Chapter 2
Topology

The first four sections of this chapter contain a brief summary of results of analysis
most theoretical physicists are more or less familiar with.

2.1 Basic Definitions

A topological space is a double (X, 7) of a set X and a family 7 of subsets of X
specified as the open sets of X with the following properties:

1. DeT,XeT (I isthe empty set),
2. (UCT):><U UeT),

veld

N
3. (U, eT for1<n<NeN)= <ﬂ U,leT),
n=1
that is, 7 is closed under unions and under finite intersections. If there is no doubt
about the family 7, the topological space is simply denoted by X instead of (X, 7).
Two topologies 7 and 7, on X may be compared, if one is a subset of the
other; if 7, C 7T,, then 7, is coarser than 7, and 7, is finer that 7.
The coarsest topology is the trivial topology 7, = {{J, X}, the finest topology is
the discrete topology consisting of all subsets of X.
A neighborhood of a point x € X (of a set A C X) is an open' set U € T
containing x as a point (A as a subset). The complements C = X \ U of open sets
U € T are the closed sets of the topological space X. If A € X is any set, then the

closure A of A is the smallest closed set containing A, and the interior A of Ais
the largest open set contained in A; A and A always exist by Zorn’s lemma. Ais

" In this text neighborhoods are assumed open; more generally a neighborhood is any set
containing an open neighborhood.
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12 2 Topology

the set of inner points of A. A is the set of points of closure of A; points every
neighborhood of which contains at least one point of A. (The complement of A is
the largest open set not intersecting A.) The boundary 0A of A is the set A \ A A
is dense in X, if A = X. A is nowhere dense in X, if the interior of A is empty:
(A)° = . X is separable if X = A for some countable set A.

(One might wonder about the asymmetry of axioms 2 and 3. However, if
closure under all intersections would be demanded, no useful theory would result.
For instance, a point of the real line R can be obtained as the intersection of an
infinite series of open intervals. Hence, with the considered modification of axiom
3, points and all subsets of R would be open and closed and the topology would be
discrete as soon as all open intervals are open sets.)

The relative topology 7, on a subset A of a topological space (X,7) is
Ta={ANT|T € T}, thatis, its open sets are the intersections of A with open sets
of X. Consider the closed interval [0, 1] on the real line R with the usual topology
of unions of open intervals on R. The half-open interval ]x, 1],0<x<1, of R is an
open set in the relative topology on [0, 1] C R!

Most of the interesting topological spaces are Hausdorff: any two distinct
points have disjoint neighborhoods. (A non-empty space of at least two points and
with the trivial topology is not Hausdorff.) In a Hausdorff space single point sets
{x} are closed. (Exercise, take neighborhoods of all points distinct from x.)

Sequences are not an essential subject in this book. Just to be mentioned, a sequence of points
in a topological space X converges to a point x, if every neighborhood of x contains all but finitely
many points of the sequence. A partially ordered set / is directed, if every pair a, b of elements of
I has an upper bound ¢ € I,c > a,c > b. A set of points of X is a net, if it is indexed by a directed
index set /. A net converges to a point x, if for every neighborhood U of x there is an index b so
that x, € U for all a > b. In Hausdorff spaces points of convergence are unique if they exist.

The central issue of topology is continuity. A function (mapping) f from a
topological space X into a topological space Y (maybe the same space X) is
continuous at x € X, if given any (in particular small) neighborhood V of f(x) C Y
there is a neighborhood U of x such that f(U) C V (compare Fig. 1.1 of Chap. 1).
The function f is continuous if it is continuous at every point of its domain. In this
case, the inverse image f~!(V) of any open set V of the target space Y of f is an
open set of X. (It may be empty.) The coarser the topology of Y or the finer the
topology of X the more functions from X into Y are continuous. Observe that, if X is
provided with the discrete topology, then every function f : X — Y is continuous,
no matter what the topology of Y is. If f : X — Y and g : Y — Z are continuous
functions, then their composition gof : X — Z is obviously again a continuous
function.

Consider functions f(x) =y : [0, 1] — R. What means continuity at x = 1 if the
relative topology of [0, 1] C R is taken?

f is continuous iff it maps convergent nets to convergent nets; in metric spaces sequences
suffice instead of nets.

A homeomorphism is a bicontinuous bijection f (f and f~! are continuous
functions onro); it maps open sets to open sets and closed sets to closed sets.
A homeomorphism from a topological space X to a topological space Y provides a
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one—one mapping of points and a one—one mapping of open sets, hence it provides
an equivalence relation between topological spaces; X and Y are called homeo-
morphic, X ~ Y, if a homeomorphism from X to Y exists. There exists always the
identical homeomorphism Idy from X to X, and a composition of homeomor-
phisms is a homeomorphism. The topological spaces form a category the mor-
phisms of which are the continuous functions and the isomorphisms are the
homeomorphisms (see Compendium C.1 at the end of the book).

A topological invariant is a property of topological spaces which is preserved
under homeomorphisms.

2.2 Base of Topology, Metric, Norm

If topological problems are to be solved, it is in most cases of great help that not
the whole family 7 of a topological space (X, 7 ) need be considered.

A subfamily B of 7 is called a base of the topology 7 if every U € 7T can be
formed as U = UpBg, By € B. A family B(x) is called a neighborhood base at x if
each B € B(x) is a neighborhood of x and given any neighborhood U of x there is a
B with U D B € B(x). A topological space is called first countable if each of its
points has a countable neighborhood base, it is called second countable if it has a
countable base.

The product topology on the product XxY of topological spaces X and Y is
defined by the base consisting of sets

{(x,y)|x€BX, yEBy}, BXeB)(, Bye[j’y, (21)

where By and By are bases of topology of X and Y, respectively. It is the coarsest
topology for which the canonical projection mappings (x, y) — x and (x,y) — y are
continuous (exercise). The R" with its usual topology is the topological product
R x --- X R, n times.

A very frequent special case of topological space is a metric space. A set X is a
metric space if a non-negative real valued function, the distance function d :
X x X — R, is given with the following properties:

1. d(x,y) =0, iffx=y,

2. d(x,y) = d(y,x),
3. d(x,z) <d(x,y) +d(y,z) (triangle inequality).

An open ball of radius r with its center at point x € X is defined as
B, (x) = {¥'|d(x,x") <r}. The class of all open balls forms a base of a topology of
X, the metric topology. It is Hausdorff and first countable; a neighborhood base of
point x is for instance the sequence B;/,(x), n=1,2,...

The metric topology is uniquely defined by the metric as any topology is
uniquely defined by a base. There are, however, in general many different metrics

defining the same topology. For instance, in R* 3 x = (x',x?) the metrics
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di(x,y) = (' =y + (2 =) Euclidean metric,
dZ(xvy) = max{|x1 - y1|a |)C2 7y2 }’
d;(x,y) = |x' —y'| + |x* —y?| Manhattan metric

define the same topology (exercise).
A sequence {x,} in a metric space is Cauchy if
lim d(x,x,) =0. (2.2)
m,n—oo
A metric space X is complete if every Cauchy sequence converges in X (in the
metric topology). The rational line @Q is not complete, the real line R is, it is an
isometric completion of Q. An isometric completion X of a metric space X
always exists in the sense that XDXis complete, X=X (closure of X in X), and
the distance function d(x,x’) is extended to X by continuity. X is unique up to
isometries (distance preserving transformations) which leave the points of X on
place. A complete metric space is a Baire space, that is, it is not a countable union
of nowhere dense subsets. The relevance of this statement lies in the fact that if a
complete metric space is a countable union X = U,U,,, then some of the U, must
have a non-empty interior [1, Section IIL5].

A metric space X is complete, iff every sequence C; O Cp D ... of closed balls
with radii r\,r, ... — 0 has a non-empty intersection.

Proof Necessity: Let X be complete. The centers x, of the balls C, obviously
form a Cauchy sequence which converges to some point x, and x € N,C,. Suffi-
ciency: Let x, be Cauchy. Pick n; so that d(x,, x,,) <1/2 for all n > n; and take x,,
as the center of a ball C of radius r; = 1. Pick ny > n; so that d(x,, x,,) <1/22 for
all n > n, and take x,, as the center of a ball C; of radius r, = 1/2... The sequence
C; D C; D ... has a non-empty intersection containing some point x. It is easily
seen that x = lim x,,. |

Let X be a metric space and let F' : X — X : x— Fx be a strict contraction, that
is a mapping of X into itself with the property

d(Fx,Fx')<id(x,x'), Ai<]1. (2.3)

(A contraction is a mapping which obeys the weaker condition
d(Fx, Fx') <d(x,x'); every contraction is obviously continuous since the preimage
of any open ball B,(Fx) contains the open ball B,(x). Exercise.) A vast variety of
physical problems implies fixed point equations, equations of the type x = Fx.
Banach’s contraction mapping principle says that a strict contraction F on a
complete metric space X has a unique fixed point.

Proof Uniqueness: Let x = Fx and y = Fy, then d(x,y) = d(Fx, Fy) < Ad(x,y),
A< 1. Hence, d(x,y) =0 that is x = y. Existence: Pick xo and let x, = F"xo.
Then, d(xpi1,%,) = d(Fxp, Fxy—1) < Ad(xy,%,-1) <---<2"d(x1,x0). Thus, if
n > m, by the triangle inequality and by the sum of a geometrical series,
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d(Xp,2xm) < D0y d(x, 0 — 1) < A™(1 — i)fld(xl,xo) —0 for mn— oo
implying that {x,} = {Fx,_;} is Cauchy and converges towards an x € X. By
continuity of F,x = Fx. U

Equation systems, systems of differential equations, integral equations or more
complex equations may be cast into the form of a fixed point equation. A simple
case is the equation x = f(x) for a function f : [a, b] — [a, b], [a,b] C R, obeying
the Lipschitz condition

If(x) —fO)<Ax—=X|, 2<1, x,x €]a,b].

If for instance |f'(x)]<A<1 for x € [a,b], the Lipschitz condition is fulfilled.
From Fig. 2.1 it is clearly seen how the solution process x, = f(x,—1) converges.
The convergence is fast if |f’(x)|<1. Consider this process for |f’(x)| > 1. Next
consider @ = —oo; why is a simple contraction not sufficient and a strict con-
traction needed to guarantee the existence of a solution?

There are always many ways to cast a problem into a fixed point equation.
If x = Fx has a solution xo, it is easily seen that x = Fx with Fx = x + p(Fx — x)
has the same solution xo. If F is not a strict contraction, F with a properly chosen p
sometimes is, although possibly with a very slow convergence of the solution
process. Sophisticated constructions have been developed to enforce convergence
of the solution process of a fixed point equation.

Another frequent special case of topological space is a topological vector
space X over a field K. (In most cases K = R or K = C.) It is also a vector space
(see Compendium) and its topology is such that the mappings

KxX—X:(4x)— A,
XXX —X:(x,x)—x+x

Y y=z Y y=x
b
f(z)
f(x)
flx) =z
. /|
a
a To X1 zo b a T To T b

Fig. 2.1 Illustration of the fixed point equation x = f(x) for f'(x) > 0 (left) and f’(x) <O (right)
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are continuous, where K is taken with its usual metric topology and K x X and
X x X are taken with the product topology. If (0) is a neighborhood base at the
origin of the vector space X, then the set B(x) of all open sets Bg(x) =
x+ Bg(0) = {x+x'|x € Bp(0)} with Bs(0) € B(0) is a neighborhood base at x.
For any open (closed) set A, x + A is open (closed). For two sets A C X, B C X the
vector sum is defined as A + B = {x + x’|x € A,x’ € B}.

Linear independence of a set £ C X means that if ZHN: | A"x, = 0 (upper index
at 2", not power of 1) holds for any finite set of N distinct vectors x, € E, then
A"=0 for all n=1,...,N. Linear independence (as well as its opposite, linear
dependence) is a property of the algebraic structure of the vector space, not of its
topology. A base E in a topological vector space is a linearly independent subset
the span of which (the set of all linear combinations over K of finitely many
vectors out of E) is dense in X : spangE = X. It is a base of vector space, not a
base of topology. It may, however, depend on the topology of X. The maximal
number of linearly independent vectors in E is the dimension of the topological
vector space X it is a finite integer n or infinity, countable or not. If the dimension
of a topological vector space X is n<oo, then X is homeomorphic to K”. If it is
infinite, the dimension is to be distinguished from the algebraic dimension of the
vector space (see Compendium). It can be shown that a topological vector space X
is separable if it admits a countable base. Any vector x of spangE has a

unique representation x = >__ 2"x,, x, € E with some finite N. Hence, if X is
Hausdorff, then every vector x € X has a unique representation by a converging
series x = Y~ A'x,, x, € E (exercise).

Two subspaces (see Compendium) M and N of a vector space X are called
algebraically complementary, if M NN = {0} and M + N = X. X is then said to
be the direct sum M @ N of the vector spaces M and N. Consider all possible sets
x+ M, x € X. They either are disjoint or identical (exercise). Let ¥ be the
equivalence class of the set x + M. By an obvious canonical transfer of the linear
structure of X into the set of classes X these classes form a vector space; it is called
the quotient space X/M of X by M (Fig. 2.2). Let the topology of X be such that
the one point set {0} is closed. Then, for any x € X, M, = {/x|1 € K} is a closed
subspace of X (exercise).

Fig. 2.2 A subspace M of a XIM
vector space X and cosets
x; + M with x; linearly M
independent of M. Note that / T3+
an angle between X /M and M T2+ M
has no meaning so far 1+ M
M
Xr_1 + M
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It is just by custom that the cosets x; + M were drawn as parallel planes in
Fig. 2.2, and that X/M was drawn as a straight line. Angles, curvature and all that
is not defined as long as X is considered as a topological vector space only. Any
continuous deformation of Fig. 2.2 is admitted. Even if a metric is defined on a
one-dimensional vector space, say, it would not make a difference if it would be
drawn as a straight line or a spiral provided it is consistently declared how to relate
the point Ax to the point x. These remarks are essential in later considerations.

A topological vector space X is said to be metrizable if its topology can be
deduced from a metric that is translational invariant: d(x,x") = d(x + a,x’ + a) for
all @ € X. Many topological vector spaces, in particular all metrizable vector
spaces, are locally convex: they admit a base of topology made of convex sets.
(A set of a vector space is convex if it contains the ‘chord’ between any two of its
points, that is, if x and x’ are two points of the set then all points Ax + (1 — )X/,
0< <1 belong to the set.)

In most cases a metrizable topological vector space is metrized either by a family
of seminorms or by a norm. A norm is a real function x — ||x|| with the properties

L e X < el + 1],
2. [ Ax]] = |4 []x[],
3. ||x|] =0, iffx=0.

From the first two properties the non-negativity of a norm follows; if the last
property is abandoned one speaks of a seminorm.The metric of a norm is given by
d(x,x") = ||]x — x'||. A complete metrizable vector space is a Fréchet space, a
complete normed vector space is a Banach space. Fréchet spaces whose metric
does not come from a single norm are used in the theory of generalized functions
(distributions).

A linear function (operator) L : X — Y from a vector space X into a vector
space Y over the same field K is a function with the property

L(/x+Ax) = JL(x)+ /LX), A,/ €K. (2.4)

A function from a vector space X into its field of scalars K is called a functional, if
it is linear it is called a linear functional. A linear function from a topological
vector space into a topological vector space is continuous, iff it is continuous at the
origin x = 0 (exercise). A linear function from a normed vector space X into a
normed vector space Y (for instance the one-dimensional vector space K) is
bounded if

L)Ly

[IL|| = sup —+— <00. (2.5)
0£xeX ||x|\x

The operator notation Lx is often used instead of L(x). A linear function from a
normed vector space into a normed vector space is bounded, iff it is continuous
(exercise). With the norm (2.5) (prove that it is indeed a norm), the set £L(X,Y) of
all bounded linear operators with linear operations among them defined in the
natural way is again a normed vector space; it is Banach if Y is Banach.
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Proof Let {L,} be Cauchy. Since |||Ly|| — ||La||| < [|Lm — Lal| — 0, {||Ln||} is a
Cauchy sequence of real numbers converging to some real number C. For each
x € X, {L,x} is a Cauchy sequence in Y. Since Y is complete, L, x converges to some
point y€Y. Define L by Lx=y. Then, |[|Lx||=1lim,_ ||L.x||<
lim,_, ||L4|| ||| = C||x||, where (2.5) was used. Hence, L is a bounded operator.
Moreover, ||(L — Ly)x|| = limy,—oo || (L — Ly)x|| < limy—oo || (Lin— Ly)|[]|x|| and
therefore lim,, . [|L — Ly, || = lim, .o sup, o ||(L — Ly)x|[ /[ X[ < limy, o [|Ln—
L,|| = 0. Hence, L, converges to L in the operator norm. O

The topological dual X* of a topological vector space X is the set of all
continuous linear functionals

fiX—>K:x—(f,x) €K, (fix+x)=2fx)+V{x), (2.6)

from X into K provided with the natural linear structure (Af + A'f’,x) = A{f,x) +
A{f', x). It is again a normed vector space with the norm ||f|| given by (2.5) with f
instead of L, |[|f]| = supg.ex [{f,X)|/[|x[|y- As there are the less continuous
functions the coarser the topology of the domain space is, the question arises, what
is the coarsest topology of X for which all bounded linear functionals are con-
tinuous. This topology of X is called the weak topology. A neighborhood base of
the origin for this weak topology is given by all intersections of finitely many open
sets {x| [{f,x)| <1/k}, k =1,2...forall f € E*, a base of the vector space X*. For
instance, if X = R", these open sets comprise all infinite ‘hyperplates’ of thickness
2/k sandwiching the origin and normal in turn to one of the n base vectors f' of
X* =R" (Fig. 2.3). Taken for every k, the intersections of n such ‘hyperplates’
containing {0} € X form a neighborhood base of the origin of R x --- x R,n
factors, in the product topology which in this case is equivalent to the standard
norm topology of R". Hence, the R" with both the weak and the norm topologies
are homeomorphic to each other and can be identified with each other. This does
not hold true for an infinite dimensional space X.

Fig. 2.3 Open sets of a
neighborhood base of the
origin of the R? in the weak
topology and their
intersection

€7

€1
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The topological dual of a normed vector space X is X* = L(X,K) (with the
norm ||f|| as above); if K is complete (as R or C) then X* is a Banach space (no
matter whether X is complete or not). The second dual of X is the dual X** = (X*)*
of X*. Let J : X — X** : x+— X where (¥,f) = (f,x) for all f € X*.

If X is a Banach space then the above mapping J is an isometric isomorphism
of X onto a subspace of X**, hence, one may consider X C X**.

The proof of this statement makes use of the famous Hahn-Banach theorem
which provides the existence of ample sets of continuous linear functionals
[1, Section II1.2.3]. X is said to be reflexive, if the above mapping J is onto X**.
In this case one may consider X = X**.

An inner product (or scalar product) in a complex vector space X is a
sesquilinear function X x X — C : (x,y) — (x|y) with the properties

L (xly) = (v]),

2. (xlyr +y2) = (x[y1) + (xly2),

3. (x|4y) = A(x]y) (convention in physics),
4. (x|x) >0 forx #0.

(In mathematics literature, the convention (Ax|y) = A(x|y) is used instead of 3.) An
inner product in a real vector space X is the corresponding bilinear function
X x X — R with the same properties 1 through 4. (1 is the complex conjugate of
7, in R of course A = /.) If an inner product is given,

x|l = (xx)'/2 (2.7)

has all properties of a norm (exercise, use the Schwarz inequality given below).
A normed vector space with a norm of an inner product is called an inner product
space or a pre-Hibert space. A complete inner product space is called a Hilbert
space. Some authors call it a Hilbert space only if it is infinite-dimensional; a
finite-dimensional inner product space is also called a unitary space in the
complex case and a Euclidean space in the real case. Two Hilbert spaces X and X’
are said to be isomorphic or unitarily equivalent, X ~ X', if there exists a unitary
operator U : X — X/, that is, a surjective linear operator for which (Ux|Uy) =
(x]y) holds for all x,y € X (actually it is bijective, exercise).
In an inner product space the Schwarz inequality

|Gy < el 111 (2.8)

holds, and in a real inner product space the angle between vectors x and y is
defined as

(x[y)
[l Iyl

cos(£(x,y)) = (2.9)

Proof of the Schwarz inequality Let 3 =y/||y|| and x; = (J|x)9, x2 =x — x;

implying (x;]x2) =0, x =x; + x. Then, ||x||2 = (x1 +x20x1 +x2) = ||x1||2+
2 2 2 2

ez ™ = [l |7 = [Cely) /11117 O
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Fig. 2.4 Orthogonal MLt~ XIM
complement M to a closed
subspace M of an inner
product space

M

Even in a complex inner product space, orthogonality is defined: two vectors x
and y are orthogonal to each other, if (x|y) = 0. An orthonormalized base in an
inner product space is a base E (of topological vector space, see p. 16) with
lle]| = 1 and (e|e) =0, e # €' for all e, ¢’ € E. Let {e,}_, C E. A slight gener-
alization of the proof of the Schwarz inequality proves Bessel’s inequality:
|[x])* > SV [ (enlx) 2. If M is a closed subspace of an inner product space X, then
the set of all vectors of X which are orthogonal to all vectors of M forms the
orthogonal complement M+ of M in X (Fig. 2.4, compare to Fig. 2.2). Every
vector x € X has a unique decomposition x = x; + x3, x] € M, x5 € M+ (exer-
cise), that is, X = M + M*.

If X and X’ are two Hilbert spaces over the same field K then their direct sum
X @ X' is defined as the set of all ordered pairs (x,x'),x € X,x" € X’ with the scalar
product ((x,x)|(y,)")) = (x[y)x + (x'|y')x. (Hence, in the above case also X =
M @& M~ holds.) The direct sum of more that two, possibly infinitely many Hilbert
spaces is defined accordingly. (The vectors of the latter case are the sequences {x'}
for which the sum of squares of norms converges.)

The tensor product X ® X' of Hilbert spaces X and X’ is defined in the fol-
lowing way: Consider pairs (x,x’') € X x X' and define for each pair a bilinear
function x ® x’ on the product vector space X x X’ by x @ x'(y,y") = (x[y)(¥|y).
Consider the linear space of all finite linear combinations ¢ = ZnN:1 CnXn ® X, and
define an inner product (@) by linear extension of (x @ X'|y ® y') = (x|y)(X'|y).
The completion of this space is X ® X'. (Exercise: show that (@) =0 if ¢ =
SN €nx, ® ¥, =0 and that (@[i) has the four properties of a scalar product.)

nFilnally, let X be a Hilbert space and let y € X. Then, f,(x) = (y|x) is a con-
tinuous linear function f, : X — K : x— (y|x), hence f, € X*. The Riesz lemma
says that there is a conjugate linear bijection y — f, between X and its dual X* [1].
We close the section with a number of examples of vector spaces from physics:
R" = R™, the set of real n-tuples a = {a',a?,...,a"}, is used as a mere
topological vector space with the product topology of R x R x - x R (n factors)
or as a Euclidean space (real finite-dimensional Hilbert space, (a|b) =a-b =
>a'b' implying the same topology) in the sequel, depending on context (cf. the
discussion in connection with Figs. 2.2 and 2.4). Both concepts play a central role
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in the theory of real manifolds. As a mere topological vector space it is the
configuration space of a many-particle system, as an Euclidean space the position
space or the momentum space of physics. For instance in the physics of vibrations,
C" ~ R?" by the isomorphism 7 = ¥/ + iy/ - (a¥~!,a¥) = (¥, y/) is used, where
only the ¥ describe actual amplitudes. In the sequel, vectors of the space K"
(K =R or C) are denoted by bold-face letters and the inner product is denoted by a
dot.

P as sequence spaces the points of which are complex or real number sequences
a={a'} 2, are defined for 1 <p<oo with the norm (a € 17, iff ||al|, <o0)

0 1/p
P lall, = (Z|ai|p> , 1<p<oo. (2.10)
i=1

Young’s inequality says |a'b'| <|a'|"/p + |b’|?/q for 1/p+ 1/q = 1. (It suffices
to take real positive @', b’ to prove it. Determine the maximum of the function
fo(d) = ba —|d|’/p.) Therefore, if 1<p<oo,1/p+1/q=1, [la]|,<o0,
|b]|, <oo then |(b,a)| = | b'a'|<oo, that is, b€ l¥ is a continuous linear
functional on /” 3 a, 19 C IP*. Tt can be proved that 1 = IP* |2, Section IV.9]. Since
X* is always a Banach space, I, 1 <p <oo is a Banach space. Additionally, the
normed sequence spaces [ D ¢y D f, all with norm

1+ lal| = supla'l, (2.11)

co CI®: limd =0,

fclI®: d =0 for all but finitely many i

are considered. It can be shown that /> and ¢, are Banach spaces and ['* = [ and
¢ =1'. Hence, I' is also a Banach space. It is easily seen that f has a countable
base as a vector space. Moreover, it is dense in ”, 1 <p<oo (in the topology of
the norm |[|-|| ) and in ¢ (in the topology of the norm [|-||,). Hence, those spaces
have a countable base and are separable. Finally, /> with the inner product (a|b) =
Zﬁbi is the Hilbert space of Heisenberg’s quantum mechanics. Every infinite-
dimensional separable Hilbert space is isomorphic to /2 [1, Section IL.3].

L[P(M,dy) [1]: Let (M,dp) be a measure space, for instance R" or a part of it
with Lebesgue measure d"x. Denote by f the class of complex or real functions on
M which differ from each other at most on a set of measure zero. Clearly, linear
combinations respect classes. L’ (M, dy) is the functional linear space of classes f
for which

1/p

il = | [ iran) <. (2.12)
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For p = 00, ||f||,, = esssup |f], that is the smallest real number ¢ so that |[f| > c at
most on a set of zero measure. For 1 <p <oo, [[f||, is a norm, and (M, dp) is
complete. L(M,du)" = LI(M,du), 1/p+1/g=1,1<p<oco with (g, f)=
Jygfdu. If M=R, and dp=)," 6(x—n)dx, then L’(M,dp)=1"r.
If u(M)<oo, then IP(M,du) C I’ (M,du) for p>p'. The Hilbert space of
Schrédinger’s quantum states of a spinless particle is L?>(R?, d%x), for a spin-S
particle is L>(R3, d*x) @ C*¥'!, where C*™' is the (2§ + 1)-dimensional state
space of spin. The L”-spaces are for instance used in density functional theories.

Fock space: Let H be a Hilbert space of single-particle quantum states, and
let H® = K (field of scalars) and H' = H®H ® ---® H (n factors). For any
vector Y, @Yy, ® - @Yy € H let Sy, @Yy, @ @Yy, = Yp Y, @

lpkv(z) ®--® lpk’l’(n) and A”l//kl ® lpkz Q- ® lpkn = ZP(_l)“lekP(l) ® lpk?(z) ®
e ® l/’kmy where the summation is over all permutations P of the numbers
1,2,...,n and |P] is its order. Let Sy = Ap = Id;p0. Then,

Fe(H) = ®,2(SaH"
is the bosonic Fock space, and
Fr(H) = @, (A H"

is the fermionic Fock space. An orthonormal base in both cases may be introduced as
the set of occupation number eigenstates for a fixed orthonormal basis {1/, } in H

[}, [n1,ma, .. ony), N=1,2,...,n, =0,1,2,...(bosons) andny = 0, 1 (fermions).
The state with vector |) € H° is called the vacuum state. The Fock space is the

closure (in the topology of the direct sum of tensor products of H) of the span of
all occupation number eigenstates.

2.3 Derivatives

Let F: Q —Y be a mapping (vector-valued function) from an open set Q of a
normed vector space X into a topological vector space Y. If the limes

d . F(xo +1x) — F(xo
DXF(XO) = EF(XO + tx)|z:0 = ,l(l)filo ( l‘) ( )

X0 +HxeQ

(2.13)

exists it is called a partial derivative or (for ||x|| = 1) directional derivative in the
direction of x of the function F at xy. D,F(xo) is a vector of the space Y. D, F(xg) is
of course defined for any value of norm of x; by replacing in the above definition ¢
by Az it is readily seen that D,,F(xy) = AD.F(x). (However, D,F(xg) as a
function of x need not be linear; for instance it may exist for some x and not for
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others.) If the directional derivative (for fixed x) exists for all xy € Q then D, F(xy)
is another function (of the variable xg) from Q into ¥ (which need not be con-
tinuous), and the second directional derivative Dy D,F(xy) may be considered if it
exists for some x’, and so on. If, given xy, the directional derivative D,F(xo) exists
for all x as a continuous linear function from X into Y, then it is called the Gateaux
derivative.

Caution: The existence of all directional derivatives is not sufficient for the
chain rule of differentiation to be valid; see example below.

Let Y also be a normed vector space. If there is a continuous linear function
DF(xg) € L(X,Y) so that

F(xo 4+ x) — F(xg) = DF(xo)x + R(x)|x||, )ICEI(I)R()C) =0, (2.14)

then DF'(xp) is called the total derivative or the Fréchet derivative of F at xy. R(x)
is supposed continuous at x = 0 with respect to the norm topologies of X and Y,
and R(0)=0. (For x#0, R(x) is uniquely defined to be [F(xp+x)—
F(x0) — DF (x0)x]/||x||-) Given x (and x¢), DF(xo)x is again a vector in Y, that is,
for given xo, DF (xp) is a continuous linear function from X into Y. If DF (x) exists
for all xo € Q, then DF is a mapping from Q into £(X,Y) and DFx (x fixed) is a
mapping from Q into Y. Hence, the second derivative D(DFx)(xo)x’ = D*F(x)xx'
may be considered, and so on. For instance, D*F is a mapping from Q into
L(X,L(X,Y)), the space of continuous bilinear functions from X x X into ¥ and,
given x and X/, D*Fxx’ is a mapping from Q into Y.

The total derivative may not exist even if all directional derivatives do exist. As
an example [3, §10.1], consider X = Rz, Y = R and the real function of two real
variables x! and x?

for (x!,x%) # (0,0),
0 for (x',x?) = (0,0).

Let 0 = (0,0) and x = (x',x?) # 0. Then, (F(0+ 1x) — F(0))/r = (28 (x')*x?)/
(*(x")* + 2(x2)*). For 2 = 0 this is 0, and for x2 # 0 it is of order O(r), hence,
D,F(0) = 0 for all x. Nevertheless, F(x!, (x')*) = x': the slope of the graph of F

on the curve x> = (x')* is unity. This means that DF(0), which should be zero
according to the directional derivatives, in fact does not exist: R(x) — 0 does not

hold for x = (x', (x')?). (Exercise: Show that D, F(x,) is discontinuous at xo = 0.)

If DyF(x;) exists for all x and for all x in a neighborhood U of xy and is
continuous as a function of xy, at xo, then DF (xy) exists and DF (xo)x = D,F(xg).

Proof For small enough x so that xo +x € U, consider the function r(xp,x) =
F(xo + x) — F(xo) — DyF(xq) with values in Y. Take any vector f of the dual space
Y* of Y and consider the scalar function f (1) = (f, F(xo + x)) of the real variable
t,0 <t <1. This function has a derivative
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af . F(xo + tx 4 Atx) — F(xo + tx)\
i AI}LHO< ; Ar = (f, DxF(xo + 1x))

and hence f(1) —f(0) = (f,DiF(xo + tx)) for some t,0<7<1. Therefore,
{f, r(x0,x)) = {f, DyF (x0 + tx) — DyF(x0)). Choose f with ||f|| = 1 for which

4F, (o, 931> 5 11z, 0] = 5 1o, )1

holds. (It exists by the Hahn—Banach theorem.) It follows that ||r(xo,x)|| <2|{f, D,
F(x0 4+ ™) — DyF(x0))| < 2||DyxF(x0 + tx) — DF(x0)||. Finally, put x = ||x||X and
get ||r(x0,x)|| <2||Ds(xo + 7x) — Ds(x0)|| ||x]|. Hence, in view of the continuity of
Dx(xp) at x = xo it follows that r(xo, x) = R(x)||x|| with lim,_o R(x) = 0. d

In the special case Y = K, the scalar field of X, the mapping F : X — K is a
functional, and DF(xg) € L(X,K) = X* is a continuous linear functional and
hence an element of the dual space X*, if it exists. For instance, if X = K" then
DF(xg) =y € K" (gradient). If X is a functional space, DF(xy) is called the
functional derivative of F at xo. If X =17(K",d"z) >f(z) then DF(fy) =
g(z) € L1(K",d"z),1/p+ 1/q = 1. The functional derivative in the functional
space L7 is a function (more precisely class of functions) of the functional space
L?. A trivial example which nevertheless is frequently met in physics is F(f) =
(glf) with D(g|f)(f) = g (derivative of a linear function).

If X=K">x=xle;+x%+ ---+x", and Y =K">y=yle| +y%e)+
-+ y"e! thenF(x) = F'(x) e} + F*(x) e} +--- + F"(x)e and (f', DF (xo)e;) =
OF ' (x0)/Oxk, (f,e}) = J}. In this case,

6F‘ (xo) 6F1 (xo) aFl (JC())
Ox! ox? o ox"
an(xo) 6F2(x0) an(xo)
DF(x)) = ox! ox? o ox™ (2.15)
6F’”'(xo) 6F’"'(x0) aFm.(XQ)
Ox! ox? o ox"

is the Jacobian matrix of the function F:K" — K™. For any y* € Y*,
(y*, DF (x9)x) = y* - DF(x) - x, where the dot - marks the inner product in the
spaces K" and K. For m = n the determinant

DG,y det(aFi(x°)> (2.16)

D(x!,...,x") ox/

is the Jacobian.
Employing higher derivatives, the Taylor expansion of a function F from the
normed linear space X into a normed linear space Y reads

1 1
F(xo+x)=F(x0) —I—DF(xo)x—i-iDzF(xo)xx—l— . —I—HD"F(xo) xxeex 4o (2.17)
(k factors)
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provided xy and xy + x belong to a convex domain Q C X on which F is defined
and has total derivatives to all orders, which are continuous functions of xo in Q
and provided this Taylor series converges in the norm topology of Y. As explained
after (2.14), D*F(xo) € L(X, L(X,--+,L(X,Y)--+)) is a k-linear function from
X x X x -+ x X (k factors) into Y. For instance, in the case X = K", Y = K™ this
means
1
(y*,D"F(xo)x - - x) = Z y?%x" ceexk (2.18)

i,i] seeeslk

Proofs of this Taylor expansion theorem and the following generalizations from
standard analysis can be found in textbooks, for instance [4].

Recall that £(X,Y) is a normed vector space with the norm (2.5) which is
Banach if Y is Banach. Hence, £(X,£(X,Y)) is again a normed vector space
which is Banach if Y is Banach. If L, : X — L(X,Y) : x,x" — Ly(x,x') =: Lrxx is
a bilinear function from X x X into Y, its £(X, £(X,Y))-norm is (cf. (2.5))

|| Zoxx'{| £ x ) supyex [|Laxx’|[y/[1'|]
L2 :Sllp . = X . :
I Hz:(x.zxx,Y)) X [|x|]x xeX ||x[ |
||[Loxx'||y

= Sup ————7—-
xex [l [¥]]x

By continuing this process, £(X,L(X,---,L(X,Y)---)) (depth k) is a normed
vector space which is Banach if Y is Banach, and the norm of a k-linear function
LixMx@. . x®) g

||ka<1) .. .x(k>||y

HLkHﬁ(X,E(X,...,E(X, Y)..) :x<l).§ggex\|x(l>||x"'||x(k)|\x' (2.19)

depth k

A general chain rule holds for the case if F: XD>Q—Y,F(Q) CcQ,G:
YOO -Zand H=GoF :X D> Q— Z. Then,

DH()C()) = DG(F(X())) 9 DF()C()) (220)

if the right hand side derivatives exist. In this case, DF(xo) € L(X,Y) and
DG(F(xo)) € L(Y,Z) and hence DH(xo) € L(X,Z). Moreover, if DF :Q —
L(X,Y) is continuous at xo € Q and DG :Q — L(Y,Z) is continuous at
F(xo) € Q, then DH : Q — L(X,Z) is continuous at xo € Q.

Coming back to the warning on p. 23, take the function F:R — R*:
t— (1,), and for G : R* — R take the function of the example on p. 23. Then,
H(t) = (G o F)(t) = t and hence DH(0) = 1. Would one from D1 ,»yG(0,0) =0
for all (x',x?) infer that DG(0,0) =0, then one would get erroneously
DH(0) = DG(0,0) o DF(0) = 0. In more familiar notation for this case,
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dx?
(0,0) 4t

dx!
(0,0) 4t

dH

oG
dt

1
= X

oG

=0.
0 ox?

0

The chain rule does not hold because the total derivative of G does not exist at
(0,0); 0G/0x? is discontinuous there.

If X,Y and Z are the finite-dimensional vector spaces K", K” and K' with
general (not necessarily orthonormal) bases fixed, then the / x n Jacobian matrix
of DH(xp) is just the matrix product of the ! x m and m x n Jacobian matrices
(2.15) of DG(F(xp)) and DF(xg). It follows that in the case [ =m =n the
Jacobian of H is the product of the Jacobians of G and F:

D(',....2") _ D(,...,2")D(Y',...,y")

D(x!,....x") D, ...y")D(x!, ... x")’

Just this is suggested by the notation (2.16) of a Jacobian.
If F: XD Q— Q CY isa bijection and DF (xy) and DF~'(F(x0)) both exist,
then

(DF(x0))”"" = DF™'(F(xp)). (2.21)

This follows from the chain rule in view of F~! o F = Idg and DId(x,) = Id.
(From the definition (2.14) it follows for a linear function F € L£(X,Y) that
DF(x) = F independent of xy € X.) The case X = ¥ = K" now implies

D(x',...x") (D(yl,...,y")>1

D(x!, ... x")

for the Jacobian. For n = 1 this is the rule dx/dy = (dy/dx)".

A function F from an open domain Q of a normed space X into a normed space
Y is called a class C"(Q, Y) function if it has continuous derivatives D*F(xy) up to
order k = n (continuous as functions of xo € Q). If the domain Q and the target
space Y are clear from context, one speaks in short on a class C" function (or even
shorter of a C" function). A C° function means just a continuous function. A C>
function is also called smooth. A smooth function still need not have a Taylor
expansion. For instance the real function

felx) = {exp(_gZ/(82 —x%)) for |x|<e

0 for |x| >¢

is C*™ on the whole real line, but has no Taylor expansion at the points x = +¢
although all its derivatives are equal to zero and continuous there. (Up to the
normalization factor it is a d,-function.) A function which has a Taylor expansion
converging in the whole domain Q is called a class C?(Q,Y) function or an
analytic function. A complex-valued function of complex variables is analytic, iff
it is C' and its derivatives obey the Cauchy—Riemann equations.
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A C" (C> C®) diffeomorphism is a bijective mapping from Q C X onto Q' C
Y which, along with its inverse, is C",n > 0, (C*, C®).

With pointwise linear combinations of functions with constant coefficients,
(AF + 2'G)(x) = AF(x) + A G(x), the class C" (C*, C*) is made into a vector
space. The vector spaces C", C* include normed subspaces Cj, C;° (of all
functions with finite norm) by introducing the norm

IF]

eyl = Sup ID*F(xo)ll,  IFllco = sup [IF (xo)ll, (2.22)
.’(OE

Lo x0€Q
with the norms (2.19) on the right hand side of the first expression. These spaces
are again Banach if Y is Banach. Convergence of a sequence of functions in these
norms means uniform convergence on Q, of the sequence of functions and of the
sequences of all derivatives up to order n, or of unlimited order. (Besides, every
space C},m <n <00, is dense in the normed space CZ’.)

The mapping D : C}(Q,Y) — CY(Q,L(X,Y)): F—DF is a continuous linear
mapping with norm not exceeding unity.

Proof As a bounded linear mapping, D € L(C}(Q,Y), C)(Q, L(X,Y))), the norm
of D is ||D|| = supy ||DF||C2(Q,L(X7Y))/||F||Cé(Q,Y)' From (2.22) it is directly seen
that the numerator of this quotient cannot exceed the denominator, hence ||D|| < 1
and D is indeed bounded and hence continuous. (]

If the normed vector space Y in addition is an algebra with unity I (see
Compendium) and the norm has the additional properties

4|7 = 1,
S Ay 1< IHITL

then it is called a normed algebra. If it is complete as a normed vector space, it is
called a Banach algebra. If Y is a normed algebra, then with pointwise
multiplication, (FG)(x) = F(x)G(x), the class C}; (Cp°) with the norm (2.22) is
made into a normed algebra. (Show that FG is C}; if F and G both are C}.)

The derivative of a product in the algebra C",n > 1 is obtained by the Leibniz
rule

D(FG) = (DF)G + F(DG). (2.23)

(Exercise: Consider ®(x) = (F(x),G(x)), ¥(u,v) = uv and H(x) = (¥ o ®)(x)
and apply the chain rule to obtain (2.23).)

An implicit function is defined in general in the following manner: Let X be a
topological space, let Y be a Banach space and let Z be a normed vector space. Let
F:XxY DQ— Z be a continuous function and consider the equation

F(x,y) =¢, c€Z fixed. (2.24)
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Assume that DyF (xo,y0) € L(Y,Z) exists for all y € Y and is continuous on Q (as
a function of xo,yo), that F(a,b) = c and that Q = DyF(a,b) is a linear bijection
from Y onto Z, so that Q=" € L(Z,Y). Then, there are open sets A > a and B > b
in X and Y, so that for every x € A Eq. (2.24) has a unique solution y € B which
implicitly by Eq. (2.24) defines a continuous function G : A — Y : x—y = G(x).

The proofs of this theorem and of the related theorems below are found in
textbooks, for instance [4]. It is essential, that ¥ is Banach.

Let X be also a normed vector space and assume F € C'(Q,Z). Then the above
function G has a continuous total derivative at x = a, and

D,G(a) = —(DyF(a,b)) " o DyF(a,b), b= G(a). (2.25)
Formally, one may differentiate (2.24) by applying the chain rule,
D.F(a,b)dx+ DyF(a,b)dy=0, xeX,yeY,

where dx = DIdy = 1 and dy = D,G(a), and solve this relation for dy/dx.

In order to prove that DG(a) of (2.25) is a continuous function of a, that is, that
G € C'(A,Y), the continuity of (D,F(a,b))”" as function of a and b must be
stated. Since DyF(a,b) € L(Y,Z), this implies the derivative of the inverse of a
linear function with respect to a parameter which is of interest on its own:

Let X and Y be Banach spaces and let U and U™" be the sets of invertible
continuous linear mappings out of L(X,Y) and L(Y,X). Then, bothU and U™" are
open sets.

Proof for U; for U™" interchange X and Y Let Uy € U and U € L(X,Y) such that
ldx — Uy o Ul|¢x x) <1. Then,

Uy o U) ™" =1dy + (Idy — Uy o U) + (Idy — Uy ' 0 U)* + - -
converges and hence U =Uyo (Uy'oU)elU (U= (Uy'o U)'o Uyh).
Every Uy € U has a neighborhood, ||Uy — U|| <1/||Uy||, where this is realized. [J

Let X and Y be Banach spaces and U as above. Let ® : X DA — U C L(X,Y) :
xo — U(xo) be C'. Then ® : xg— (U(xo))~" is C', and its derivative is given by

D(®)(x0)x = —D(x0) 0 DD (xg)x 0 D(xg) € L(Y,X), x€X. (2.26)

The proof of continuity of the left hand side with respect to the xo-dependence
consists of an investigation of the relation ®(x) o ®(x) = Idy. It is left to the reader
(see textbooks of analysis). Differentiating this equation with respect to x at point
xo yields ®(xo) o DD(xo)x + DD(xo)x o B(xp) = 0. Composing with (D(x)) ™" =
&)(xo) from the left results in the above relation. If X = K", then U/ can only be
non-empty if also ¥ = K". After introducing bases U(x) is represented by a
regular n x n matrix M(x). One obtains the familiar result (x-9/ox)M'[, =
M~ (x-0/dx)M|, - M~"'. Along a straight line x = te, or for a one parameter

dependent matrix this reduces to dM~'/dt = M~ - (dM /dt) - M.
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2.4 Compactness

Compactness is the abstraction from closed bounded subsets of R". Before
introducing this concept, a few important properties of n-dimensional closed
bounded sets are reviewed.

The Bolzano—Weierstrass theorem says that in an n-dimensional closed
bounded set every sequence has a convergent subsequence. An equivalent
formulation is that every infinite set of points of an n-dimensional closed bounded
set has a cluster point.

A cluster point of a subset A of a topological space X is a point x € X every
neighborhood of which contains at least one point of A distinct from x. (Compare
the definition of a point of closure on p. 12. A cluster point is a point of closure,
but the reverse is not true in general.)

Weierstrass theorem: A continuous function takes on its maximum and
minimum values on an n-dimensional closed bounded set.

Brouwer’s fixed point theorem: On a convex n-dimensional closed bounded
set B the fixed point equation x = F(x), F : B — B continuous, has a solution.

These theorems do not necessarily hold in infinite dimensional spaces. Consider
for example the closed unit ball (e.g. centered at the origin) in an infinite
dimensional real Hilbert space. Clearly the sequence of distinct orthonormal unit
vectors does not converge in the norm topology: the distance between any pair of
orthogonal unit vectors is ||e; — e;|| = (e; — ejle; — e_,-)l/z = /2. It is easily seen
that open balls of radius 1/(2v/2) centered halfway on these unit vectors do not
intersect. The unit ball is too roomy for the Bolzano—Weierstrass theorem to hold;
it accommodates an infinite number of non-overlapping balls of a fixed non-zero
radius. This consideration yields the key to compactness.

A set C of a topological space is called a compact set, if every open cover {U},
a family of open sets with UU D C, contains a finite subcover, U’ U; D C.
A compact set in a Hausdorff space (the only case of interest in this volume) is
called a compactum.

Compactness is a topological property, the image C' of a compact set C under a
continuous mapping F is obviously a compact set: Take any open cover of C’.
Since the preimage F~!(U’) of an open set U’ is an open set U C C, these
preimages form an open cover of C. A selection of a finite subcover of these
preimages also selects a finite subcover of C’.

A compactum is closed.

Proof Let x be a point of closure of a compactum C, that is, every neighborhood
of x contains at least one point ¢ € C. Let x € C. Since C is Hausdorff, for every
¢ € C there are disjoint open sets U, > ¢ and V, . > x. Since the sets U, obviously
form an open cover of C, a finite subcover U,,,i = 1,...,n may be selected. Then,
V =nN;Vy. is a neighborhood of x not intersecting C, which contradicts the
preposition. Hence, C contains all its points of closure. U
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It easily follows that the inverse of a continuous bijection f of a compactum C
onto a compactum C' is continuous, that is, the bijection is a homeomorphism.

Proof Indeed, any closed subset A of the compactum C is a compactum; any open

cover of A together with the complement of A forms an open cover of C and hence there

is a finite subcover which is also a subcover of A. Now, since f is continuous, f'(A) is

also a compactum and hence a closed subset of C’. Consequently f maps closed sets to

closed sets, and because it is a bijection, it also maps open sets to open sets. O
Now, the Bolzano—Weierstrass theorem is extended:

Every infinite set of points of a compact set C has a cluster point.

Proof Assume that the infinite set A C C has no cluster point. A set having no
cluster point is closed. Indeed, if a is a point of closure of A, thena € Aoraisa
cluster point of A. Select any infinite sequence {a;} C A of distinct points a;.
The sets {a;};-, are closed for n =1,2,... and the intersection of any finite
number of them is not empty. Their complements U, in C form an open cover of
C, for which hence there exists no finite subcover. C is not a compact set. O

As a consequence, an unbounded set of a metric space cannot be compact.
Hence, the simple Heine—Borel theorem, that a closed bounded subset of
R", n<oo is compact, has a reversal: A compact subset of R" is closed and
bounded. (Recall that a metric space is Hausdorff.) This immediately also extents
the Weierstrass theorem:

A continuous real-valued function on a compact set takes on its maximum and
minimum values.

It maps the compact domain onto a compact set of the real line, which is closed
and bounded and hence contains its minimum and maximum. However, a much
more general statement on the existence of extrema will be made later on.

A closed subset of a compact set is a compact set.

Proof Take any open cover of the closed subset C’ of the compact set C. Together
with the set C\C’, open in C, it also forms an open cover of C. A finite subcover of
C also yields a finite subcover of C’. U

A set of a topological space is called relatively compact if its closure is
compact. A topological space is called locally compact if every point has a
relatively compact neighborhood. A function from a domain in a metric space X
into a metric space Y is called a compact function or compact operator if it is
continuous and maps bounded sets to relatively compact sets.

Brouwer’s fixed point theorem has now two important generalizations which
are given without proof (see textbooks of functional analysis):

Tychonoff’s fixed point theorem: A continuous mapping F:C — C in a
compact convex set C of a locally convex vector space has a fixed point.

Schauder’s fixed point theorem: A compact mapping F : C — C in a closed
bounded convex set C of a Banach space has a fixed point.
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Both theorems release the precondition of Banach’s fixed point theorem on F to
be a strict contraction (p. 14). As a price, uniqueness is not guaranteed any more.
Tychonoff’s theorem also releases the precondition of completeness of the space.

Every locally compact space has a one point compactification that is, a
compact space X° = X U {x} and a homeomorphism P : X — X\ {x».}.

Proof Let xo, ¢ X and let {U} be the class of open sets of X for which X\U is
compact in X. (X itself belongs to this class since (J is compact.) Take the open sets
of X¢ to be the open sets of X and all sets containing x, and having their intersections
with X in {U} . This establishes a topology in X“ and the homeomorphism. Let now
{V} be an open cover of X°. It contains at least one set Voo, = U U {Xo0 }, and X\ Vi,
is compact in X. Hence, {V} has a finite subcover. d

The compactified real line (circle) R and the compactified complex plane
(Riemann sphere) C are well known examples of one point compactifications.

To get more general results for the existence of extrema, the concept of
semicontinuity is needed. A function F from a domain of a topological space X
into R is called lower (upper) semicontinuous at the point xy € X, if either
F(xp) = —o0 (F(xp) = +0o0) or for every ¢ > 0 there is a neighborhood of x( in
which F(x) > F(xg) — ¢ (F(x)<F(x0) + ¢).

A lower semicontinuous function need not be continuous, its function value even
may jump from —oo to oo at points of discontinuity. However, at every point of
discontinuity it takes on the lowest limes of values. (For every net converging towards
Xo € X the function value at x is equal to the lowest cluster point of function values on
the net.) A lower semicontinuous function is finite from below, if F(x) > —oo for all
x. Analogous statements hold for an upper semicontinuous function.

If F is a finite from below and lower semicontinuous function from a non-empty
compactum A into R, then F is even bounded below and the minimum problem
mingeq F(x) = o has a solution xy € A, = F(xo).

An analogous theorem holds for a maximum problem. The proof of these
statements is simple: Consider the infimum of F on A, pick a sequence for which
F(x,) < inf F(x) 4+ 1/n and select a cluster point xo and a subnet converging to xo.
Hence, inf F(x) = F(xp) > —oo since F is finite from below.

Extremum problems are ubiquitous in physics. Many physical principles are
directly variational. Extremum problems are also in the heart of duality theory
which in physics mainly appears as theory of Legendre transforms. Moreover,
since every system of partial differential equations is equivalent to a variational
problem, extremum problems are also central in (particularly non-linear) analysis,
again with central relevance for physics.

It has become evident above that compactness of the domain plays a decisive
role in extremum problems. On the other hand, bounded sets in infinite-dimen-
sional normed spaces are not compact in the norm topology, while many varia-
tional problems, in particular in physics, are based on infinite-dimensional
functional spaces. (David Hilbert introduced the concept of functional inner
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product space to bring forward the variational calculus.) Rephrased, those func-
tional spaces are not locally compact in the norm topology. The question arises,
can one introduce a more cooperative topology in those spaces. The coarser a
topology, the less open sets exist, and the more chances appear for a set to be
compact. On p. 18, the weak topology was introduced as the coarsest topology
in the vector space X, for which all bounded linear functionals are continuous.
In a finite-dimensional space it was shown to be equivalent to the norm topology.
In an infinite-dimensional space it is indeed coarser than the norm topology, but
sometimes not coarse enough to our goal.

Let X be a Banach space and X* its dual. In general, X**, the space of all bounded
linear functionals on X*, may be larger than X. The weak topology of X* is the
coarsest topology in which all bounded linear functionals, that is all f € X** are
continuous. The weak™ topology is the coarsest topology of X* in which all bounded
functionals f € X are continuous. Since these are in general less functionals, in
general the weak™ topology is coarser than the weak topology. If X is reflexive, then
X* =X (and X** = X*), and the weak and weak* topologies of X* (and also of
X** = X) are equivalent. (A Banach space is in general not any more first countable
in the weak and weak* topologies; this is why instead of sequences nets are needed.)

The Banach—Alaoglu theorem states that the unit ball of the dual X* of a
Banach space X is compact in the weak* topology. As a corollary, the unit ball of a
reflexive Banach space is compact in the weak topology.

A proof which uses Tichonoff’s non-trivial theorem on topological products
may be found in textbooks on functional analysis. Now, the way is paved for
applications of the existence theorems of extrema. The price is that in the weak*
topology there are much less semicontinuous functions than in the norm topology.
Nevertheless, for instance the theory of functional Legendre transforms, relevant
in density functional theories is pushed far ahead [5, and citations therein].

A few applications of the concept of compactness in functional analysis are
finally mentioned which are related to the material of this volume. They use the
facts that every compactum X is a regular topological space, that is, every non-
empty open set contains the closure of another non-empty open set, and every
compactum is a normal topological space, which means that every single point
set {x} is closed and every pair of disjoint closed sets is each contained in one of a
pair of disjoint open sets.

Proof For each pair (x,y) of points in a pair of disjoint closed sets (Cy,C,),
CiNCy =, x € Cy,y € Cy, there is a pair of disjoint open sets (U, U, ),
x € U,,,y€U,,, since a compactum is Hausdorff. C, as a closed subset of a
compactum is compact, and hence has a finite open cover {U,, , Uy, x,...,
U)'m)f}’ yi € C;. Put U, = U,'Uy”x, U* = ﬂiUx.y‘., and U; = u/ij7 U, = ijX/’
Xj S Cl-

Regularity: Let U be an open set. Put C; = X\U and C; = {y}, y € U (G, is
closed since X is Hausdorff.). Take U, 3 y constructed above. U, CU.
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Normality: For the above constructions, obviously C; C U, C; C Us,
UNU, =. O

In a regular topological space every point has a closed neighborhood base.
For the proofs of the following theorems see textbooks of functional analysis.

Urysohn’s theorem: For every pair (Cy, Cy) of disjoint closed sets of a normal
space X there is a real-valued continuous function, F € C°(X,R), with the
properties 0 < F(x) <1,F(x) = 0 for x € Cy, F(x) =1 for x € C.

Tietze’s extension theorem: Let X be a compactum and C C X closed. Then
every C°(C,R)-function has a C°(X,R)-extension.

A function F defined on a locally compact topological space X with values in a
normed vector space Y is said to be a function of compact support, if it vanishes
outside of some compact set (in general depending on F). The support of a
function F, supp F is the smallest closed set outside of which F(x) = 0. If X is a
locally compact normed vector space, then corresponding to the classes
C",0<n<oo (p. 27) there are classes Cj of continuous or n times continuously
differentiable functions of compact support. Like the classes C", the classes Cjj are
vector spaces or in the case of an algebra Y algebras with respect to pointwise
operations on functions.

In the context of this volume, particularly Cg° (K", Y) functions, K =R or C,
are of importance. One could normalize the vector space Cjj,0<n < oo with the
Cj-norm (2.22), however, if X itself is not compact, Cj, would not be complete in
this norm topology even if ¥ would be Banach. For instance, the function sequence

n 1
Fn(x):zid)(xfk), ®cCRR), n=1,2,...,
k=1

is Cauchy in the Cj norm, but its limit does not have compact support. The
completion of the C3(X,Y) = CJ,(X,Y) space of continuous functions of compact
support in the Cj-norm is the space Co(X,Y) of continuous functions vanishing
for ||x||y — oo, that is, for every & > O there is a compact C, C X outside of which
||F(x)||y <& (Hence, C§(X,Y) is dense in Coo (X, Y) in the CY-norm; moreover, all
Ci(X,Y), 0<n<ooare dense in Cs (X, Y) in the CY-norm. If X is not compact, of
course non of those classes is dense in any Cj} in the Cj-norm: Let for instance
[|[F1(x)]|y = 1forall x € X, then ||F — F| o = forall F € Cg'. These are simple

statements on uniform approximations of functions by more well behaved
functions.)

Functions of compact support are very helpful in analysis, geometry and
physics. They are fairly wieldy since their study is much the same as that of
functions on a closed bounded subset of R". The tool of continuation of structures
from this rather simple situation to much more complex spaces, that is to connect
local with global structures, is called partition of unity. It works for all locally
compact spaces which are countable unions of compacta. (Caution: Not every
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countable union of compact sets is locally compact.) However, the most general
class of spaces where it works are the paracompact spaces.

A paracompact space is a Hausdorff topological space for which every open
cover, X C U,eaU,, has a locally finite refinement, that is an open cover UgepVp
for which every Vj is a subset of some U, and every point x € X has a
neighborhood W, which intersects with a finite number of sets Vg only.

A partition of unity on a topological space X is a family {¢,|o € A} of
C5°(X, R)-functions such that

1. there is a locally finite open cover, X C UpcpUyp,
2. the support of each ¢, is in some Uy, {supp ¢,|o € A} is locally finite,
3. 0<¢,(x) <1 on X for every o,

4. > ca@y(x) =1o0nX.

The last sum is well defined since, given x, only a finite number of items are non-
zero due to the locally finite cover governing the partition. The partition of unity is
called subordinate to the cover UgepUsp.

A paracompact space could also be characterized as a space which permits a
partition of unity. It can be shown that every second countable locally compact
Hausdorff space is paracompact. This includes locally compact Hausdorff spaces
which are countable unions of compact sets, in particular it includes R" for finite 7.
However, any (not necessarily countable) disconnected union (see next section) of
paracompact spaces is also paracompact.

The function f; on p. 26 is an example of a real Cj°-function on R. A simple
example of functions ¢, on R” is obtained by starting with the C*°-function

_fe 't fort>0
f(t)_{o for 1 <0

and putting g(r) = f()/(f(¢) +f(1 — 1)), which is C*, 0<g(r) <1, g(r) = 0 for
£<0,g(t) = 1 for 1> 1. Then, h(r) = g(t +2)g(2 — 1) is C, 0 < h(t) < 1, h(f) =
0 for |t| >2,h(t) = 1 for || <1. Now, with a dual base {f'} in R", the
C3°(R", R)-function

Px) = h(xh(2) - b, X = fox, (2.27)

has the properties 0 < /(x) < 1,(x) = 0 outside the compact n-cube |x| <2 with
edge length 4 which is contained in an open n-cube with edge length 4 + ¢, ¢ > 0,
and y(x) = 1 inside the n-cube with edge length 2, all centered at the origin of R”.
The total R" may be covered with open n-cubes of edge length 4 + ¢ centered at

points m = (x' = 3my,x*> = 3my,...,x" = 3m,), m; integer. Then,
oule) = PSS onle) = (228)
m Zml‘// X — m, m L

is a partition of unity on R" (Fig. 2.5).
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Fig. 2.5 Partition of unity on
R with functions (2.28)

Besides applications in the theory of generalized functions and in the theory of
manifolds, the partition of unity has direct applications in physics. For instance in
molecular orbital theory of molecular or solid state physics the single particle
quantum state (molecular orbital) is expanded into local basis orbitals centered at
atom positions. For convenience of calculations one would like to have the density
and self-consistent potential also as a site expansion of local contributions,
hopefully to be left with a small number of multi-center integrals. This is however
not automatically provided since the density is bilinear in the molecular orbitals,
and the self-consistent potential is non-linear in the total density. If v(x) is the
self-consistent potential in the whole space R? and > r @r(x) is a partition of unity
on R? with functions centered at the atom positions R, then

v(x) =Y (v(x)og(x)) = Y vk(x)
R

R

is the wanted expansion with potential contributions vg of compact support. Thus,
the number of multi-center integrals can be made finite in a very controlled way.
Finally, distributions (generalized functions) with compact support are shortly
considered which comprise Dirac’s J-function and its derivatives.
Consider the whole vector space C*°(R",R) and instead of (2.22) for every
compact C C R" introduce the seminorm

pem(F) =sup |D'F(x)|, D°F=F, I=(,...L), >0,
xeC
[l <m

; al]+]2+'~+[,l | 5
D'F(x) = F(x',x,...x"), L+bh+---+1L=]|
( ) (axl)ll (axz)[z o (6x")’" ( ) 1 2 | |

(2.29)

It is a seminorm because it may be pc,,(F) = 0, F # 0 (if supp F N C = ). In the
topology of the family of seminorms for all C C R" and all m, convergence of a
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sequence of functions means uniform convergence of the functions and of all their
derivatives on every compactum. This topology is a metric topology, and the vector
space C*(R",R) topologized in this way is also denoted £(R",R) or in short £.

Indeed, consider a sequence of compacta C; C C, C -- - with U2, C; = R”" (for
instance closed balls with a diverging sequence of radii). Then, the function

i dc(F,G) <. pem(F—G)
d(F,G) = o L S d~(F.G) = p—m _FCm\T T )
(F.G) ; 1 +dc,(F,G)’ c(F,G) mg) 14+ pew(F — G)

(2.30)

is a distance function.

Proof Clearly, d(F,G) # 0, if F(x) # G(x) for some x since the C; cover R". To
prove the triangle inequality, consider the obvious inequality (a+ f8)/(1 + o +
p)<a/(14+o)+ /(1 +p) for any pair o, of non-negative real numbers. In
view of o — | <|o— |+ |y — | for any three real numbers «, 5,7 it follows
loc = BI/ (1 + |oo = BI) < Joe = | /(1 + [ = 9[) + [y = BI/(1 + [y — BI). This yields
the triangle inequality for each fraction on the right hand side of the second
equation (2.30). Since each of these fractions is <1, the series converges to a
finite number also obeying the inequality for d¢. For d it is obtained along the
same line. (]

Any topological vector space the topology of which is given by a countable,
separating family of seminorms, which means that the difference of two distinct
vectors has at least one non-zero seminorm, can be metrized in the above manner.

E(R",R) is a Fréchet space.

Proof Completeness has to be proved. In &,1im; j_.., d(F;, F;) = 0 means that on
every compactum C C R" the sequence F; together with the sequences of all
derivatives converge uniformly. Hence, on every C and consequently on R" the
limit exists and is a C*°-function F. 0

The elements f of the dual space £ of £, that is the bounded linear functionals
on &, are called distributions or generalized functions. £ is called the base space
of the distributions f € £*. Formally, the writing

. F) = / dIxf(R)F(x), Fe&, (231)

is used based on the linearity in F of integration. However, f(x) has a definite
meaning only in connection with this integral. Every ordinary L'-function f with
compact support defines via the integral (2.31) in the Lebesgue sense a bounded
linear functional on &, hence these functions (more precisely, equivalence classes
of functions forming the elements of L!) are special £*-distributions. Derivatives
of distributions are defined via the derivatives of functions F € £ by formally
integrating by parts. Hence, per definition distributions have derivatives to all
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orders. This holds also for L'-functions (with compact support) considered as
distributions. Derivatives of discontinuous functions as distributions comprise
Dirac’s J-function

(0xy, F) = /d”xé(x—xo)F(x) = F(xo).

Elements of £ are not the most general distributions. In the spirit of formula
(2.31), more general distributions are obtained by narrowing the base space.
In physics, densities and spectral densities are in general distributions, if they
comprise point masses or point charges or point spectra (that is, eigenvalues).

Let U C R” be open and consider all F € & with supp F C U. If {f, F) = 0 for
all those F, then the distribution f is said to be zero on U, f(x) =0 on U. The
support of a distribution f is the smallest closed set in R" outside of which f is
zero. Since for a bounded functional f on £ the value (2.31) must be finite for all
F € £,&" is the space of distributions with compact support. (Dirac’s d-function
and its derivatives have one-point support.)

Another most important case in physics regards Fourier transforms of
distributions. Consider the subspace S of rapidly decaying functions of the class
C>*(R",C) for which for every k and m

sup " D*F (x)| <oo, x™ =[]()™, D'F like in (2.29).
x i=1

It is a topological vector space with the family of seminorms

pip(F) = sup |P(x)D*F(x)|, P : polynomial in x. (2.32)
X

Clearly, S is closed with respect to the operation with differential operators with
polynomial coefficients. Since obviously S C C*(R",C) N Cx(R*,C) (p. 33),
Ci°(R",C) is dense in S in the topology (2.32) of S. In fact, S is a complete (in
the topology of S) subspace of E(R",C); it is again a Fréchet space. The Fourier
transform of a function of S is

_ 1 "y e—i(k~x)
FR = [ axe 0rw),
1

— (T _ nxei(x-k) )
RO = (PR = [ axe=oErm

(2.33)

Depending on context, the prefactor may be defined differently. It can be shown
that F : S — S is an isomorphism and FF = Ids, that is 7! = F.

The dual §* of S is the space of tempered distributions, S* D £*. It is a module
on the ring of polynomials (see Compendium), and is closed under differentiation.
The Fourier transform in S* is defined through the Fourier transform in S as
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(Ff,F)y=(f,FF). (2.34)

Again, F : 8" — S* is an isomorphism, FF = Idg-. If f(k) = 1 € S is consid-
ered as a tempered distribution, then Ff = (2m)"/%5,.

A simple result relevant in the theory of Green’s functions is the Paley—Wiener
theorem: The Fourier transform of a distribution with compact support on R" can
be extended into an analytic function on C".

Proofs of the above and more details can be found in textbooks of functional
analysis, for instance [2]. (Closely related is also the theory of generalized solu-
tions of partial differential equations, which are elements of Sobolev spaces.)

2.5 Connectedness, Homotopy

So far, the focus was mainly on the local topological structure which can be
expressed in terms of neighborhood bases of points, although the concepts of
vector space and of compactness and in particular of partition of unity provide a
link to global topological properties. Connectedness has the focus on global
properties, though with now and then local aspects. Intuitively, connectedness
seems to be quite simple. In fact, it is quite touchy, and one has to distinguish
several concepts.

A topological space is called connected, if it is not a union of two disjoint
non-empty open sets; otherwise it is called disconnected (Fig. 2.6). Connected-
ness is equivalent to the condition that it is not a union of two disjoint non-empty
closed sets, and also to the condition that the only open-closed sets are the empty
set and the space itself. A subset of X is connected, if it is connected as the
topological subspace with the relative topology; it need neither be open nor closed
in the topology of X (cf. the definition of the relative topology). If A is connected
then every A’ with A C A’ C A is connected (exercise).

Caution: Two disjoint sets which are not both open or both closed may have
common boundary points being points of one of the sets and hence their union may
be connected. The union of disjoint sets need not be disconnected.

The connected component of a point x of a topological space X is the largest
connected set in X containing x. The relation R(x,y): (y belongs to the connected

Fig. 2.6 Two connected sets
A and B the union of which is
disconnected
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component of x) is an equivalence relation. The elements of the quotient space
X/R are the connected components of X.

A topological space is called totally disconnected, if its connected components
are all its one point sets {x}. Let 7 : X — X /R be the canonical projection onto the
above quotient space X/R. The quotient topology of X /R is the finest topology in
which 7 is continuous. Its open (closed) sets are the sets B for which 7! (B) is
open (closed) in X. X/R is totally disconnected in the quotient topology.

Every set X is connected in its trivial topology and totally disconnected in its
discrete topology. The rational line Q in the relative metric topology as a subset of
R is totally disconnected. Indeed, let a<f be two rational numbers and let
y,0<y<f} be an irrational number. Then, |—oo, y[ and |y, +oo[ are two disjoint
open intervals of Q the union of which is Q. Hence, no two rational numbers
belong to the same connected component of Q. This example shows that the
topology in which a space is totally disconnected need not be the discrete topol-
ogy. In Q, every one point set is closed (since Q as a metric space is Hausdorff)
but not open. Open sets of Q are the rational parts of open sets of R.

The image F(A) of a connected set A in a continuous mapping is a connected
set. Indeed, if F(A) would consist of disjoint open sets then their preimages would
be disjoint open sets constituting A. On the other hand, the preimage F~!(B) of a
connected set B need not be connected (construct a counterexample). However, as
connectedness is a topological property, a homeomorphism translates connected
sets into connected sets in both directions. Check that, if X is connected and Y is
totally disconnected, for example if Y is provided with the discrete topology, then
the only continuous functions F : X — Y are the constant functions on X.

Let R be any equivalence relation in the topological space X. Since the
canonical projection 7 : X — X/R is continuous in the quotient topology, it
follows easily that if the topological quotient space X /R is connected and every
equivalence class in X with respect to R is connected, then X is connected.

A topological space X is disconnected, iff there exists a continuous surjection
onto a discrete two point space. (The target space may be {0, 1} with the discrete
topology; then, some of the connected components are mapped onto {0} and some
onto {1}.)

The topological product of non-empty spaces is connected, iff every factor is
connected.

Proof Although the theorem holds for any number of factors, possibly uncount-
ably many in Tichonoff’s product, here only the case of finitely many factors is
considered. (Though the proof works in the general case, only Tichonoff’s product
was not introduced in our context.) Let X; be the factors of the product space X and
m; : X — X; the canonical projections. Since these are continuous in the topological
product, if X is connected, then every X; as the image of X in a continuous mapping
is connected. Now, assume that all X; are connected but X is not. Then, there is a
continuous surjection F of X onto {0,1}. Let for some X = (X,...,%,), X; €
X;, F(x) = 0. Consider the subset (x;, X2, . . ., X, ), where x; runs through X;, and the
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restriction of F on this subset. This restriction is a continuous function on X; and
hence is = 0 since X is connected. Starting from every point of this subset, let now
X, run through X, to obtain again F' = 0 for the restriction of F. After n steps, ' = 0
on X in contradiction to the assumption that F is surjective. O

A concept seemingly related to connectedness but in fact independent is local
connectedness. A topological space is called locally connected, if every point has
a neighborhood base of connected neighborhoods. (Not just one neighborhood, all
neighborhoods of the base must be connected.)

A connected space need not be locally connected. For instance, consider the
subspace of R? consisting of a horizontal axis and vertical lines through all rational
points on the horizontal axis, in the relative topology deduced from the usual
topology of the R?. It is connected, but no point off the horizontal axis has a
neighborhood base of only connected sets. (Compare the above statement on Q.) On
the other hand, every discrete space with more than one point, although it is totally
disconnected, is locally connected! Indeed, since every one point set is open and
connected in this case, it forms a connected neighborhood base of the point. (Check
it.) This seems all odd, nevertheless local connectedness is an important concept.

A topological space is locally connected, iff every connected component of an
open set is an open set. This is not the case in the above example with the vertical
lines through rational points of a horizontal axis, since the connected components
of open sets off the horizontal axis are not open.

Proof of the statement Pick any point x and any neighborhood of it and consider
the connected component of x in it. Since it is open, it is a neighborhood of x.
Hence, x has a neighborhood base of connected sets, and the condition of the
theorem is sufficient. Reversely, let A be an open set in a locally connected space,
A’ one of its connected components and x any point of A’. Let U be a neighborhood
of x in A. It contains a connected neighborhood of x which thus is in A’. Hence, x is
an inner point of A’ and, since x was chosen arbitrarily, A’ is open. O

As a consequence, a locally connected space is a collection of its connected
components which are all open-closed.

A topological quotient space of a locally connected space is locally connected.

Proof Let X be locally connected and let @ : X — X /R be the canonical projec-
tion. Let U C X/R be an open set and U’ one of its connected components. Let
x € n71(U’), and let A be the connected component of x in 7~ (U). Then, n(A) is
connected (since 7 is continuous) and contains 7(x). Hence, n(A) C U’ and A C
7~ 1(U"). Since X is locally connected and = !(U) is open (again because 7 is
continuous), 7' (U’) is also open due to the previous theorem. Now, by the
definition of the quotient topology, U’ is also open, and the previous theorem in the
opposite direction says that X/R is locally connected. O

The subsequently discussed further concepts of connectedness are based on
homotopy. Let I = [0, 1] be the closed real unit interval. Two continuous functions
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Fig. 2.7 Homotopic
functions F; and F,

Fy and F, from the topological space X into the topological space Y are called
homotopic, F; = F,, if there exists a continuous function H:I x X — Y :
H(0,:) =Fy, H(1,-) = F,. H is called the homotopy translating F; into F»
(Fig. 2.7). Since its definition is only based on the existence of continuous
functions, homotopy is a purely topological concept.

The F; may be considered as points in the functional space C°(X,Y). Then,
H(Z,-), 0<Z<1lisapathin C°(X,Y) from F; to F». If X and Y are normed vector
spaces or manifolds, sometimes, in a narrower sense, the functions F;, H are
considered to be C"-functions, 0 <n <oo. One then speaks of a C"-homotopy.
Of course, every C"-homotopy is also a C"-homotopy for m < n. Homotopy is the
C%homotopy. In the following statements homotopy may be replaced by
C"-homotopy with slight modifications in the construction of products HyH; (see
for instance [4, $VI.8]).

The product H, H, of two homotopies, H; translating F; into F, and H;
translating F, into F3, may be introduced as a homotopy translating F; into F3 in
the following natural way by concatenating the two translations:

_ [ Hi(24,x) for0<A<1/2
(HaH)(2, %) = {H2(2)v— 1,x) for1/2<i<1.

Hence, if F| = F, and F, = F3, then also F; = F5. This means that homotopy is
an equivalence relation among continuous functions. The corresponding equiva-
lence classes [F] of functions F are called homotopy classes. If a homeomorphism
P of X onto itself is homotopic to the identity mapping P = Idy, then Fo P > F
(exercise).

Two topological spaces X and Y are called homotopy equivalent, if there exist
continuous functions F:X —Y and G:Y — X so that GoF =~ 1Idy and
FoG=1Idy. Two homeomorphic spaces are also homotopy equivalent, the
inverse is, however, in general not true. A topological space is called contractible,
if it is homotopy equivalent to a one point space. For instance, every topological
vector space is contractible. The homotopy class of a constant function mapping X
to a single point is called the null-homotopy class.
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Of particular interest are the homotopy classes of functions from n-dimensional
unit spheres S” into topological spaces X possibly with a topological group
structure. The latter means that the points of X form a group (with unit element
e € X) and the group operations are continuous. The unit sphere S" may be con-
sidered as the set of points s € R""! with Z;’:ll (s")2 = 1. % is the two point set
80 = {—1,1}, 8" is the circle, S? is the ordinary sphere, and so on. For —1 <s' <1,
the points (s%,...,s"*!) with coordinates on $",n > 0, form an (n — 1)-dimen-
sional sphere (of radius » depending on s').

The case n = 0 is special and is treated separately. A topological space X is
called pathwise connected (also called arcwise connected), if for every pair (x,x)
of points of X there is a continuous function H : I — X, H(0) = x,H(1) = x'. Fora
general topological space X, pathwise connectedness of pairs of points is an
equivalence relation, and the equivalence classes are the pathwise connected
components of X. If X is pathwise connected, then it is connected (exercise). The
inverse is not in general true. Let X be the union of the sets of points (x,y) € R?
with y = sin(1/x) and (0,y), y € R in the relative topology as a subset of R?. It is
connected, but points with x =0 and x # 0 are not pathwise connected. (Points
(0,y) with |y|<1 are also not locally connected.) X is locally pathwise
connected, if every point has a neighborhood base of pathwise connected sets. If X
is locally pathwise connected, then it is locally connected, but again the inverse is
not in general true.

For the following, n > 1, and until otherwise stated, X is considered pathwise
connected. A homeomorphism between the sphere S, n > 1 and the n-dimensional
unit cube with a particular topology is needed. Consider the open unit cube " =
{x| — 1/2<x"<1/2} with its usual topology and its one point compactification I,
obtained by identifying the surface 0" of I" with the additional point x., of 7. I"
is obviously homeomorphic to the one point compactification R” of R, but it is
also homeomorphic to §" where a homeomorphism may be considered which maps
Xoo € I" and s = (1,0,...,0) € S" onto each other. For n = 1 a homeomorphism
between the unit circle and R is obvious, for n = 2 it is a stereographic projection

of the unit sphere $? onto the one-point compactified plane R?. A similar mapping
for n > 2 is easily found (exercise). The homeomorphism between S" and I"
which maps x,, € I" and 5o = (1,0,...,0) € S" onto each other is denoted by P.

A word on notation her: x, xy denote points of X not having themselves coor-
dinates since X in general is not a vector space; X, X, denote points in I C R”
having coordinates x!,x?,...,x" (not unique for x..); s,so denote points on S" C
R™*! having coordinates s',s%, ..., st S.(s')* = 1.

Now, fix xy in the topological space X and consider the class C,(xo) of con-
tinuous functions F : §" — X with F(sg) = x¢ fixed. Denote the homotopy classes
of functions F € Cy,(xq) by [F]. It is not the whole homotopy class of F in X,
because for the group construction below it is necessary that the mapping of

50— X is fixed in every function F. The mapping F' can be composed of two steps
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qn Zo

So X

Fig. 2.8 Mapping of $" onto I" and I" into X. It is visualized how the point s is expanded into
the square x,, which frames the image 1" of S" \ {s¢}, and then x, is mapped to xo

(Fig. 2.8): first map S" homeomorphically onto I by P, implying so+ X, and
then map 1" into X by the continuous function F with x,, — xo. Because P is a
bijection, there is also a bijection between F and F = F o P, and F(so) = xo.

This composition allows to explicitly define a group structure in the set of
homotopy classes [F] in the following way: For any two C,(xo)-functions F; and
F, define a product F»F; € C,(xo) by

o Fi(2x' +1/2,2%,...,x") —1/2<x'<0
(R = D Y ) e s
Fr(2x' —1/2,22,..,x") 0<x'<1/2, (2.35)
F2F1 :(FQﬁ])OP.

(FZF 1) is continuous, since the two functions F, and F, are glued together where
Fi(1/2,...) = Fi(xs) = xo = F5(xs) = F2(—1/2,...). Note that F is supposed
continuous with respect to the topology of I" in which the surface 8/ is contracted
into one point x,,. Moreover, for x! = —1/2 or x! = 1/2, that is x = x, (2.35)
yields (F2F))(xs) = X0, hence FoF; € Cy(xo). True, also (F2F))(0,...) =xp
which for |x;| <1/2,i =2,...,nis not demanded in the class C,(x¢). The construct
(2.35) effectively pinches the section x! = 0 of I for n > 1 into one point. Via P,
this section corresponds to a meridian S"~! of §" containing the pole so. By moving
from F,F; to the homotopy class [F,F}], this additional restriction (the pinch) is
released.

In particular for n = 1, I' is the line of length 1 with its endpoints identified
(loop); hence it can again be considered as a circle. The mapping P which maps
the pole so to the connected endpoints of the second circle is trivial in this case.
The point x = 0 corresponds to the diametrically opposed point of the circle.
In a product (2.35) of two mappings, this point is also mapped to xy making the
product into a double loop (Fig. 2.9). The final correct product definition in the set
of homotopy classes [F] of functions with base point F(sg) = xq is

[Fo][F1] = [F2F]. (2.36)
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Fig. 2.9 Two loops Fy,F, €

Ci(xo) of the topological Fy
space X (shadowed area) and X X

their product (2.35) (lower Fq

left panel). Also, another

representative of [F>F,| and a

loop homotopic to FoF; in X Zo Zo

is shown (lower right panel).

Since [F] 2 E in this case,

[FzF]] &~ [F]Fz] &~ [Fz}

Zo Zo

Next, having defined the product in (2.35, 2.36), it must be shown to be
associative. Consider first

Fi(4x' +3/2,...) —1/2<x'<—1/4
(F3(F2F1))(x) = Fy(dx' +1/2,...) —1/4<x'<0
F3(2x' —1/2,...) 0<x'<1/2

and

o Fi(2x' +1/2,...) —1/2<x'<0
(F3F2)Fy)(x) =< Fy(4x! —1/2,..) 0<x'<1/4
F3(4x' —3/2,...) 1/4<x'<1/2.

These two results differ only in a quite simple homeomorphism (piecewise linear
in x', identity in the other coordinates) of I" onto itself which is homotopic to Idz.
Hence, they are homotopic to each other (see p. 41). They also both map x, to xo.
Thus, [F3]([F2][F1]) = [F3(F2F1)] = [(FsF2) Fi] = ([F3][F2])[Fi].

If E is the constant mapping E(x) = xo then obviously e = [E] is a unity:
e[F] = [F] = [FJe for all [F]. Moreover, for F_(x) = F(—x',x>,...) (2.35) yields
[F_][F] =e=[F][F_]. Indeed, (F_F)(x',x?,...)=(F_F)(—x',x%,...): The
image (F _F ) (7”) is a double layer in X. By symmetrically contracting the interval
—1/2<x'<1/2 into x' = 0 with x?, ... left constant (F_F)(I") shrinks contin-
uously on itself into xo = E (7") by successive ‘annihilation’ of parts of the double
layer. In total a group m,(X,x0) = {[F]|F € Cu(x0)} is obtained with the group
multiplication (2.36).

Now, consider any point x of the pathwise connected space X and a continuous
path H: 1 — X with H(0) = xo, H(1) = x. Given F € Cy(xp), a function F' €
Co(x) may be constructed in the following manner:
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2oy JF(2x) W <1/4i=1,...n,
F(x)_{H(t) (2—-nHxedl, 0<t<1.

The base point x( of F is dragged along the path H to x. Apart from this path, the
sets F(I') and F'(I") are the same which hence is also true for F(I"') and F'(I").
Moving F through its homotopy class [F] with base point xo obviously also moves
F' through its homotopy class [F’] with base point x. Moreover, it is easily seen
(exercise) that F,Fy via H induces F}F/ for which [F}F}] = [F}][F}]. Hence, the
mapping H : [F] — [F'] is a homomorphism of groups. Two concatenated paths H;
and H, obviously induce a composition of homomorphisms H, o H,. Concatenate
now the path H with its reversed H_(t) = H(1 —t). Then H_H provides the
identity map Id¢,(,) while HH_ provides Id¢,y). H and H_ are thus inverse to

each other, and the homomorphism H is in fact an isomorphism. The groups
7,(X,x) and =, (X, x) are isomorphic, or, in other words, 7,(X,x) = 7,(X) does
not depend on xo. The group 7,(X) is called the nth homotopy group of the
pathwise connected topological space X.

Since the case n = 1 is of particular interest in the theory of integration on
manifolds (see Chap. 5), 7;(X) is called the fundamental group of X.

Formally, a ‘0-dimensional open cube’ can be considered as a one point set
1° = {x}, and its one point ‘compactification’ (1° is of course also compact) as the
discrete two point set 19 = {x, x. }. The homeomorphism P between S = {—1,1}
and 10 maps —1 to x and 1 to x.. Now, F : §° — X is a two point mapping, and
F € Cy(xp) means that F(—1) = x where x is any point of X, and F(1) = x,. The
classes [F] thus map —1 into the pathwise connected components of X, and x does
not play any role. For a pathwise connected topological space X, mo(X) = {e}
is trivial.

By inspection of (2.35) it is seen that interchanging the factors in the multi-
plication amounts to interchanging the halves x' <0 and x! >0 in I". For n > 1,
the positioning of these two halves relative to each other does not play a role
because of the pinch of the section x! =0 involved in (2.35). Therefore, the
interchanging of the two halves can be provided by a homeomorphism of /" onto
itself which is also homotopic to the identity mapping: note that I” is homeo-
morphic to a cylinder with axis perpendicular to the x!-axis. Rotate it by 180° to
transform continuously from the identity to the interchanging of the above two
halves. The groups n,(X), n>2 of a pathwise connected topological space X are
commutative. For that reason, in the literature the group operation of homotopy
groups is often denoted as addition instead of multiplication.

In the case n = 1 the interchanging may still be provided by a homeomor-
phism, however, the argument of deformation into a cylinder does not work any
more, and the interchanging is not any more homotopic to the identity mapping.
The fundamental group m(x) need not be commutative. Consider for instance a
two-dimensional space X with two holes and a loop first orbiting clockwise
around the first hole and then counterclockwise around the second. Check that
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this loop is not homotopic to the loop with the sequence of orbiting
interchanged.

If X itself has a group structure, that is, X is a topological group with multi-
plication denoted by a dot (to distinguish it from the multiplication (2.36)), and
Xo = e, then another product of C,(e)-functions and the inverse of a C,(e)-func-
tion may alternatively be defined by pointwise application of the group operations.
The C,(e)-unity is the constant mapping on e. Let F; = F| and F, = F) and
consider the homotopies H; translating F; into F!, (H;(0,-) = F;, H;(1,-) = F}).
Then H,-H, is a homotopy translating F;-F, into F}-F), hence
[Fi - F2] = [F} - F5]: the group multiplication in X is compatible with the homot-
opy class structure of C,(e) and the multiplication [F] - [F»] is properly defined.
Clearly, e = [E] is also the unity for the dot multiplication. Moreover, with (2.35),
F\Fy = (F\E) - (EF,) is easily verified (check it). The conclusion is
[F1][F2] = [F1] - [F2]: the dot-multiplication yields again the same homotopy group
7,(X, e) of the pathwise connected component of e in X as previously. Since the
multiplication (from left or right) with any element x of the component X° of e in
X yields a translation of that component which is also a homeomorphism of that
component X° onto itself, 7,(X, e) =~ m,(X,x) ~ m,(X¢) for any x of the compo-
nent of e in X.

However, if the topological group X is not pathwise connected, in a wider sense
the homotopy group 7,(X) with the dot-multiplication can still be constructed. In
this case, mo(X) is non-trivial, and the elements of 7(X) are in a one—one cor-
respondence with the pathwise connected components of X. Let x & X° be a group
element not in the pathwise connected component of e, and let xy € X°, that is,
there is a continuous path connecting xo with e. Since in a topological group the
group operations are continuous, it follows that there is a continuous path from
X-Xo to x-e=ux; x-x9 € X*, and likewise xy -x € X*. It is easily seen that all
pathwise connected components of a group X are homeomorphic to each other
(exercise). It follows further that there is a continuous path connecting x - xo - x!
with x - e - x~! = e. Hence, x - xo - x ! € X for every x € X and every xy € X¢ : X°
is an invariant subgroup of X. It is easily seen that X/X¢ ~ my(X). On the other
hand, x-x; -x '+ x},x; € X,x € X is an automorphism of X for any fixed x
which, as was seen, transforms pathwise connected components of X into
themselves.

Consider C, (x)-functions F from the S"-sphere into X with any base point x, not
necessarily in X°. The homotopy classes [F] in C,(x) form a larger group =, (X)
which now is only defined with the group multiplication [Fi]- [F,]. The above
considered automorphism of X yields in a canonical way an automorphism of
7,(X). Denote the elements of 79(X) by [H]; then the anticipated automorphism is
given by

[FI' = [H]-[F]-[H]™", [F]€mn(X), [H] € no(X). (2.37)
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If [F] C C,(e) then [F]' C C,(e), hence, m,(X¢) is an invariant subgroup of 7, (X),
and 7p(X) = m,(X)/m,(X¢). Because of the above discussed structure of the
pathwise connected classes of X, obviously also 7, (X¢) = n,(X)/7m(X) and hence

(X)) = no(X) X m,(X¢), n>0 (2.38)

for the homotopy groups of a topological group X. They can be quite different
from 7,(X¢) (and need not be commutative for any n > 0 since 7y(X) need not be
commutative any more).

A topological space X is called n-connected (sometimes called n-simple),
if every continuous image in X of the n-dimensional sphere S" is contractible.
A topological group X is n-connected, if m,(X) = np(X). An n-connected space
need not be connected. A O-connected space is pathwise connected, a 1-connected
space is called simply connected.” Although n-connectedness is very similarly
defined for different n, these properties are largely unrelated (except for the role of
7p). Some authors apply n-connectedness only to pathwise connected spaces X.
However, for many applications this is an unnecessary restriction.

Some examples are given without proof. Some of them are intuitively clear.
(1) A convex open subspace of a topological vector space is n-connected for any
n>0. (2) The sphere S" or the complement to the origin in R"*! is k-connected for
0<k<n-—1; for n > 1 it is simply connected. (3) n,(S") = Z (as an additively
written Abelian group). For an integer m € Z = m,(S"),|m| is the cardinality
of F~'(x) for any x€ 8" It is called the degree of the mapping F.
(4) m,(S™), n > m is a largely unsolved problem although many special cases have
meanwhile been compiled; 73(S?) = Z is a theorem by Hopf, and 75(S') = 0 is
easily understood. (5) For the torus T? (see Fig. 1.3), n;(T?) = Z x Z. One
integer of (m,my) € Z x Z counts the oriented windings around the circumfer-
ence of the tire, and the other those around its cross section.

These concepts are further exploited in Chaps. 5 and 8. Although the physical
relevance of homotopy was anticipated already by Poincaré, it turned out to be one
of the most difficult and unsolved tasks of topology to calculate the homotopy
groups of certain manifolds and to exploit them for classification. It was already
known to Poincaré that every compact simply connected two-dimensional
manifold without boundary is homeomorphic to the sphere S2. His conjecture that
the same is true in three dimensions and every compact simply connected three-
dimensional manifold without boundary is homeomorphic to the 3-sphere S°
withstood hard attempts by able mathematicians for hundred years to prove it and
was eventually proved only quite recently by G. Perelman.

2 There is a more general definition of simple connectedness and fundamental group in terms of
covering space. For pathwise connected locally pathwise connected spaces X it is equivalent to
the definition given here [6].
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2.6 Topological Charges in Physics

In quantum physics, thermodynamic phases are characterized by order parameters:
the particle densities of various particles, atom displacements of crystalline solids,
the magnetization density vector, the anomalous Green function of the super-
conducting or superfluid state and so on. In an inhomogeneous, in particular
defective state those order parameters are functions of space (and maybe time).
The various defects can often be classified by discrete topological charges, and
then those classes turn out to be stable: because of the discrete nature of the
charges there is no continuous transformation of one class into another.
The topological charges are often generating elements of homotopy groups.

Consider as a simple example a superconducting state in three dimensions
penetrated by a vortex line. The space X of the superconducting state is R* with the
vortex line cut out. It is homotopy equivalent to a circle S' around the vortex line.
The order parameter A = |A|e””™® of a conventional superconducting state (spin
singlet s wave) is a complex number having a phase ¢ the gradient of which is
proportional to the supercurrent while the absolute value |A| is the gap which is fixed
for a given material and for given temperature and pressure. A constant phase factor
isirrelevant, the state is degenerate with respect to an arbitrary complex phase factor.
The loop S' in the complex plane of all phase factors is the order parameter space I'
of degenerate states in that case. With a defect present in X, the order parameter in
general will be position dependent with values out of I'. This position dependence
defines a mapping F : X — I. Since A is a well defined function on X, the gradient
O0¢/0x of the phase must integrate along any closed loop to an integer,
$ds - (0¢/dx) = integer, and this integer must be the same for all homotopy
equivalent loops. On a loop not encircling the vortex line this integer must be zero,
since the loop may be continuously contracted within X to a point, and a non-zero
integer cannot continuously be changed to zero. On a loop once encircling the vortex
line the integral of the gradient of the phase ¢» may be any integer N characterizing
the vortex line. For a loop m times winding around the vortex line it then is Nm. N is
the number of magnetic flux quanta in the vortex line. It generates a group of
elements Nm with m € Z. This group is obviously isomorphic with the group Z,
which in this case is the fundamental group 7;(I" = S') of homotopy classes of
mappings from S! which is homotopy equivalent to X into I' = S'.

On a discrete lattice, the sum of unit lattice periods along a loop is similar to a
phase and must be an integer number of lattice vectors along the loop. For a loop
enclosing a defect free region of the crystal this sum is zero. For a loop around a
displacement line this is the Burgers vector of the displacement. Here the space
X of the crystalline phase is again the same as above and is again homotopy
equivalent to the circle S, this time around the displacement line. Any loop yields
m times the Burgers vector.

Such situations will in more generality and more detail be considered in Chap. 8.
Here, some principal remarks are in due place. The Hamiltonian of a macroscopic
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system has in general a number of symmetries, it is invariant with respect to
transformations of a symmetry group G, translational, rotational invariance, gauge
symmetries and others. Some of the symmetries may be approximate, but obeyed to
a sufficient level of accuracy. For instance in a rare gas liquid the coupling of the
nuclear spin with the rotational motion is so weak that invariance with respect to
spatial rotation and spin rotation may be considered separately. At sufficiently high
temperature, the state of the system is completely disordered, so that its thermo-
dynamic (macroscopic) variables are invariant under the symmetry transformations
of G. The thermodynamic state 7 fulfills the relation y = gy for all g € G and is thus
uniquely determined. In the course of lowering the temperature, phase transitions
may take place with developing non-zero order parameters so that now y is not any
more invariant with respect to all symmetry transformations g of G, but may still be
invariant with respect to a subgroup H of G. Then, y generates an orbit {gy|g € G}
which is isomorphic to the quotient space I' = G/H of left cosets of H in G. It is
this quotient space which figures as the order parameter space I' in the above
considerations.

In the above example of a line defect in R? it was essential only that the defect
free space X was homotopically equivalent to a circle S'. The number of topo-
logical ‘charges’ of the defect is then equal to the number of generators of the
homotopy group 7;(I') (one in the above cases). The same would be true for a
point defect in R? or a line defect propagating in time (defect world sheet) in four-
dimensional space—time. For a point defect in R?, X is homotopy equivalent to a
sphere S? enclosing the defect, and hence the number of its topological charges is
equal to the number of generators of 7,(I").

In general, the number of topological charges of a defect of codimension d in a
state with order parameter space I present in an n-dimensional position space
(i.e., the dimension of the defect is n — d) is equal to the number of generators of
the homotopy group n,_1(T').

In order to develop a non-zero topological quantum number (non-trivial
topological charge), a defect of codimension d in a state with order parameter
space I" must have a non-trivial homotopy group m,_;(I'). Consider as an
example an isotropic magnetically polarizable material. The Hamiltonian does
not prefer any direction in space, besides translational invariance which need not
be considered here (it assures that a magnetization vector smoothly depending on
position has low energy) the continuous symmetry group is SO(3) (cf. Chap. 6).
At sufficiently high temperature, above the magnetic order temperature, the
magnetic polarization is disordered on an atomic scale and the state y is
invariant: y = gy for all g € G =SO(3). Below the ordering temperature the
magnetization density vector is non-zero. Its absolute value is determined by the
material, temperature and pressure. Its direction may be arbitrary, and all
directions are energetically degenerate. Smooth long wavelength changes of
direction have low excitation energy. If the non-zero magnetization points in a
certain direction, the state is still invariant with respect to rotations of the group
H = SO(2) around the axis of polarization. The order parameter space is
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Fig. 2.10 Point defect of - - -
(a) an isotropic magnetic - -
material, so-called hedgehog, - -
and (b) of an easy plane -
anisotropic magnetic material -~
with no non-trivial . 2
topological charge possible ‘ ‘ ‘
- - -
- -

(a) (b)

SO(3)/S0(2) and consists of all vectors of a given length pointing in all possible
spatial directions. Topologically this group is homeomorphic to the sphere S°.
Hence, I' = 52, For a point defect in 3-space (codimension 3), m3(S?) = Z (see
end of last section). Hence, the point defect may have a non-trivial topological
charge in this case.

A point defect is a small spot where the magnetization density vanishes.
Outside of a sphere of a small radius it is again fully developed, but may for
instance everywhere point in radial direction (Fig. 2.10a). The change of direction
outside of this sphere is everywhere smooth, but there is no smooth transition into
a homogeneously magnetized state with constant magnetization direction.
This ‘hedgehog’ point defect has non-trivial topological charge and is stable: the
defect cannot be resolved by smooth magnetization changes.

Consider now an anisotropic magnetic material of the type easy plane. Again
the magnitude of the magnetization density vector is fixed at given temperature
and pressure, but can only point in the directions within a plane, I' = SO(2) ~ S'.
Now 7,(S!) = 0: the sphere S? is simply connected and cannot be continuously
wound around a circle. Hence no non-trivial topological charge of a point defect is
possible in this case. From Fig. 2.10b it is easily inferred that no hedgehog-like
structure is possible without singularity lines outside a sphere around the defect of
the magnetization vector field of constant magnitude. From the singularity lines
the magnetization density vector would point into all planar radial directions.
If this is a linear defect, it is governed by 7;(S') = Z, and a topological charge can
exist on the linear defect in an easy plane magnet.

A point defect of codimension 4 in four-dimensional space—time would be
capable of carrying a topological charge, if 73(I") is non-trivial. Just to mention it,
the Belavin—Polyakov instanton of a Yang—Mills field is such a case even without
a defect (Chap. 8).

Structures with topological charges may intrinsically exist without a material
defect. Consider the plane R> with a non-zero magnetization density which
approaches a homogeneous magnetization density vector of a fixed direction at
infinite distance from the origin of R?. This state may be considered as a state in

the compactified plane RZ~ S which is homeomorphic to a sphere via the
stereographic projection. Since the order parameter space I" of an SO(3) spin is
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Fig. 2.11 Baby skyrmion on
a planar magnet with
magnetization density vector
up in the center and down at
infinity by a spiral rotation
around the radial direction

also S2, one has 7,(T") = 7,(S?) = Z, and hence there exists a topological charge.
The corresponding magnetic state is called a ‘baby skyrmion’ and is the only
skyrmion structure for which a picture can be drawn. It is shown in Fig. 2.11.

This state has a three-dimensional analogue since R* ~ S* and 713($?) = Z is the
famous Hopf theorem. The corresponding Hopf mapping of S* onto S? is however
not easy to draw. In general, skyrmions are special solitons in n dimensions
corresponding to non-trivial homotopy groups 7,(I"). Originally, T. H. R. Skyrme
proposed a subgroup of the product of the left and right chiral copies of SU(N) as
the order parameter space I' to obtain local field structures as candidates of
baryons in Yang—Mills field theories. For a more detailed discussion of the Hopf
mapping and citations for further reading see [7].

More examples of topological charges can be found in [8].

The section is closed by a consideration of the topological stability of the Fermi
surface of a Fermi liquid. (A more detailed discussion of Fermi surfaces is given
in Sect. 5.9.) Again, first the two-dimensional case is considered which can easily
be visualized. For a non-interacting isotropic Fermi gas, the single-particle Green
function at imaginary frequency w = ipy is

1

- 2.39
ipo — ve(p — pr) (2.39)

G(lpo,p ) =
where p is the momentum vector, p = |p|, pr is the Fermi momentum, and vg is the
Fermi velocity. The energy dispersion close to the Fermi surface p = pg is
¢ = vr(p — pr). States with p<pr have negative energies (measured from the
chemical potential ¢ = ¢r) and are occupied, while states with p > pr have posi-
tive energies and are unoccupied. The Fermi surface p = pg in two-dimensional
momentum space is a circle (Fig. 2.12) separating the occupied momentum region
from the unoccupied one.

The Green function G(ipy,p) has a singularity line py = 0, p = pr forming the
Fermi surface and is otherwise a complex analytic function for imaginary
frequencies. If one maps the contour C in the (po,p)-space onto the complex plane
of G™! with Re G™! = —vg(p — pg), InG~! = py, it maps the circle C onto the
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Fig. 2.12 Left: Fermi surface Po
in two-dimensional
momentum space and P2
imaginary frequency axis
with a loop C around the Re G-!
Fermi surface. Right: the b1

Im G!

Qe

corresponding loop C of the
complex function G~!(ipg,p)

circle C. Writing G™! = |G|7le""7’ it is seen that the phase of G increases by 2n
when running around C, while for any loop not encircling the Fermi surface it
returns to the start value. (This is like the phase of the superconducting order
parameter when running around a vertex line.) The Fermi surface is like a defect
line in momentum space.

If now the interaction between the particles is continuously switched on, the
Green function changes smoothly. It cannot smoothly get rid of its denominator
because of this topological charge on the Fermi surface, hence it must have the
form

, VA
G(ipo,p) = -

| 2.40
iPo — V(P —pe) (2.40)

where Z is the spectral amplitude renormalization factor, and the Fermi velocity
may change. (That pr does not change is an independent result, the Luttinger
theorem.) Hence the Fermi surface is topologically stabilized and can only dis-
appear when Z becomes zero (which is only possible in a non-analytic way).

The only change for the case of three spatial dimensions is that now p is a
3-vector in the three-dimensional hyperplane of the four-dimensional frequency-
momentum space of points (pg,p) for pg = 0, which contains the only singularities
of (2.40) on the Fermi surface being now a 2-sphere. For every planar section in
the three-dimensional momentum space through its origin, Fig. 2.12 visualizes
further on the situation, and the Fermi surface is topologically stable.

A more general situation is present for electrons as spin 1/2 fermions in a
crystalline solid instead of ‘spinless fermions’ in an isotropic medium which was
considered so far. Here, the Green function is a complex valued matrix quantity
indexed with band and spin indices. The change of its phase, normalized to 27, as a
complex number when going around a loop (contour integral of the gradient of the
phase as considered in the case of a superconductor with a vertex line) is now to be
replaced by the quantity

ds . O .4,
N = trj{z—l{’ . G(lp(),p)@G "(ipo,p)

where the trace of the matrix product is to be formed, the contour integral is along
the previous contour C, and 0/0p is the four-dimensional gradient in the
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frequency-momentum space. The dot means the scalar product of the line element
vector with this gradient. This is the general structure of a homotopy invariant.’

Now, several sheets of Fermi surface may coexist of arbitrary shape. The shape
may change when the interaction is tuned up and individual sheets may appear or
disappear on the cost of other sheets. (If a Fermi radius shrinks to zero, in most
cases the Fermi velocity also approaches zero, and the singularity disappears.
Exceptions are so-called Dirac quasi-particles where the Fermi velocity remains
non-zero in the Fermi points.) Nevertheless, between such changes the Fermi
surface is topologically stable, and the only additional reason for its change is the
vanishing of the spectral amplitude renormalization function Z(py,p) on some part
of the Fermi surface.

A much deeper analysis can be found in [9].
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