Physics 222
Spring 2004
Homework and Notes 2
Due 5pm, Friday, February 6, 2004

Reading Assignment: Nakahara, pp. 77-97 and the notes below. Over the next two weeks you
should also read pp. 333-354 or so of Frankel, if you have it.

1. (DTB) This problem concerns the adjoint f of a linear operator f : V — W between two vector
spaces V and W (both over field K). It is assumed that V possesses metric g, and W possesses
metric G. In class it was explained that the adjoint f : W — V can be defined as

f=9'1"a, (1)
where f* is the pull-back and the metrics g and G are seen as maps between the vector spaces V

and W and their duals. Another interpretation of the metrics is in terms of scalar products, and it

gives another way to define f , namely,

<fw7v>g = (w, fU>G7 (2)

forallv € V and all w € W. That is, in Eq. (2), f is assumed given and f is defined by that equation
as the unique linear operator : W — V that satisfies the given condition. Show that definitions (1)

and (2) are equivalent.

2. Nakahara, problem 2.4, p. 92 (problem 3, p. 60 in the first edition). Do it this way. The theorem
(on the uniqueness of the five Platonic polyhedra) is topological, and doesn’t rely on a metric. Thus,
the polyhedra need not be regular (equal sides and equal angles); distances and angles are not even
defined without a metric. You may assume that the five given polyhedra exist. Use Euler’s theorem,

but no metrical concepts, to show that there are no others.

3. In class we used the 2-torus T2 on which to draw examples of 1-cycles that are or are not
homologous. You may have noticed in these examples that homologous 1-cycles can be continously
deformed into one another, and 1-cycles that are boundaries can be continuously contracted to a
point. These are special features of a torus that make it a bad example, because homology does
not have anything to do with continous deformations or contractions. The latter belong rather to
homotopy theory.

Find (that is draw) a 2-dimensional manifold with a cycle on it that is a boundary but is
not, contractible to a point. Find one with two homologous 1-cycles that cannot be continuously

deformed into one another.

4. Read the notes below.



(a) Let G be a free, finitely generated Abelian group of rank 2, which according to the theorems
is isomorphic to Z2. Identify the generators (z1,x2) with the vectors (0,1) and (1,0). Let H be
the subgroup of G that is generated by (2,6) € Z2 Find generators (y1,%2) of G such that H is
generated by a multiple of ;.

(b) Show that every row and every column of an element of GL(r, Z) is relatively prime (the integers

have no common factors except +1).

Notes. The following are some notes on the subject of finitely generated Abelian groups, which
one must work with to compute homology groups over the integers Z. The discussion in Nakahara
at the beginning of chapter 3 is unmotivated and unclear in places, and the discussion in class was
intentionally somewhat intuitive, so here is an attempt at a more careful summary of the material.

In the following we quote some theorems without proof.

Finitely generated Abelian groups are important in our approach to homology theory because
the triangulations that we will use to study the topology of a manifold have only a finite number of
faces, edges, vertices, etc. As will be explained this week, faces, edges, vertices, etc. are technically
examples of oriented simplexes of different dimensionalities. For example, the “edges” of our tri-
angulation will be oriented 1-simplexes. With a motivation that comes from line, surface, volume,
etc. integrals, we also consider linear combinations of these 1-simplexes with integer coefficients, as
objects of various dimensionalities that we might integrate over. Such objects are called chains. The
fact that we are using integer coefficients in forming our chains means that the homology groups
we ultimately derive will be considered to be over the integers Z. (But later we will want to think

about homologies over other sets of coefficients, such as R or Zs, the integers modulo 2.)

Thus, the set of chains (of a given dimensionality) that we will consider consists of all linear
combinations with integer coefficients of some set of simplexes (of the given dimensionality). A given
chain can be identified by a vector of integers, the coefficients (n1,...,n,), where r is the number of
“basis” simplexes. The space of such chains is Z", which can be viewed geometrically as an integer
lattice in r-dimensional space. This set is not a vector space according to the technical definition
of a vector space (because Z is not a field), but it obviously has many of the properties of a vector
space (you can add chains, the rule is just the addition of integer vectors). Technically, the set of
chains (of a given dimensionality) is best regarded as an Abelian group, in which the zero chain,

corresponding to vector (0,...,0), is the identity and the “multiplication law” is vector addition.

The set of chains of dimensionality k (in some triangulation of a manifold M) is denoted C}(M).
Based on what has been said, it is clear that Cy (M) is isomorphic to Z", where r is the number of
k-simplexes in the triangulation. We also want to consider the set of k-dimensional chains that are
cycles (not defined yet, but think of closed curves in the one-dimensional case), denoted by Zy (M),
and the set of k-dimensional chains that are boundaries (also not defined yet, but some intuitive

discussion was given in class), denoted by By(M). As explained in class, Z;(M) is a subgroup of



Crx(M), and By(M) is a subgroup of Z (M), that is,
Bp(M) € Zy(M) C Cr(M), (3)

with each subset relation actually meaning “subgroup.” Each of these subgroups can be thought
of geometrically as sublattices of the group it is contained in. The homology groups we will be

interested in are quotient groups,
Hy(M) = Zp(M)/By(M), (4)

and, as explained in class, they are independent of the triangulation, that is, they are topological
invariants.
So we turn to the theory of Abelian groups. First, we define a finitely generated Abelian group

as one for which every g € G can be written in the form,

9= Znifﬂz‘, (5)
i=1

where (x1,...,xs) is a list of elements of G and n; € Z. Notice that there is no attempt to say that s
is “minimal” in any sense, or that the x; are “linearly independent.” In fact, some of the z; could be
zero, or duplicates, or “linear combinations” of others, insofar as this definition is concerned. Given
a finitely generated Abelian group, the generators are not unique, in fact, even their number is not
unique. In the following discussion (and in our treatment of homology) we will only be interested
in finitely generated Abelian groups.

There are two kinds of finitely generated Abelian groups, those that are free and those that are

not free. If every element g € G (henceforth assumed to be Abelian and finitely generated) for some

choice of generators (x1,...,x,) can be written uniquely in the form
K
9= nixi, (6)
i=1
for some integer vector (ny,...,n,) € Z", then the group is said to be free and of rank r. For the case

of a free group, the generators that enter into the definition of freeness are fixed in number (that is,
the number r, the rank, is a fixed characteristic of the group). The free group itself is isomorphic
to Z". The chain group Cj (M) is an example of a free Abelian group.

For a free, finitely generated Abelian group, the generators (z1,...,,) are not unique, even if
their number (r) is. Given one set of generators, we can create another set that will work just as

well, by writing
yi = Zsz zj, (7)
j=1
where the r x r matrix M must belong to the group GL(r,Z). This group is defined as the group of

all r x r integer matrices that have an integer matrix as an inverse. An integer matrix belongs to

this group if and only if its determinant is £1.



Theorem. Every subgroup of a free, finitely generated Abelian group is a free, finitely generated

Abelian group.

Let G be a free, finitely generated Abelian group of rank r, which therefore is isomorphic to
Z7, and let H be a subgroup. Geometrically, H is a sublattice of G. Think, for example, of the case
r=1,sothat G2 Z={...,-1,0,1,2,...},and let H ={...,—2,0,2,4,...}. That is, let H consist
of the even integers. This is a sublattice of the one-dimensional lattice. Nakahara denotes this H
by 2Z. As an abstract group, H is also isomorphic to Z, but as a subgroup of G, it contains only
one half of G. For the case r = 2, for practice you may try drawing a 2-dimensional integer lattice
(for G) and then pick out a pair of “basis vectors” that “span” (generate) a 2-dimensional sublattice
(for H), but one that is not the whole lattice G. For the case r = 2 other possible subgroups H
are one-dimensional sublattices. And the “zero-dimensional” sublattice is just the trivial subgroup
containing the identity, H = {0}. If you think about these examples, then the theorem above should
be plausible.

This theorem implies that both Z;(M) and B (M) are free, finitely generated Abelian groups
(because they are subgroups of C(M)). Geometrically, they can be seen as sublattices of Z", where
Cr(M)=Z".

The quotient group of a free, finitely generated Abelian group G and one of its subgroups (which

must be free) is not necessarily free. You can see this already in the one-dimensional case, in which

Z
where the quotient group is the “cyclic” group of order & (so called because if you take the generator
and keep adding it to itself, you come back to 0 periodically). The quotient group is not a lattice,
but rather a discrete analog of a circle. The following theorem generalizes this one-dimensional case

to arbitrary dimensions.

Theorem. Let G be a free, finitely generated Abelian group of rank r, and let H be a subgroup.
Then it is always possible to choose the generators (z1,...,2,) of G so that every element h € H

can be written uniquely in the form,
P
h = Z nikixi, (9)
i=1

where p < r, n; € Z, and k; > 1. Thus, H = Z?, and H is generated by (kix1,...,kyzp) (integer
multiples of the first p generators of G), and H is of rank p. The case p = 0 means that H is the
trivial subgroup {0}.

This theorem contains the previous one, but provides more information. The next theorem

follows rather easily from it.

Theorem. Let G be a free, finitely generated Abelian group of rank r, and let H be a subgroup.

Then o
E%Zklx...kaprx...xZ, (10)



where k; > 1 and there are r — p final factors of Z.

In fact the form given by this theorem for G/H is the general form for an arbitrary (free or
non-free) finitely generated Abelian group. To see this, let A be an arbitrary (free or non-free)
finitely generated Abelian group, with generators (z1,...,zs), and remember how nonunique the

generators are. Nevertheless, since they are generators, every element a € A can be written in the

a= inlxz (11)
i=1

This equation can be regarded (for given generators) as specifying a map f : Z* — A. This map

form

is clearly onto. The kernel of this map, the set of integer vectors (n1,...,ns) in Z* that map onto
0 € A, constitute a subgroup of Z®. Therefore the quotient group Z*/(ker f), is isomorphic to A (by
the theorem proved in class on kernels and images of group homomorphisms). But with Z® identified
with G and ker f identified with H in the theorem above, this shows that A is isomorphic to some
number of products of Zj, with £ > 1 times some number of product of Z. If a factor Zj with k =1
occurs, then this factor can be discarded (as far as abstract groups are concerned), because Z1 is
just the trivial group {0}. If you have redundant generators x; in the original set of generators, or if
you have one set of generators and then throw in some more that are dependent on the ones already
given, then this just produces more factors Z; in the final product. The number of factors of Z in
the final product, however, is independent of the choice of generators.

Thus, an arbitrary (free or non-free) finitely generated Abelian group can be seen geometrically
as a kind of a discrete analog of a cylinder (some number of lines crossed with some number of
circles), sort of a multidimensional nanotube. Homology groups, being quotient groups of a free

Abelian group with a subgroup, are always of this form.



