group of f, namely imprimitivity.

8.1 Imprimitive permutation groups

Let G C S; be a permutation group.

Definition 8.1. A block of G is a subset B C {1,...,d} such that for every g € G, either
gB=BorgBNB=g.

The subsets &, {1,...,d}, and every singleton are blocks of every permutation group.
These blocks are called trivial.

Definition 8.2. A transitive permutation group G C S, is called imprimitive if there
exists a nontrivial block of G. Otherwise, it is primitive.

Example 8.3. Let G = ((1 2 3 4)) C Sy be a subgroup of order 4. It is obvious that G is
transitive. Then a subset By = {1,3} C {1,...,4} is a nontrivial block of G. Thus, G is
imprimitive. Notice that By = {2,4} C {1,...,4} is also a nontrivial block of G.

It can be noticed that By and By from Example 8.3 form a partition of the set {1,...,4}
into blocks of size 2. We give the following proposition which shows that every imprimitive
group forms such a partition.

Proposition 8.4. If G is imprimitive, then there is a decomposition B = {B;}!" of the set
{1,...,d} into disjoint nontrivial blocks of G of size k, i.e. d = mk.
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Proof. Let B be a nontrivial block of G. Then define
B={gB|gecG}
Take g1,92 € G and let g1 B, goB € B. We need to prove that
g1B=gBorg1BNgB=o (8.1)

Because B is a block of G' and g5 191 € G, then

g;lng:B or g;lngﬂBZQ (8.2)
However, (8.2) is equivalent to (8.1) since

0B =pB < gy'gB=gy'g:B =B,

gBNgB =03 < g;'q1BNgy'g2B=g,'¢1BNB = 2.

So, we have shown that B is a partition of {1,...,d} into disjoint subsets. These subsets
have equal size since |gB| = |B| (multiplication by ¢ is injective map). Now, to show that
the elements of B are blocks of G, take g1 B € B and ¢go» € G. We need to prove that

92918 = g1B or gag1 BN g1 B = 2.
The above statement is equivalent to
917 '921B =B or g7 'g2nBNB = 2,
which is true since B is a block of G. O

We state another useful fact about imprimitive groups.

Proposition 8.5. A permutation group G C Sg is imprimitive if and only if there is a proper
subgroup of G which strictly contains Stabg (1) (i.e. Stabg (1) is not a mazimal subgroup of
G).

Proof. [3, Section 1.1, the last paragraph]. O

In fact, all the stabilizers Stabg (z) for x € {1,...,d} of a transitive permutation group
G are conjugate, i.e.
Stabg (z2) = g Stabg (z1) g™,

for g(x1) = x9. We know that such an element g exists since G is transitive. If Stabg (z1)
is not a maximal subgroup of G, then there is a proper subgroup H; of G which strictly
contains Stabg (z1). But then

Hy = gHyg™"

is a proper subgroup of G which strictly contains Stabg (22). In other words, Stabg (z2) is
not a maximal subgroup of G. Thus, Proposition 8.5 can be restated as follows.

Proposition 8.6. A permutation group G C Sy is imprimitive if and only if Stabg () is
not a maximal subgroup of G for all x € {1,...,d}.
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8.2 Decomposable branched covers

Definition 8.7. A branched cover f: X --» Z of irreducible affine varieties is called de-
composable if there exists an irreducible affine variety Y such that f factors

x Iy 2,7 (8.3)

where f; and fo are finite rational maps with degrees di,ds > 1, respectively, such that

f=rfi
Example 8.8. Let f be the branched cover from Example 7.16. Then f factors as

x -y Py

(r,2) — (2%,2) — 2

for Y = V(y3 +2y? 4+ 3y + z) C C2.

Remark 8.9. From Corollary 6.40 we know that there is a one-to-one correspondence be-
tween intermediate fields C(Z) € K C C(X) and intermediate groups Gal(N;/C(X)) C
H C Gal(f). Since C(Z) and C(X), by (6.2), correspond to Gal(f) and Gal(N;/C(X)),

respectively, there is a one-to-one correspondence between intermediate fields
C(2) € K € C(X)

and intermediate groups
Gal(N;/C(X)) € H € Gal(f).

By the first paragraph from Section 7.2, C(X) = C(Z)(c1), and thus Gal(N;/C(X)) consists
of elements of Gal(f) which fix ;. In other words,

Gal(N;/C(X)) £ Stabygay(s)) (1) -
Hence there is a one-to-one correspondence between intermediate fields
C(2) € K € C(X)
and intermediate groups

Stabx(Gal(f)) (al) - H - X(Gal(f))'

We give the following proposition which states a necessary and sufficient condition for a
branched cover to be decomposable. In the statement of this proposition we identify Gal(f)

with x(Gal(f)).

Proposition 8.10. A branched cover f: X --+ Z is decomposable if and only if its Galois
group Gal(f) is imprimitive.
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Proof. By Proposition 8.5, imprimitivity of x(Gal(f)) is equivalent to the existence of an
intermediate group

Stabyca1(f)) (1) & H S x(Gal(f)).
This, by Remark 8.9, is equivalent to the existence of an intermediate field
C(Z) ¢ K C C(X).

Since C(X) is finitely generated over C (by coordinate functions zy,...,z, € C(X)), then
K is finitely generated over C [4, Theorem 1.1]. Then it follows that K = C(Y") for some
irreducible affine variety [20, Lemma 1.3|. By Propositions 4.43 and 7.10, this is equivalent
to the existence of finite rational maps fi, fo with degrees d; = [C(X) : K] > 1 and
dy = [K : C(Z)] > 1, respectively, such that f factors

x Iy 2,7
By Corollary 6.40, we have
(C(X) £ K] = [Gal(N;/K) : Gal(N;/C(X))] = [H : Staby gan(p (001)]

K : C(Z)] = [Gal(N;/C(Z)) : Gal(N;/K)] = [Gal(f) : H].

By Proposition 7.10,
& = [C(X): K], d=[K:C(Z)]

O
Example 8.11. We continue with Example 7.23. We have X = V(26 4 22% + 322 4 2) C
C?,Z =C and

fiX -2
]
2
z

Gal(f) 2 Monp(f,) = <(1 4),(51)(6 4), (2 4)(1 3)>.

It can be seen that {2, 3} is a nontrivial block of Gal(f) and, thus, by Definition 8.2, Gal(f)
is imprimitive. By the proof of Proposition 8.4, the partition of the set {1,...,6} into blocks
of Gal(f) is

We know that

B= {{1,4}, {2,3},{5,6}}.

Let Stabgay(f) (1) be the stabilizer of 1 € {1,...,6} by Gal(f). By Remark 8.9, there is a
one-to-one correspondence between intermediate subgroups Stabgay(s) (1) & H & Gal(f) and
intermediate fields C(Z) € K € C(X). In GAP we compute all the intermediate subgroups
H using the following code

Gal := Group((1,4),(5,1)(6,4),(2,4)(1,3));
Stab := Stabilizer(Gal,1);
IntermediateSubgroups(Gal,Stab);
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It turns out that there is only one such H, namely
H =((23),(26)(35),(14)(56)).
The stabilizer Stabgay () (1) equals

Stabea ) (1) = ((23), (2 6)(3 5).

Thus, there is only one intermediate field C(Z) ¢ K C C(X). By Proposition 8.10, f is
decomposable. We can notice that f factors as

(z,2) — (2%,2) — 2

for Y = V(y3 + 2y + 3y + 2) C C? with degrees

H 16
16,

dy = [H : Stabgay(p) (1)] = m 8

de = [Gal(f): H] = ’GT};{)‘ = % =3,

respectively. Also C(Y) = K. Of course, the question is how do we notice that for more
complicated branched covers? For this we can use an argument given in [3, p. 4]. Our aim
is to find the generators of the intermediate field K over C (it is finitely generated over C
since C(X) is). Then the map f; will be given by these generators. Recall from Example
7.23 that Bir(f) is generated by the element

p: X -+ X
-7
H
z z
By Proposition 7.21, Bir(f), identified with S(Bir(f)), acts on C(X) by automorphisms
fixing C(Z) point-wise. We can look at the fixed subfield of this group:

C(X)pir(s) = 19 € C(X) | p(g) = g for all ¢ € Bir(f)}.
Since the order of Bir(f) equals 2, then [5, Chapter 7, Theorem 7.5.3] shows that
[C(X) : C(X)pir(p)] = [Bix(f)] = 2.

In other words, the field extension C(X)gir(y) € C(X) is finite of degree 2. Since [C(X) :
C(2)] = 6, then C(Z) € C(X)puxs) © C(X), and thus

C(X)pir(p) = K.

Since ¢ is actually a linear map, then we can use invariant theory (see [6, Chapter 7]) to
compute the generators of C(X)gir(s) over C. These are x2,z € C(X)gir(r)- Thus, fi is
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given by 22 and z, as was mentioned before. To compute the equations defining Y can be
computed using polynomial implicitization (see |6, Chapter 3, §3]). We consider the ideal

I= (2% 422 + 322 + 2,91 — 22,4 — 2).
To find the equations defining Y we need to eliminate z and z from I, i.e.
J =INClyr,ya] = (U + 207 + 3y1 + v2)-

We can go back to look at the structure of Gal(f). It has 48 elements. Indeed, it is
permutation isomorphic to a wreath product

G f =~ 55055
constructed in Example 3.40.

We give a general fact about imprimitive groups.

Proposition 8.12. Let G be an imprimitive group that admits a complete block system B
consisting of m blocks of size k. Then G is permutation isomorphic to a subgroup of Si 1S, .

Proof. |8, Theorem 5.4]. O
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9 Applications to Solving Point-Line Mini-
mal Problems in Computer Vision

In [11], Table 1, there is a complete list of point-line minimal problems in complete multi-
view visibility. In this chapter we’re going to explore three of them: 50002 with 20 solutions
(also known as 5-point relative pose problem), 31009 with 64 solutions and 3010y with 216
solutions. We will explain theoretical details of the known reduction of the 5-point problem
using the essential matrix. It is also explained why the formulation with essential matrix
cannot be simplified more. It was discovered [9] that the problem 3100y can be reduced to
a simpler problem with 16 solutions. Concerning the problem 30100, it was discovered [23]
that it cannot be reduced to a simpler problem with less number of solutions.

In Chapters 4 and 7 we considered affine varieties as the main object of the study since
they are in some sense simple to imagine and understand. However, when it comes to solving
minimal problems in computer vision, we have to switch the language of affine varieties to
something more general: the language of quasiprojective varieties [24, Section 4|. These are
the intersections of a Zariski-open and a Zariski-closed subset inside some projective space.
Fortunately, everything described in Chapters 4 and 7 can be restated for quasiprojective
varieties too.

9.1 Point-line minimal problem 5000,

Point-line minimal problem 50002 (or 5-point relative pose problem) is the problem of es-
timating the camera relative pose from 5 point correspondences in 2 views. We can formulate
this problem as follows:

R'R=1, det(R) =1,

Bi [ﬂ = Ray; [ﬂ +t, i=1,...,5 o

Here (R, t) is the relative pose between two cameras (See Figure 9.1). The tuples (x;,y;)

are the 5 image corresForﬁdences in the 1st and the 2nd camera, respectively. Depths «; and
X

; are the quotients H‘[ 3l and ”|T fg,fm” for a 3D point X;, respectively. We can understand
1 1

the equations (9.1) in two different ways. The first way is that we pretend that x; and y;
are vectors of real numbers (they define the certain instance of the 5pt problem) and thus
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(9.1) defines an ideal in the polynomial ring C[R,t, a1, ..., 35]. The second way is that we
understand x; and y; as variables and hence (9.1) defines an ideal

IgC[R,t,al,...,55,x1,...,y5].

Since the equations (9.1) are (t, a1, ..., 85)-homogeneous, this ideal defines a quasiprojective
variety over the complex numbers

X =V(I) CS0(3,C) x P(C'3) x C*.

Cl \—/’/ 02
R, t
Figure 9.1
Let Z = C?°. We can define a map
f+ X—>Z
t
]
X1
| =
Bs
X1 Y5
LY5 ]
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Since f is just the projection (to the image measurements), it is obviously a rational map.
Let X be an affine chart of X where we fix the last coordinate ¢3 of t to 1. Then Also let f
be the restricted map f between affine varieties X and Z. It can be verified computationally
that

1. dim X = dim Z = 20 (sce [6, Chapter 9]).

2. f is dominant (according to the Elimination Theorem [6, Chapter 3], it is sufficient to
verify that (I + (t3 — 1)) NC[x1,...,ys5] = {0}).

It is obvious that Z is irreducible in the Zariski topology.

Remark 9.1. Also, after conversation with Tim Duff, we conclude that X (and hence X) is
irreducible too. This is because equations (9.1) are linear in x; and y; and the monodromy
group of f acts transitively on the generic fiber (for the explanation see [10, Chapter 2]).

Thus, by Proposition 7.7, there is a proper closed subset Cf~ C X such that for U def
f(XN)\f(Cf) the map
-1
N : U)—=U
ﬂ O

is a covering map (Definition 5.10) in the analytic topology (Section 7.1).

We would like to show that this covering has degree 20. For this, according to Remark
5.11, it is sufficient to take one point zg € U and show that f~!(zq) consists of 20 distinct
points, since, by Proposition 7.7, U is connected in the analytic topology. However, it is hard
to sample from U. Usually, in practice this is done by taking a generic (randomly chosen)
point zg € Z and computing the cardinality | f ~!(z)| using Groebner bases techniques. Since
U C Z contains some open subset of Z and Z is irreducible, then U is “almost the whole
Z”. In other words, there is almost 100% probability that zg € U. However, it may happen
that 29 ¢ U, i.e. the degree of the covering map may be different from |f~*(20)|. Thus,
after computing f ~1(29) we have to check that zg € U. So, we take a generic point zy € Z
and verify that |f~1(z0)| = 20 using Groebner bases techniques. Let F denotes the column
vector of 23 polynomials from (9.1) including the polynomial ¢3 — 1. To show that zg € U
we need to check that for every z € f~1(zp) the matrix

def [ 9F OF OF OF OF OF 23x22
JR,t7Oé1,...,,B5(F):E == |:87‘11 oo 67'33 6t1 e 873,% oo 87/55 - 6 C

has rank 22.

By Proposition 7.7, U contains an open subset V of Z. Since Z is irreducible, V is
dense in Z. Since for every zy € U the fiber f_l(zo) consists of 20 distinct points, then,
by Definition 7.9, fvis a finite map of degree 20. Thus, by Proposition 7.10, f induces an
inclusion of function fields f*: C(Z) < C(X) of degree 20. Since X is dense in X, then
C(X) = C(X) and thus f induces an inclusion of function fields f*: C(Z) < C(X) of the
same degree 20. Again, by Proposition 7.10 (just restated for quasiprojective varieties), f is
finite of degree 20.

We can now compute the Galois/monodromy group Gal(f) of f as was described in

Section 7.2. Since C(X) = C(X), then Gal(f) = Gal(f) (this is because isomorphic field
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extensions have isomorphic Galois closures and thus the Galois groups of these closures are
isomorphic [5, Proposition 6.1.11]). So, by computing Gal(f) we get Gal(f). The Galois
group Gal(f) has been computed by [23| using [16]:

Gauf)gcaufyz<@961881615un@47171911Lia,

u13N1U@20m1m@19931omx4m87w.

Using GAP we can compute a decomposition of the set {1,...,20} into blocks of Gal(f) (see
Definition 8.1 and Proposition 8.4). The GAP code which does that is

Galois_Group := Group((2,9,6,18,8,16,15,10)(3,4,7,17,19,11,14,5),
(1,13,17,11)(2,20,12,15)(3,19,9,18,10,14) (4,16,8,7)) ;
Blocks(Galois_Group, [1..20]);

The result of the last command is the decomposition of {1,...,20} into 10 blocks of Gal(f)
of size 2:

B= {{1,20},{2,11},{3,18},{4,8},{5,6},{7,16},{9,14},{10,19},{12,13},{15,17}}.
(9.2)
This reflects the fact that the formulation (9.1) of the 5pt problem can be reduced to a
simpler problem (formulation using the essential matrix) with 10 solutions. By Definition
8.2, Gal(f) is imprimitive. By Proposition 8.10, f is decomposable, which means that there
is a quasiprojective variety Y such that f factors

(9.3)

where f1 and fs are finite rational maps with degrees d; = 2 and do = % = 10, respectively,
such that f = fo o fi. It is important to say that fi,fo and Y are not unique. We can
transform Y by any birational map g:

x Iy 2,4

and thus obtain
1

Thus, there is a question how to find an optimal map f; so that the equations defining Y
are simple, but we don’t solve this problem here. It is well-known that one of the choices of
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(actually, polynomial) f; and f; is the following one

x—Ir sy * g
F 2]
t
a1 t| <R
[t X1 (9.4)
: X1
— . — :
Bs :
X1 Vs Y5
LY5
where [t]x denotes the skew-symmetric matrix
0 —t3 12
[t]x = | t3 0 -t
—t9 11 0

It is obvious that f = fa o f1. It is well-known that deg(f1) = 2. Thus, deg(f2) = % = 10.

What remains is to find the equations defining Y. It can be done using rational (or
polynomial, for our choice of f;) implicitization (see |6, Chapter 3, §3] for affine varieties).
Let

€11 ez €13
E= |ea1 e e23
€31 €32 €33

be the matrix of 9 indeterminates and
I= <RTR— I,det(R) — 1, 8 [yl’] ~ Rey [ﬂ —t,E— [t]XR>, i=1,...,5.
The ideal defining Y can be computed as follows:

J=INCE,x1,...,ys] (9.5)
This elimination ideal equals
J = <2EETE — trace(E'E)E, det(E), [y, 1]E [Xl} > i=1,...,5. (9.6)
Ideal 9.6 defines a quasiprojective variety
Y =V(J) CP(C? x C* (9.7)
since the equations (9.6) are E-homogeneous. We conclude with the following observation:

f1(2) = fi'(f;*(2)) which means that instead of solving (9.1) with 20 solutions, we can
solve (9.6) with 10 solutions, take ¢ < 10 real solutions and for each of them find the fiber
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under f;. The latter will be more efficient than finding all the 20 solutions directly from
(9.1).

We can also compute the Galois/monodromy group of fs. It turns out that Gal(f2) = Sio.
By Definition 8.2, Sy is primitive since it doesn’t have a nontrivial block. It means, by
Proposition 8.10, that fo is indecomposable, i.e. there doesn’t exist a quasiprojective

variety Y’/ such that fo factors

y Loy B g

as a composition of finite rational maps fs, fy of degrees ds,ds > 1, respectively, such that
fo=faofs.

Remark 9.2. Tt is also known that Sjg is not 9-solvable. From Galois theory it follows that
in the Galois closure Ny, of C(Y')/C(Z) there is no tower of fields

CZ)y=FCFHC---CF,_1CF,

with Ny, C F,. such that F; 1 = Fj(a;), where a; is a solution of an algebraic equation of
degree at most 9 over Fj, or satisfies a]" = b; for some natural number m and b; € F;. In
particular, this means that the rational functions zﬁ, cees % € C(Y) cannot be expressed
in terms of x1,...,ys € C(Z) using the operations of addition, subtraction, multiplication,
division, solving univariate polynomials of degree at most 9 and extracting roots. In other
words, the formulation using the essential matrix E cannot be simplified more. Similar veri-
fication was made in |21]. There, basically, the Galois group G was computed symbolically
over Q for a univariate polynomial of degree 10 from the ideal (9.6). We believe that there
is a strong connection between the properties of G and Gal(f) in general, but the exact

relationship between them is not clear to us right now.

There is still one question which remains unsolved: how do we find f; in general? This
is where Section 7.3 can help: it may happen that a decomposable branched cover f has
symmetries (see Definition 7.19). From (7.3) we know that Bir(f) is isomorphic to the
centralizer of Gal(f) in Sa9. We use GAP to compute it. The GAP command which does that
is

Bir := Centralizer (SymmetricGroup(20), Galois_Group);
We obtain

Bir(f) & Cg,, (Gal(f)) = <(1 20)(2 11)(3 18)(4 8)(5 6)(7 16)(9 14)(10 19)(12 13)(15 17)>.

Thus, there is a birational map ¢: X --» X of order 2 such that f oy = f.

Remark 9.3. We would like to point out that it is not a coincidence that Bir(f) is nontrivial
in our case of f: it is always nontrivial if there exists a partition of the solution set into
blocks of Gal(f) of size 2 (like in (9.2)). In that case the nontriviality of Bir(f) follows
from the fact that every field extension of degree 2 is Galois.

If we collect the monodromy groups for different fibers we can find out how Bir(f) acts
on each of these fibers. Making an assumption on maximal degrees of the numerators and
denominators of ¢, the coefficients of ¢ can be computed using linear algebra. We haven’t
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yet tested it for this case of f, but we believe that using this method it is possible to obtain

the generator of Bir(f):

Qa5

Bs

X1

Y5

(2% _ I)R
t

o [|t]?

2 2
BT ¢+ [ ][l [

Bult]*

BT een ] flea [T ]I

2
st

BT e +as P ] fles [T ]

Bs 1t

BT o [ )7 [fees [ ][I
X1

Y5

Symmetry (9.8) is visualized in Figure 9.2.

[T ]0] ¢

[R | t]

X/

Figure 9.2

(9.8)

In order to find a factorizing map f; we can use an argument given in [3, p. 4]. We
proceed as in Example 8.11. By Proposition 4.46, Bir(f) acts on C(X) by automorphisms

fixing C(Z) pointwise. We can look at the fixed subfield M of this group:

C(Z) € M = C(X)piz(p) = {g € C(X) | ¥(g) = g V& € Biz(f)}.
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Since the order of Bir(f) equals 2, then |5, Chapter 7, Theorem 7.5.3] shows that
[C(X) : M] = |Bir(f)| = 2.

In other words, the field extension M C C(X) is finite of degree 2. Thus, M = C(Y)
for C(Y') from (9.3). Our task is to find a quasiprojective variety Y with a function field
isomorphic to M. Since C(X) is finitely generated over C, then so is M. Using Reynolds
operator |6, Chapter 7, §3, Definition 2|, the generators gi,...,g, of M over C can be
computed (for the case when Bir(f) is a matrix group, see [6, Chapter 7]). Then f; is given
by g1,...,9» € M C C(X) and, as was explained above, the equations defining Y can be
computed using rational implicitization (|6, Chapter 3, §3]), which can be computationally
hard if g1,..., g, have a complicated form.

9.2 Point-line minimal problems 3100, and 3010,

Similarly, the branched covers for the problems 3100 (see Figure 9.3) and 3010y (see
Figure 9.4) can be defined [11, Definition 1|. In this definition the symbols p, 1, Z, m for these
two problems are the following: for 31000: p =4,1=1,7 = {(1,1),(2,1),(3,1)},m = 3 and
for 30100: p = 3,1 = 1,7 = @, m = 3. The branched cover ®,; 7 ,, from [11, Definition 1] is
denoted here by f.

9.2.1 PLMP 3100,

The Galois group Gal(f) has been computed by [9] using [10]:
Gal(f) = <(1 37 51 63 22 44)(2 31 13 36 16 47 50 24 20 25 34 28 53 11 27 9 4 49 30 58 32 56)

(360 15 40 39 61 42 12 35 54 45 17 46 41 23 55 57 64 19 14 7 52)
(56 43 18)(8 21 33 48)(10 38 62 26 59 20),
(14259 64)(2 31 57 60 26 15 47 37 45 17 50 11 10 27 55 22)
(349 13 51 36 39 62 28 53 61 46 44 41 4 20 52)

@142329&@@18x72125urmx83aaym54433mCM6330&9@54M%564&>.

Using GAP we can compute a decomposition of the set {1,...,64} into blocks of Gal(f) (see
Definition 8.1 and Proposition 8.4). The GAP code which does that is

Blocks(Galois_Group, [1..64]);

The result of the above command is the decomposition of {1, ..., 64} into 16 blocks of Gal(f)
of size 4:

B= {{1,38,59,63},{2,28,45,52},{3,17,31,53},{4,39,47,55},{5,21,43,48},{6,8,18,33},

{7,34,54,56}, {9, 16, 23,40}, {10, 26, 44, 51}, {11, 13,46, 60}, {12, 19, 29, 58}, {14, 25, 32, 35},
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{15,27,36,41},{20,22,37,62},{24,30,42,64},{49,50,57,61}}.

f‘,.’
f,‘.’,”
.07 °
Ccp @ ® s
Ro,t
L Cy
R3, t3
Figure 9.3

By Definition 8.2, Gal(f) is imprimitive. By Proposition 8.10, f is decomposable, which
means that there is a quasiprojective variety Y such that f factors

x Iy 2,7

where f; and fy are finite rational maps with degrees diy = 4 and dp = % = 16, respectively,
such that f = fo o fi. We check if f has symmetries (see Definition 7.19). From (7.3) we
know that Bir(f) is isomorphic to the centralizer of Gal(f) in Sgs. To find out if Bir(f)
is nontrivial we compute the centralizer of the Galois group Gal(f) in Sg4 using the GAP
command

Bir := Centralizer (SymmetricGroup(64), Galois_Group);
We obtain two generators of Bir(f) of order 2. Thus,

Bir(f) = Cg,, (Gal(f)) = Z/2Z x Z/2L.
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These birational maps represent the symmetries of the problem 31005. We can use them to
compute fi (as was explained in Section 9.1). Possibly, it will be computationally hard to
get f1 from Bir(f). We haven’t yet computed the factorization map f; for this problem,
however, we believe that it can be found ad hoc. This remains an open problem for the
future work.

9.2.2 PLMP 3010,

S

°
°
°
J—
cC,e® o Cs
Ro, t
k/' CQ
R3, t3
Figure 9.4

The Galois group Gal(f) has been computed by [23] using [16]:
Gal(f) =~ So16.

Thus, Gal(f) is primitive which means, by Proposition 8.10, there doesn’t exist a quasipro-
jective variety Y such that f factors

x Iy 2,7

as a composition of finite rational maps f1, fo of degrees dy, ds > 1, respectively.
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10 Conclusion

In this work, we have shown how the symmetries of parametric polynomial systems can be
found. Such systems arise in, for example, computer vision (minimal problems) or robotics
(inverse kinematics). We saw that the symmetries are encoded in the Galois/monodromy
group of this polynomial system. The crucial fact is that the Galois/monodromy group can
be computed using numerical algebraic geometry. Thus, there is a numerical method for
revealing the symmetries.

Concerning the applications in computer vision (see Chapter 9), we have reviewed the
theoretical insights of why the 5-point problem with 20 solutions is reducible to a simpler
problem with 10 solutions (the essential matrix formulation). We have also shown that
the point-line minimal problem 3100y with 64 solutions can be reduced to a simpler problem
with 16 solutions. However, we haven’t yet computed the equations which define the reduced
problem with 16 solutions. This will be a part of the future work. We have also shown that
the point-line minimal problem 30109 with 216 solutions cannot be reduced to a simpler
problem with less number of solutions.
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