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1 WEEK 1

1.1 VECTOR SPACES

The most familiar example of a vector space will be R™. Elements of R"
can be added together and they can be scaled, and we have rules about how
these two operations interact. For example, scaling the sum of two elements
should be the same as summing the individually scaled elements. As we will
see, there are many other useful sets (eg. sets of sequences, sets of functions)
that share this same basic structure and so we need an abstract and precise
definition.

Definition 1.1. A vector space over R is a non-empty set V' with two opera-
tions VxV — Vand RxV — V', denoted by (z,y) — x+y and (o, x) — ax
respectively, which satisfy the following, for all z,y,2z € V and all « € R:

s rt+y=y+zx

(z+y)tz=a2+(y+2)

0ecVst.z+0=2x

—z)eVst. z+(—x)=0

alr+y) =ar+ oy
e a(fr) = (af)x



o lx =1

e Ox =0 for all x,y,z € V and all o, 8 € R.

Remarks.

- Students who have studied group theory will notice that the first four
properties make (V,+) an abelian group.

- It is possible to have vector spaces over the complex numbers, or indeed
any field. If instead of a field we use a ring with identity we have what
is called a module.

Example 1.2. The space of quadratic polynomials with real coefficients. Let
a € Ru = uy + ugt + ust? and v = vy + vt + vst?, then define

au = auy + Qugt + augt®, w4 v = uy + v + (uz + v2)t + (us + U3)t2

Ezample 1.3. The space ¢ of sequences (x1, s, ...,2;,...) with x; € R. Ad-
dition and scalar multiplication are the same as for R".

Ezample 1.4. The space Map([a,b],R) of maps from the interval [a,b] C R
to R. Addition and scalar multiplication are defined pointwise, i.e. given
f,g € Map([a,b],R), we define af by (af)(t) := af(t) and f+ g by (f +
9)(t) == f(t) +g(t).
& 1.5. For at least one of the above verify that the properties of a vector
space are satisfied.

#3 1.6. Recall that a subset of a vector space V is called a subspace if
it is closed under addition and scalar multiplication. Show that the set of
continuous maps C([a, b],R) is a subspace of Map([a, b, R).

Definition 1.7. A map L : V — W between vector spaces is called a linear
map (or transformation or operator) if it preserves the vector space structure,
ie:

L(au+ fv) = aL(u) + SL(v)
for all a, 5 € R and u,v € V. If L is also a bijection it is called an isomor-
phism and we say that V and W are isomorphic.

# 1.8. Show that the vector space from Example 1.2 is isomorphic to R3.
Definition 1.9.



- A finite set of vectors {vy,ve...vx} in V' is linearly dependent if there
exist aq,ao, ..., ag, not all zero, such that Zle a;v; = 0.

- If a finite set of vectors is not linearly dependent then it is linearly
independent.

- An infinite set of vectors is linearly independent if every finite subset
is linearly independent.

- A vector space is n-dimensional (n finite) if it contains a set of n linearly
independent vectors but no set of n 4+ 1 linearly independent vectors.
Otherwise, it is infinite dimensional.

Ezample 1.10. The space Map([a, b], R) is infinite dimensional. For any n we
can define f;(t) =t for i = 0,1,...,n and then {f; : i = 0...n} is a set of
n+ 1 linearly independent vectors. To see that they are linearly independent
note that if ;" o fi = 0 (the zero function) then ap+ayt+. ..+, t" = 0 for
every value of ¢t and therefore every a; = 0. This also shows that C([a, b],R)
is infinite dimensional, because the f; are continuous.

Definition 1.11.

- The span of a set S of vectors in V' is the set of all linear combinations
a1V + ...+ apv, where aq, ... € Rand vq,...,v, € S.

- A linearly independent subset B C V with span equal to V is called a
basis for V.

If B is a basis for V, then every non-zero v € V' has a unique representa-
tion as a linear combination of finitely many elements of B.

#3 1.12. Prove that every finite dimensional vector space has a basis, and
that every finite n-dimensional vector space is isomorphic to R™.

1.2 NORMED VECTOR SPACES

Definition 1.13. Let V be a real vector space. A function V' — R denoted
v — ||v] is called a norm on V' if

e |[v]| =0iffv=0

o [av] = |afv]



o [lu+vll < Jlull + [lv]

and then (V) |].]]) is called a normed space.
# 1.14. Show that a norm is always non-negative.

In most examples verifying the first two properties of a norm is straight-
forward, but checking the triangle inequality requires some classical inequal-
ities:

e Young's inequality: for p > 1, % + % =1,and a,b >0

aP b

ab<—+—
p q

Hélder’s inequality for sums: for x,y € R™ and p > 1, % + é =1

2ilrigil < (O ) il )

The special case p = ¢ = 2 is called the Cauchy-Schwarz inequality.

Minkowski’s inequality for sums: for x,y € R" and p > 1

1

(Sl u )P < (Smf)? + (S ul?)?

Hélder’s inequality for integrals:

Q=

[ 1f gt < () |f<t)!”dt>’l’ (S 19o1)

where f, g : [a,b] — R are such that the integrals exist.

Minkowski’s inequality for integrals:

(12150 + (o) < (P 15ai)? + (2 o(opar)

# 1.15. (Difficult) Prove the above inequalities. (Hints. For Young’s in-
equality, susbstitute b = ta?’? and use some calculus. For Holder’s, set
T = (|1l |z /N2llpy ¥ = (1l - lynD)/llyllp and use Young’s inequal-
ity. For Minkowski’s, you will need Holder’s. For the integral versions try to
imitate what was done for sums.)



Example 1.16. Euclidean space: R™ with the standard norm

|zl = /224 ...+ 22

This is a special case of the norm
1

2]l = (21" + ...+ [al”)?
for which the triangle inequality corresponds to Minkowski’s inequality.

Ezample 1.17. On the space of sequences ¢ (Example 1.3) we define, for

1<p<oo
1

]l == (22 aal”) P

and ;= {z € (: ||z||, < oo} is a normed space (Minkowski’s inequality
still holds with n = oo). Notice that ¢! is the space of absolutely convergent
series. We can also define

[z := sup |z]
1<i<o0

and (> :={xz € {: ||z|| < oo} is a normed space.
Ezxample 1.18. C([a,b],R) with the uniform norm (a.k.a. sup norm)

[flo == sup [f(2)]

t€la,b]
The sup (in fact, max) exists by the extreme value theorem.
#1 1.19. Check that |.|, is a norm.
Ezxample 1.20. For 1 <p < oo and f € C([a,b],R) define

1= () |f(t)|pdt>§

This norm is known as the L” norm. The triangle inequality is just the
Minkowski inequality for integrals.

Every normed space has an induced metric given by d(u,v) = ||u— v||.
It is non-negative by exercise 1.14 and symmetric by the the commutativity
of vector space addition. For the triangle inequality: d(u,v) = ||lu —v| =

lu—w+w—v| <||lu—w|+||lw—v|| =du,w)+dw,v). It therefore also
follows that every normed space has a topology.

#1 1.21. Using the metric space definition of continuity prove that in a
normed space scalar multiplication by a fixed o € R is continuous at 0.



2 WEEK 2

2.1 MORE NORMED SPACES

Definition 2.1. A linear map A : V' — W between normed spaces is called
bounded if there exists a constant & > 0 such that for all v € V:

[Av|| < E[v]

(1t is common practice to omit the brackets when denoting a linear map, i.e.
Av instead of A(v). Also, we have adopted a common abuse of notation here
whereby || - || denotes both the norm on V and the norm on W. It is clear
from the arguments Av € W v € V' which norm is intended.)

Proposition 2.2. Let A: V — W be a linear map between normed spaces.
Then the following conditions are equivalent:

(a) A is continuous at 0,
(b) A is continuous,
(c¢) A is bounded.

Proof. (a) iff (¢): Assuming A is continuous at 0, then using the open ball
definition of continuity, for all ¢ > 0 there exists 6 > 0 such that v €
Bs(0) = Av € B.(0). In terms of the respective norms this translates
to Jv]| < 0 = JJAv|| < e. Choose ¢ = 1, so there exists d; such that

|| <6 = v|| < 1. In particular, for any v the vector -2--v has norm
) A 1.1 icular, f th t Zﬁél\ h
—521 < 01, and so it satisfies
2|l

which rearranges to [|Av|| < %HUH, i.e. A is bounded. Conversely, if A is
bounded with constant k£ > 0 (if £ = 0 then continuity is trivial), given ¢ > 0
we choose 0 = 7. Then if |[v]| <, since A is bounded we have

| Avl| < kllv]| < k7 =<

# 2.3. Prove (a) implies (b).



Example 1.4 actually holds more generally: if V, W are vector spaces then
Map(V, W) is an infinite dimensional vector space with operations defined
by (f+g¢)(v) := f(v) +g(v) and af)(v) := af(v). The linear maps L(V, W)
form a subspace of Map(V, W).

#3 2.4. Prove that if V, W are finite dimensional then so is L(V, ).

Example 2.5. If VW are normed spaces then we define another subspace
B(V,W) consisting of the bounded (and therefore continuous) linear maps.
This space can be given a norm, for A € B(V, W) define:

Av
A= sup LA gy
veV —{0} [ v]] |v]|=1

The case W = R is important enough to have its own name: B(V,R) is
known as the dual space of V' and is usually denoted V*.

Proposition 2.6. Write £" for R" with the Euclidean norm. Every linear
map E" — E™ is continuous, i.e. L(E™, E™) = B(E™, E™).

Proof. Let f: E™ — E™ be a linear map. Using the standard bases we can
always find a matrix representation of f, i.e.

fi(x) a1 |
floy=| + | = ' :
fm(2) Amn ) \Zn
Now matrix multiplication can be written fi(z) = Y77 a;z;. If we let

k = max; j |a;;| then by the triangle inequality, and then Cauchy-Schwarz,

N [—=

i) < R, lw5]) = RO, Ls]) < RS, lsl*)2 (32, 12)2 = k]

hence || f(2)]|? = X2, |fi(x)]? < >, nk?||z]|* = n®k?||z]|?. It follows that f is
bounded, and therefore continuous (Prop. 2.2). O

The above result L(V,W) = B(V,W) also holds for any finite dimen-
stonal vector spaces V, W, but this will be easier to prove once we introduce
compactness. It is not true for infinite dimensional vector spaces.

& 2.7. Find an example of an unbounded linear operator.



2.2 INNER PRODUCT SPACES

Another familiar structure on R™ which generalises to other vector spaces is
the dot product: z-y = x1y1 + ...+ x,y,. It is an example of what is called
an inner product (or sometimes scalar product).

Definition 2.8. An inner product on a real vector space V isamap V xV — R
denoted (u,v) — (u,v) which satisfies:

(i) (u,u) >0 and (u,u) =0 <= u=0
(ii) (u,v) = (v,u)
(iii) (au+ Bv,w) = alu, w) + f{v, w)

for all u,v,w €V, and «, 8 € R.

There are also technical terms for each of these properties. Maps which
satisfy (i) and (ii) are called positive semi-definite and symmetric respectively.
The third property can be called linearity in the first argument, i.e. for fixed
w € V, the map (-,w) : V — R is linear. By the symmetry property it is
also linear in the second argument: (u, av + pw) = (av + fw,u) = a(v, u) +
B{w,u) = alu,v)+B(u, w), and so we say it is bilinear. In summary, an inner
product is a positive semi-definite, symmetric bilinear map V' x V — R.

Lemma 2.9. Every inner product on V satisfies
(u,v)* < (u,u)(v,v) (1)
for all u,v € V.

Proof. If v = 0 then the inequality holds trivially, so assume v # 0. By (i)
and bilinearity, for any a € R:

0 < {u—av,u—av) = (u,u) — 2au,v) + o*(v,v)

Let a = % and substitute into the above to get

(w o) | (uo)? (uv)?

(v,v) (v,v) (v,v)

and now rearrange. O

0 < (u,u) —2 = (u,u) —



A norm can be derived from any inner product according to ||v| =
(v,v), and using this notation (1) is written:

[ {w, )| < ull o]}

which is the (general) Cauchy-Schwarz inequality.

& 2.10. Verify that the norm derived from an inner product is indeed a
norm.

Any norm which is induced by an inner product according to the rule
above must satisfy the parallelogram equality:

lw+ vl + llu = ol* = 2([ull* + |v]*)

(to confirm this calculate (u + v,u + v) + (u — v,u — v)). There are norms
which do not satisfy this equality, and so not all normed spaces are inner
product spaces (see examples below). If we are given a norm which does
satisfy the parallelogram equality, the corresponding inner product can be
recovered by the polarization identity:

(u,v) = 3(lu+v[* = lu—v]*)

(this identity can also be verified by straightforward calculation).

Example 2.11. The sequence space ¢* (cf. Example 1.17) has the inner prod-
uct (@, y) := > ooy 2;y;. This is well defined (i.e. the sum converges) by the
Holder inequality for sums (which is actually Cauchy-Schwarz for this inner
product) and the assumption that z,y are in ¢2.

Example 2.12. (P with p # 2 is not an inner product space. The norm

fails to satisfy the parallelogram inequality: suppose x = (1,1,0,0,...),y =
1

(1,-1,0,0,...), then [lz]l, = 27 = [jyl, and [l +yll, = 2 = [lz — y|,.

Ezample 2.13. For f,g € C([a,b],R) define

(f.9) = / F()g(b)dt

The corresponding norm is the L? norm from example 1.20, and so this is
called the L? inner product. Cauchy-Schwarz for this inner product is the
Holder inequality for integrals.

10



We remark that C([a,b],R) is not the biggest function space on which
the L? norm and inner product is well defined. For example, any piecewise
continuous function has an L? norm. We will have more to say about this
later.

#3 2.14. Show that the uniform norm | - |y (example 1.18) is not derived
from an inner product.

11



3 WEEK 3

3.1 CONVERGENCE, COMPACTNESS AND COMPLETENESS

Definition 3.1. Let (x,,) = (1,22, ..., Zp,...) be asequence in a metric space
(X,d). We say the sequence is convergent and has limit x € X (notation
Tp, — x or lim, oz, = x) if d(x,x,) — 0, i.e. for all ¢ > 0 there exists N
such that d(z,z,) < e for all n > N.

Lemma 3.2. Every convergent sequence is bounded.

Proof. We recall that a subset U C X is bounded if its diameter:

sup d(z,y)
z,yelU

is finite. A sequence is bounded if the corresponding subset of X is bounded.
Suppose x,, — x, then for e = 1 there exists N such that d(z,,z) < 1 for all
n > N. Let a = max, <y d(z,, z), then for all n, m we have

d(xp, ) < d(zp,z) + d(x, 2,,) < 2max{a, 1},
and so the sequence is bounded. O
Lemma 3.3. The limit of a convergent sequence is unique.

Proof. Suppose x,, — = and also x,, — y, then
d(z,y) < d(z,2,) + d(2n,y)

for all n. But for all € > 0, there exist Ny, Ny such that the right hand side
of the above inequality is less than 2e when n > max{N;, No}. Hence for all
e > 0 we have d(z,y) < ¢, i.e. d(z,y) =0 and z = y. O

# 3.4. Prove that if x, — = and y, — y then d(x,,y,) — d(z,y).

Proposition 3.5. A subset U C X is closed iff for every convergent sequence
T, — x with z,, € U for all n we also have x € U.

Proof. First suppose U is closed and z, — z with z,, € U. If x € X\U,
then there exists B.(z) C X\U because X\U is open. But by convergence
there exists an N such that z,, € B.(z) for all n > N, ie. z, ¢ U, which
contradicts an assumption, so x € U. Conversely suppose z,, — = with

12



x, € U implies z € U. We need to prove X\U is open. Suppose it is not,
then there exists a € X\U such that for all € > 0 the intersection B.(a) N U
is non-empty. So we can construct a sequence by choosing x, € By/,(a) NU.
By construction z,, € U and z,, — a, however a ¢ U which contradicts an
assumption, so X\U must be open and U is closed. O

Definition 3.6. A subset U of a metric space X is called (sequentially') com-
pact if every sequence (z,,) C U has a convergent subsequence with limit in
U

Note: a subsequence is obtained by deleting elements of the original se-
quence, the order is not changed.

& 3.7. All compact sets are closed.
Lemma 3.8. Every sequence (x,,) in R has a monotone subsequence.

Proof. We call z,, a trough if x,, > x, for all m > n. Consider the three
cases:

o [If there are no troughs then there exists z,, < x;, and since z,, is not
a trough there exists x,, , < x,,. Thus we construct a non-increasing
subsequence.

o If there are finitely many troughs, delete everything before the last
trough and proceed as if there are no troughs.

o If there are infinitely many troughs x,, < x,, < ... then they form an
increasing subsequence.

O

Theorem 3.9. (Bolzano- Weierstrass Theorem) Every closed and bounded
interval [a,b] C R is compact.

Proof. By Lemma 3.8 any sequence in [a,b] has a monotone subsequence
(which is bounded), so by the monotone sequences theorem this subsequence
converges. Since the interval is closed, it contains the limit. O

ILater in the main notes you will see a more general definition of compactness which
applies to topological spaces, and agrees with this one in metric spaces.

13



Definition 3.10. A sequence (x,) in a metric space X is called a Cauchy
sequence if for all € > 0 there exists N > 1 such that d(z,,z,,) < € for all
m,n > N.

#3 3.11. Every Cauchy sequence is bounded.

#3 3.12. Every convergent sequence is a Cauchy sequence (the converse is
not always true).

Ezample 3.13. Let X = (0, 1] with the standard Euclidean metric from R
(derived from absolute value). Then the sequence x, = 1/n is Cauchy but
not convergent in X (although it is convergent in R). This demonstrates
that convergence is not a property of the sequence alone, but also depends
on the metric space containing the sequence.

Example 3.14. Consider the rational numbers Q with the standard metric
(derived from absolute value). The sequence of rationals defined recursively
by zpp1 = 5+ i, 1 = 1, is Cauchy but not convergent in Q. (This
sequence computes approximations of v/2 and is sometimes called the Baby-
lonian method).

Definition 3.15. A metric space is called complete if every Cauchy sequence
converges.

Lemma 3.16. If X is compact then it is complete.

Proof. Let (z,) be a Cauchy sequence. Since X is compact there is a con-
vergent subsequence z,, — x, and we will show that x,, — 2z also. Given
e > 0 there exists N such that d(z,,z,,) < /2 for all m,n > N, and there
exists K such that d(x,, ,x) < ¢/2 for all k > K. Hence for n > N, choosing
k > K sufficiently large so that ny > N:

d(zn,v) < d(Ty, Tn,) +d(zg,,v) <e/24+¢c/2=¢
ie. xz, = . ]
Example 3.14 showed that Q is not complete.
Proposition 3.17. R is complete.

Proof. Consider a Cauchy sequence (z,) in R. By exercise 3.11 (x,) is
bounded, and therefore it is contained in a closed interval [a,b]. By the
Bolzano-Weierstrass theorem this interval is compact, and then it is com-
plete by 3.16 and the sequence converges. O

14



# 3.18. (Difficult) 7 is complete.

Proposition 3.19. C([a,b],R) is complete with respect to the metric in-
duced by the uniform norm | - |g

Proof. Let (z,) be a Cauchy sequence, i.e. given € > 0 there exists N such
that for all m,n > N
A(xp, Tm) = sup |z, (t) —x,(t)| < e
tela,b]

Hence for any fixed ty € [a, b] we also have |z, (ty) — xm(to)] < . So (x,(to))
is a Cauchy sequence in R, which is complete, so (x,(t)) converges (this is
called pointwise convergence). For each t € [a, b] define x(t) := lim,,_,00 T ().
We will first show that x is continuous, and then that z,, — z in the uniform
norm.

Suppose x has a point of discontinuity at tg, i.e. there exists ¢ > 0 such
that for all 6 > 0 there exists t; € Bs(tp) with |z(t;) — x(tp)] > €. By
pointwise convergence there exists n such that |z, (t1) — z(t1)] < €/3 and
|z, (to) — x(to)] < £/3. Then using the triangle inequality

e < |x(tr) —x(to)| = |z(t1) — zp(t1) + xn(t1) — zn(to) + zn(to) — x(to)]
< z(t1) — a(tr)] + |za(t) — zalto)| + |za(to) — z(to)]
<e/3+ |za(tr) — za(to)| +¢/3

From this we conclude /3 < |z,,(t1) — x,(to)|, and therefore ¢, is a point of
discontinuity of x,,. But this contradicts the assumption that z,, € C([a, b],R),
so x must be continuous.

Now suppose that x,, does not converge to x. Then there is an € > 0 such
that for all N there exists n > N with sup;c(, ) [T, (t) — 2(t)| > . But then
there also exists ty € [a, b] such that |z, (ty) —x(to)| > €/2, which contradicts
pointwise convergence. O

Proposition 3.20. C([a,b],R) is not complete in the (metric derived from
the) L? norm.

Proof. To make the notation lighter we let [a,b] = [0,1]. We will construct
a Cauchy sequence in C([0, 1], R) which converges in the space of piecewise-
continuous functions (also with the L? inner product). Define

0 0<t<i-—o
o) =qnt+3(1-n) §—5 <t<si+s5
1 5tan St<l1

15
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Figure 1: A plot of f,, for n = 2...10. Blue represents higher values of n.

so (fn) is a sequence of functions which are all in C([0,1],R). Since any
convergent sequence is Cauchy, if we can prove that (f,) converges in the
L?>-norm to a function h which is not continuous, then we have a Cauchy

sequence in C([0, 1], R), || - ||2- Moreover, by uniqueness of limits we will have
shown that this sequence does not converge (in C([0, 1], R), || - ||2). We will
therefore have a counterexample proving C([0, 1], R), || - ||2 is not complete.
Define
0 0<t<1i
h(t) := L
I 5<t<1
and observe that f,(t) — h(t) = 0 except when 3 — 5- < ¢ < 3 + 5=, and
notice also that (f,,(t) — h(t))* < 1. Thus
2 ! 2 AP 2
I = hlE = [ () = he)2a = [ (1(0) ~ hio) Pt
0 2720
1.1
2 2n
< [
1 1 n
2 2n

16



and therefore lim,, o || f» — hll2 = 0. O

Note that this proof is easily adapted to general intervals [a, b], and also
the LP norm.

17



4 WEEK 4

4.1 COMPLETION OF METRIC SPACES

Definition 4.1. Amap f : X — Y between metric spaces is called an isometry
if for all z,y € X,

dY(f($)7 f(y)) = dX(x7y>

The metric spaces X and Y are called isometric if there exists an isometry
X — Y which is bijective.

#3 4.2. Describe all the isometries from R? to itself (with the Euclidean
metric).

# 4.3. Show that a linear map A : V — W between normed spaces is an
isometry iff ||Av|| = ||v]]

Definition 4.4. A subset M of a metric space X is called dense in X if the
closure M (i.e. the smallest closed subset of X containing M) is equal to X.

Lemma 4.5. M is dense in X iff for all z € X and ¢ > 0, B.(x) N M is
non-empty.

Proof. If for some z € X and £ > 0 we have B.(x) N M = (), then X\ B.(z)
is a closed proper subset of X which contains M, i.e. M # X. Conversely if
there exists m € B.(z) N M for all z € X and € > 0, then for each z € X we
can construct a sequence (m,) in M with m,, € By,(z) N M. Since m,, — x
we must have x € M by Proposition 3.5. O]

#3 4.6. Qis dense in R.
The following inequality will be useful in the proof of Theorem 4.8.

Lemma 4.7. Let u,v,w,z € X, then

Proof. By the triangle inequality d(u,v) < d(u,w) + d(w,z) + d(z,v) and
therefore d(u,v) — d(w, x) < d(u,w) + d(z,v). Similarly d(w,z) — d(u,v) <
d(w,u) + d(v,z), and the result follows by combining these two inequalities.

[

Theorem 4.8. Given any metric space X, d there exists a complete metric
space X , d such that X is isometric to a dense subspace of X. This subspace
X is called the completion of X and is unique up to isometries (i.e. if X is
another completion then X and X are isometric).
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Proof. First we will construct X, d out of equivalence classes of Cauchy se-
quences. Suppose (z,) and (z],) are Cauchy sequences in X and define an
equivalence relation
() ~ () iff lim d(z,,]) =0.
n—oo
We write [(,)] for the equivalence class of (). Define X to be the set of
all equivalence classes of ~, and for & = [(2,,)],9 = [(y»)] in X we define
d(z,9) = lim d(z,, yn)

There are several things to check to confirm that d is well-defined: the limit
must always exist and be independent of the particular choices (x,), (y,)

representing the equivalence classes, and d must satisfy the properties of a
metric. For existence of the limit, we use (2)

|d( Ty Ym) — A, Yn)| < d(T0; ) + (Y, Yn)

Since (z,), (yn) are Cauchy sequences, for all € > 0 there exists N such that
the left hand side of the above is less than . This means the sequence
(d(xy,yn)) is Cauchy and therefore converges by completeness of R, and so
lim,, o d(z,,, yn) exists. To see that the limit does not depend on the choices
of (z,,), (y,) suppose we also have (x,)" € & and (y),) € y. Using (2) again
we have

4, ) — A Y| < Ay ,) + Ay )

Since (x,,) ~ (z}) and (y,) ~ (¥,), in the limit n — oo the above inequality
gives lim,, o0 |d(zp, yn) — d(x),y,)| = 0 and therefore lim,, o d(x,, yn) =
lim,, o0 d(z., /). To see that d is a metric, observe that non-negativity and
symmetry follow directly from the properties of d. Moreover ci(:i:, ) =0=
lim,, o0 d(2y, yp) iff (x,) ~ (yn) and & = y. The triangle inequality for d
follows by taking the limit of the triangle inequality for d.

Next we will construct an isometry 7 : X — T(X) C X by b+ b :=
[(b,b,...)], i.e. bis the equivalence class of a constant (Cauchy) sequence.
This map is injective and if ¢ = [(¢, ¢, .. .)] then

d(b,é) = lim d(b,¢) = d(b,c)
so T is indeed an isometry. To show that T'(X) is dense we will use the
criterion provided by Lemma 4.5 and prove that for all € > 0 and any & =
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[(z,)] € X the open ball B.(Z) contains an element of 7'(X). Indeed since
(x) is Cauchy there exists N such that d(z,,zn) < €/2 for all n > N, and
then Ty := [(zn, 2N, ...)] € T(X) satisfies
d(z,&n) = lim d(z,,zy) <e/2<e
n—oo

e iy € T(X)NB.(7). A

We now show that X is complete. Let () be a Cauchy sequence in X.
Since T'(X) is dense in X, for each ,, there exists z, € X with 2, :=T(z,) €
Bi/n(25,). In this way we construct a sequence (2,) in T'(X) which satisfies

(2, ) < d(Zms Em) + A(Zn, B) + (@, 20) < L+ d(Zn, 30) +

which shows that (2,,) is Cauchy (because (Z,,) is). Now since T is an isometry
the corresponding sequence (z,) in X is also Cauchy, and so it is a member
of an equivalence class in X. We will write 2 := [(z,)], this is our candidate
for the limit of (2,). Since 2, € By, () we have

(&, 2) < d(&p, 20) + d(2,7) < 2+ d(2,,7)
Now recalling that & = [(z)] and 2, = [(2n, 2n, - - .)], and the definition of d,
ci(xn, z) < %%— lim d(z,, zm)
m—0o0

and now taking lim,,_,., shows z,, — .

Finally, let us prove that the completion is unique up to isometry. Suppose
T : X — X is another completion. Then TT-' : T(X) — T(X) is an
isometry. We define an isometry ¢ : X = X as follows For any # € X, since
T(X) is dense there exists (i,) in T(X) such that #, — #. Then because
TT-'is an isometry, (I'T~'Z,) is a Cauchy sequence and therfore has a limit
& =: ¢(Z). Before proving that this is a well defined function (i.e. it does
not depend on the choice of (#,)) we note that given Z, §:

d(9(2), ¢(9)) = lim d(T"} (), T"'G) = lim d(En, §) = d(7, 9)

by definition of d, the fact that T is an isometry, and exercise 3.4. This shows
that ¢ is an 1sometry and also that it is well defined. Indeed if z, — =,
Z — T and TT ‘%, — &, TT! z! — 7/, then the above equality implies
that d(#,#) = d(&,%) = 0. So qb is a Well defined isometry. In fact an
inverse can be constructed by the same method so it is also bijective and X
is isometric to X. O
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Example 4.9. We have already noted that Q is dense in R, but we did not
specify exactly how R should be constructed. In fact one way of defining R
is as the completion of Q.

#3 4.10. (difficult) The metric space completion of a normed space can be
given the structure of a normed space (note that this requires a vector space
structure as well as a norm on the space of equivalence classes of Cauchy
sequences).
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5 WEEK 5

5.1 BANACH AND HILBERT SPACES

Definition 5.1. A normed space which is complete with respect to the metric
derived from the norm is called a Banach space. An inner product space
which is complete with respect to the metric derived from the (norm derived
from the) inner product is called a Hilbert space.

Example 5.2. We will prove below that every finite dimensional normed space
is a Banach space.

Ezample 5.3. Proposition 3.20 showed that C([a,b],R),|| - ||2 is not com-
plete. The completion is denoted L?([a, b], R), and called the space of square
integrable functions. More generally L?([a, b],R) can be defined as the com-
pletion of C([a,b],R), || - |l,- This is a Banach space for each p > 1, and a
Hilbert space when p = 2.

Note that according to the proof of Prop. 3.20, L'([a, b], R) must contain
all the piecewise continuous functions. Moreover it must then also contain
the limits of Cauchy sequences of piecewise continuous functions, some of
which are not Riemann integrable, and yet have a well-defined L' norm. We
might use this as motivation for developing a method of integration which
does apply to such functions. Such a method does exist but it is beyond the
scope of this course. It is called Lebesgue integration and L'([a,b],R) can
also be defined as the set of Lebesgue integrable functions.

Lemma 5.4. Let {vq,...,v,} be a linearly independent set of vectors in
a normed space V|| - ||. Then there exists a constant ¢ > 0 such that for
any scalars a!,... a" (the superscript is denoting an index here, not an
exponent):

latvy + ...+ Q|| > c(lat| + ...+ |a])

Proof. Let s = (|a!| 4+ ...+ |a"]). If s = 0 then the inequality holds for
any s, so suppose s # 0 and define 3’ := a'/s. Dividing each side of the
inequality by s we see that an equivalent statement is that for any 3¢, ..., 3"
with >, |8'] = 1 there exists ¢ > 0 such that

1> Bl = e
7

Suppose this statement is false. Then there is a sequence

(ﬂm) = (ﬁrlnvl + ...+ /B?nvn)
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in V with . |85 | = 1 such that ||3,,]| — 0. Since each coefficient sequence
(B%)) is bounded |3 | < 1, by the Bolzano-Weierstrass theorem 3.9 there is a
convergent subsequence Bfnk — B for each i. To avoid nested subscripts we
introduce some new notation: a subsequence of (3,,) will be denoted (Ber)
where I C N, and then a subsequence of a subsequence can be denoted
(Bmes) where J C 1.

Take a diagonal subsequence of (/3,,,) as follows: start with a subsequence
(Bmer, ) such that 8} n = A1, then by Bolzano-Weierstrass this subsequence
has a subsequence (S5er,cr,) for which the second coefficient also converges

2 <1, — (2. Continuing in this manner we construct a subsequence (Bper, )
such that £. 5, — B" for all 4, and therefore Ber, — 8=, f'v; because

16 = Bl = 1D 2B = 801l < D18 = Bl

Now since |3l,c; | — |8 and Y, |5],| = 1 it follows that }".[5°] = 1. But
then there exists i such that 3° # 0, which by the linear independence of
{v1,...,v,} implies that 5 # 0, and then ||Gner, || = ||B]] # 0 contradicts
the assumption that ||5,,,|| = 0 (a subsequence of a convergent sequence must
have the same limit).

]

Proposition 5.5. Every finite dimensional normed space is complete (and
therefore a Banach space).

Proof. Let (x,,) be a Cauchy sequence in an n-dimensional normed space
V| - |l. Let {e1,...e,} be a basis for V, so x,, =z} e; + ... + 2" e,. Since
() is Cauchy, for all € > 0 there exists N such that if m,¢ > N then by
Lemma 5.4

e > |lam —well = | Y (21, — apesll = e |}, — i)
% %

for some ¢ > 0. Therefore |z, — zi| < /¢, i.e. (2¢,) is Cauchy. Since

R is complete (Prop. 3.17) (z¢,) converges x!, — ' for each i. Let z :=

xle; + ...+ 2", be the corresponding vector. Then from
lm —ll = 1| ) (= aeill < Y Jah, — 2'|lles]
i i
and |x! — x| — 0 we have ||z,, — z|| = 0, i.e. T, — . O
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We have already seen that there exist infinite dimensional normed spaces
which are not Banach spaces, however according to exercise 4.10 every normed
space is isometric to a subspace of a Banach space.

5.2 EQUIVALENT SPACES

Definition 5.6. Two metrics d and e on a metric space X are said to be
equivalent metrics if there exist positive constants ¢y, ¢ such that for all z,y €

X
Cld<x7 y) S €<x7y) S ng($, y)

Two norms | - | and || - || on a vector space V' are called equivalent norms if
there exist positive constants ¢, ¢y such that for all v € V'

clfoll < fol < eafvl]

We say two normed spaces V| -| and W, || - || are equivalent if there is a linear
isomorphism A : V' — W and positive constants ¢;, ¢ such that

arfo] < [Av]] < eslul.

& 5.7. Equivalent norms induce equivalent metrics, and equivalent metrics
induce the same topology.

# 5.8. If d, e are equivalent metrics on X, then X, d and X, e have the
same Cauchy sequences.

#1 5.9. Equivalent normed spaces are homeomorphic (Prop. 2.2 will be
useful).

Proposition 5.10. All finite n-dimensional normed (Banach) spaces are
equivalent.

Proof. Let V,|-| and W, || - || be n-dimensional Banach spaces, with bases
{v1,...,v,} and {wy,...,w,} respectively. Define (as you might have in
exercise 1.12) an isomorphism ¢ : V' — W by

oz = Cb(l‘l?h +...F+2",) = zlw + ..+ 2w,

Then we want to prove there exist c¢1,co > 0 such that ¢1|z| < ||pz|| < co|z]
for all z € V. If we let k = max; ||w;|| then

gl = llatws + ...+ a"wn || < 32 2" |lwill < k32 [l
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and then by Lemma 5.4 there exists ¢ > 0 such that |[¢z| < £[z|. To find
c; we can apply exactly the same argument to ¢! and obtain %', ¢ such
that ¢~ ly| < 'Z—//HyH for all y € W. Setting y = ¢(x) and rearranging gives
wlzl < llozll. O

In particular it follows that any two norms on a finite dimensional vector
space are equivalent, and then by exercise 5.7 it follows that there is only
one topology on a finite dimensional vector space which comes from a norm.
These statements do not hold for infinite dimensional spaces.

#3 5.11. Show that on C([a,b],R) the uniform norm | - | and the L? norm
|| - || are not equivalent (Hint: suppose there exists ¢ such that |f|o < c||f]|2
and construct a continuous function which contradicts this inequality).

#3 5.12. Let T°, T2 be the respective topologies on C([a, b], R) induced by
the uniform norm and the L? norm. Show that 7 is finer than 772, i..

T2 C T

5.3 SUMMARY

The following diagram summarises the inclusions between the various kinds
of spaces we have covered.

topological spaces

U
complete metric spaces - metric spaces
U U
Banach spaces c normed vector spaces C  vector spaces
U U
Hilbert spaces c inner product spaces

25



6 WEEK 6

6.1 ORTHONORMAL SETS

We will work with Hilbert spaces in this section, even though most of the
definitions and results apply in any inner product space.

Definition 6.1. Let H, (-,-) be a Hilbert space.
- We say z,y € H are orthogonal (z L y) if (z,y) = 0.

- A set F of vectors in H is called an orthogonal set if all distinct pairs
e, f € Fye # f are orthogonal.

- An orthogonal set F' with |le|| = 1 for all e € F is called orthonormal.
Lemma 6.2. An orthogonal set is linearly independent.

Proof. Suppose F is an orthogonal set and > " | oye; = 0 for someey, ..., e, €
F and o; € R. Then for any j=1,...,n

0= aiei e5) = Y ailes e5) = ag e
because (e;, e;) = 0 when ¢ # j, and therefore a; = 0 for all j. O

Ezxample 6.3. The standard basis for R™:
er = (1,0,0,...,0),e2 = (0,1,0,...,0),...,e, = (0,...,0,1)

is orthonormal with respect to the dot product. Similarly the sequence space
% (cf. example 1.17) contains the set:

{(1,0,0,...),(0,1,0,0,...),(0,0,1,0,0,...),...}

which is orthonormal in the inner product: v - w := >~ vw; for v,w € 2.

Ezample 6.4. Consider f,(z) := cosnz € L*([0,7],R) for n = 0,1,..., then
we will show that {fo, fi,...} is an orthogonal set in L?. For n > 1:

—sinnz|"
=0
0

(fo, fn) = /OTr 1 cos nzdr =

n
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For n # m, and n,m > 1, using the trigonometric identity 2cosfcos¢ =
cos(0 — ¢) + cos(f + ¢):

(frs ) = /0” cos(nx) cos(mx)dx

=1 /0 (cos(n 4+ m)x + cos(n — m)x)dx
=0
0

m ol singn—m)
— ——SIn{n —m)x
o 2(n—m)

—L_sin(n +m)
= — SIn{n m)x
2(n+m)

To construct an orthonormal set we need the norms:

an||2:/ cosQnmd:E:%/ (1—|—cos2nx)dx:g,||f0||2:/ lde =
0 0 0

so {eg = \/LE, en = \/gcos nxz,n > 1} is an orthonormal set in L?([0, 7], R).

Proposition 6.5. Let {vy,..., v} be a set of linearly independent vectors in
H. Then there exists an orthonormal set {ey, ..., e, } with Span{vy,...,vx} =

Span{es,...,e,}

Proof. (Gram-Schmidt algorithm). Normalise the first vector ey := vy /||vy]|
and define

€9 := Vg — (g, €1)€1
(i.e. vy minus its component in the e; direction). Note that é; is non-zero:
if not then vy = (vq,e1)e; = (vg,€1)v1/||v1|| and vq is a scalar multiple of
vy, but they are supposed to be linearly independent. We therefore define
ey := €1/|é2]|, and ey, e5 are orthonormal:

—_

(e1, e2) = gy (er, @) = gy er, v2 = (v ex)er) = pp((er, v2) — (v2,00)) = 0

Suppose inductively that {ej,...,ex} (K < n) is an orthonormal set which
spans the same subspace as {vy,...,v;}. Then we define
k
€ht1 = Upy1 — Z<Uk+17 ei)e;
i=1

Once again €1 # 0 or else {v;...v,} will be linearly dependent, and so
we define ey := €x11/||€rs1]|- It remains to check that ey, thus defined is
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orthogonal to each e; for j < k:

(ot €5) = o0 (o, eadlea ¢5))

((Vkt1,€5) — (Vg+1,€5)) =0

[]

#3 6.6. Recall from exercise 1.10 that {fo(t) = 1, fi(t) = t,..., f;(t) =
t/,...} is a linearly independent set in C([—1,1],R), and therefore also in
L*([-1,1],R). Use the Gram-Schmidt algorithm to orthonormalise the first
four functions. If you would like to check your answers look up the Legendre
polynomials online.

Definition 6.7. Let A C ‘H be a non-empty subset. The orthogonal comple-
ment of Ain H is At :={veH: (v,a) =0 for all a € A}.

#3 6.8. If A contains an open ball then A+ = {0}.

#3 6.9. Let Y ;7 x; be a series in a Banach space which is absolutely con-
vergent, i.e. > = ||a;]| converges. Show that Y >° ; also converges.

Theorem 6.10. (Bessel’s inequality) Let {eq, e, ...} be an orthonormal se-
quence in H, then for all v € H:

o0

> (vea)? < off?

n=1

Proof. Consider the partial sum vy = S2F_ (v, e,)e, € H. Then

orll? = {0 = (Ths (v, en)ens Shs {0, emben )

= Y1 Lot (s €a) (U, € en, €m)
= Y {v,en)?

Furthermore
o — ol = (v — v, v — o) = [|v]|* = 2{v, ve) + [Jog]|®
= ||U||2 - 2 Zfz:l(”? 6n><1), 6n> + Zizl <U7 €n>2
k
= ol> = (v,en)?
n=1
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It then follows that S°F_ (v,e,)% = [[v]|2 = [[v — w]|? < ||v]|?, and taking
the limit & — oo gives Bessel’s inequality (the limit exists by the monotone

sequences theorem).
[

Definition 6.11. An orthonomal set F' in H is called tofal if Span F' is dense
in H.
In some texts a total orthonormal set is called a complete orthonormal

set or an orthonormal basis. Note however that the latter is not consistent
with our definition 1.11.

Theorem 6.12. Let {ej,es,...} be an orthonormal set in 4. Then the
following are equivalent:

(a) {e1,eq,...} is total in H,

(b) {e1,es,...}+ = {0},

(¢) For any x € H we have x =)

o0

oz, en)en.

Proof. (a) implies (b): let Y = Span{ej, es,...} and assume Y = H. If 2 €
{e1,€2,...}" then for any linear combination Y77 aje; we have (z, Y- aje;) =
Y aj(x,ej) =0, ie z € Y™ SinceY is dense there exists ry — x with each
7, € Y, and then ||z]|? = (z,z) = limj_,o0(z, ) = 0 and z = 0.

(b) implies (c): Let & € H, and label the partial sums sz := S _ (z, e,)e,
and o} = Zﬁ:1<$,€n>2- By Bessell’s inequality o converges, and it is
therefore Cauchy. Now supposing j < k, and using orthonormality,

k k

sk = 551> = 1 ) (@ eadenl” = Y (x,€0)? = |ow — o

n=j n=j

From this it follows that (sz) is also Cauchy, and therefore converges be-
cause H is complete. Now consider y = x — Y (z,e,)e,. Then (y,e;) =
(x,e;) — (m,e)|lejl|> = 0 for all j > 1, so y € {er,eq,...}= = {0} and
r=> " (x e, en.

#3 6.13. (c) implies (a).
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o

-—1(z, e,)e, means

Note: it is important to remember here that x = >

precisely limg_,q ||2 — Zﬁzl(x, én)en|| = 0. This is not the same as saying z
is in the span of {e1, ey, ...}.
Ezample 6.14. The orthonormal set {e, = (0,...,0,1,0...),n = 1,2,...}
(i.e. the nth element of e, is 1) from example 6.3 is total in ¢?. Indeed if
T = (Z1,...,%n,...) € £% is perpendicular to each e, then 0 = (z,e,) = z,
for all n, and x = 0. So {e, = (0,...,0,1,0...),n = 1,2,...} is a total
orthonormal set by Theorem 6.12.
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7 WEEK7

7.1 ORTHONORMAL SETS CONTINUED

Ezample 7.1. The orthonormal set {ey = \/i;,en = \/gcos nx,n > 1} from

example 6.4 is total in L?([0, 7], R) (we don’t have the tools for a proof of
this yet, so it will come later as an exercise). Note that when we write
x =" (x,e,)e, in this case the convergence is in the L? norm, which does
not imply convergence in the uniform norm. Indeed, you might remember
from first year that if a function f has points of jump discontinuity its Fourier
series does not converge uniformly to f.

Proposition 7.2. (Parseval’s relation) Let {ej,es,...} be a total orthonor-
mal set in a Hilbert space H. Then

<.I‘, y> = ZZO:I <.Z‘, e”><€n7 y)

for all z,y € H, and in particular ||z|* = >°7 (z,e,)%

n=1

Proof. By theorem 6.12 part (c), and continuity of the inner product, we
have

k—o0

= lim Zn 1 Zm 1T €n) (Y, em) (€n, €m)

k—o00

= khm anl <[L’, €n> <ena y>
—00

=2 (T en)(en, y)

&3 7.3. Prove that this sum converges.

(e,y) = lim (S5 (@, eaden by (91 emem)

O
Definition 7.4. A metric space X is called separable if it has a countable
dense subset.
Example 7.5. R is separable: QQ is countable and dense.
#3 7.6. Prove that (2 is separable. (Hint: consider the set of rational linear

combinations of elements in the total orthonormal set from example 6.14).

Proposition 7.7. Let H be an infinite dimensional Hilbert space. Then H
is separable iff it contains a total orthonormal set.
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Proof. 1f H is separable then there exists a dense countable set
W = {wl,wg,...} CH

from which we construct a linearly independent subset W’ C W by induc-
tion: assuming {vy, vy, ...,vx} C W is linearly independent, let vy, =
w; where w; is the first element of W which is not in Span{vy,... v}
Now W C SpanW = Span W’ so Span W’ is dense. Applying the Gram-
Schmidt algorithm to W’ we obtain an orthonormal sequence {ej,es, ...}
with Span{ey, es, ...} = Span W’ which is dense so {ej, ey, ...} is total.
Conversely suppose {e1, es, ...} is a total orthonormal sequence. Consider
U={>_rjej:n>1ry...m, € Q}, the set of linear combinations with
rational coefficients. This set is countable, we show it is also dense. Let z €
H,e > 0, then because Span{ey, eo, ...} is dense there exists a real (a; € R)
linear combination y = 3~7_| a;e;, such that ||z —y|| < &/2. Since Q is dense
in R there exist r; € Q such that |r;—a;| < e/2n. Then [ly—3"7_, rje;l| < /2
and it follows by the triangle inequality that [|z—>"_, 7;e;| < &, which shows

that U is dense. O

Theorem 7.8. If H and F are infinite dimensional separable Hilbert spaces
then they are isometrically isomorphic.

Proof. Let {ey,eq,...} and {f1, f2,...} be total orthonormal sets for H and
F. Ifx € Hthenx => > (x,e,)e, by Theorem 6.12. We define T : H — F

n=1
by Tx := Y~ (x,e,) [, (this sum converges by the same reasoning used in
Theorem 6.12). Then T is linear and using Parseval’s relation ||Tz|* =
S0 (x,en)? = ||z||?, Le. T is an isometry. It then also follows that T is

injective, because Tx = Ty implies 0 = ||Tz — Ty|| = || T(x —y)|| = ||z — y||-
Moreover, T is onto: given y € F we can set x = Y~ (y, fn)e,, and then
Tr =vy. O

7.2 WEIERSTRASS APPROXIMATION THEOREM

Definition 7.9. A Dirac sequence is a sequence (K,,) of functions R — R such
that

(1) K,(z) >0 for all n,x.

(2) K, is piecewise continuous on every finite interval and [* K, (x)dz =
1
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(3) Given ¢, 0, there exists N such that if n > N then f Ko+ [ K, <e¢
Ezxample 7.10. Define

A" <1
K,(t) =3¢ o =
Q {0 [t > 1

where ¢, 1= f_ll(l — t%)"dt ensures (2) is satisfied, and also (1). For (3) we
need to estimate ¢,,. Since K, is even:

1 1 1
1
= = 1—t“dt:/ 1 t”l—t”dt>/ 1—t)"dt =
y= [a=era= [avora-oaz [a-ga- —
so ¢, > 2/(n+1). Then given § > 0:

! o [ta=yn "n41 o g, N1 o
/6Kn(t)dt—/ C—S[s (=)t = = —(1-8°)"(1 - 9)

n

but (n+1)(1—6%)" — 0 as n — oo (proof: let 1+¢t=1/(1-6%),thent >0
and (1+¢)" =1+ nt + 2202 4> 20082 thus (n 4 1)(1 — 62)" =
ot 20l 5 0). Slnce K, is even, f:f K,(t)dt — 0 also, and (3)

(1+t)» — n(n—1)t2
holds.

f
y

Figure 2: A plot of K,, for n =2...10. Blue represents higher values of n.
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Definition 7.11. A function f : X — Y between metric spaces is called
uniformly continuous if for all ¢ > 0, there exists § > 0 such that f(x) €
B.(f(xg)) for all z, zy with x € Bs(x).

The difference between uniform continuity and continuity is that for the
latter ¢ is allowed to vary depending on .

#3 7.12. Show that a continuous function f : [a,b] — R is uniformly con-

tinuous.

Proposition 7.13. Let f : R — R be a continuous function which is zero
except 011 (a b), and (K,) a Dirac sequence. Define f,(z) = K, x f =
2 @)K, (x — t)dt, then f, converges in the uniform norm to f on [a, b].

Proof. Substituting t — x — ¢ glves fn( ) = [7 flz— t)K (t)dt, and from
property (2) of Dirac sequences f(x (z) [Z2 K (t)dt = [T fz)K,(t)dt
and therefore

ule) = S0 = [ T (fla— 1) @) Kot (3)

o0

Since f is uniformly continuous on [a, b] by 7.12, given € > 0 there exists
0 such that

[flz—t) = f(x)| <e (4)

for any = € [a,b], when [t| < 0. Moreover setting M = sup;c(, ) | ()], by
property (3) there exists N such that if n > N then

‘K:K}+émKﬁ<dM4 (5)

Now from (3)

he) = sl < ([ + [+ [l =0 - rel o

To estimate the first and third integrals, note that (by the triangle ineq.)
|[f(z —t) = f(z)] < 2M and thus

(/_:Jr/;o)\f(x—t) f(x) | K, (t dt<2M/ / t)dt < e
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using (5). For the middle integral we use (4)

6 5
/|f(x—t)—f(-r)\Kn(t)dt§5/ K, <e
_5 _5

Hence |f,(z) — f(z)| < 2¢ for all z € [a,b], and f, — f uniformly.
[

Theorem 7.14. (Weierstrass approximation) Let f € C([a,b],R) and ¢ > 0.
Then there exists a polynomial function p(t) = ap + a1t + ... + a,t" such
that | f — plo < ¢, i.e. the polynomial functions are dense in C(]a, b, R).

Proof. First note that we can reparametrize any f € C([a,b],R) by = =
(b—a)u+a,0 <u <1 and then g(u) := f((b— a)u + a) is an element of
C(]0,1],R). If we can find a polynomial p(u) such that |g(u) — p(u)| < e for
€ [0,1] then since u = (z — a)/(b — a) we have |f(z) — p(§=2)| < . But
p(3=2%) is a polynomial in z so the result follows for f if it is proved for g.
It is therefore sufficient to prove the theorem for [a,b] = [0,1]. Moreover,
suppose [a,b] = [0,1] and let h(z) = f(z) — f(0) — z(f(1) — £(0)), then we
have h(0) = 0 = h(1), and if we can approximate h by a polynomial p we
can approximate f by the polynomial p + f(0) + z(f(1) — f(0)). Therefore

it is sufficient to prove the theorem for f satisfying f(0) =0 = f(1).
So consider f € C([0,1],R) with f(0) =0 = f(1) and extend it to all of

R by f(x) = 0 outside [0, 1]. We use the Dirac sequence from example 7.10,

and by Prop. 7.13
/ f)Ky(z —t)dt = / f) Ky (z —t)dt

converges uniformly to f on [0, 1]. Tt remains to prove that f,, is a polynomial.
By definition (example 7.10) K,(x —t) is a polynomial in ¢ and x of order
2n, so we write

Kuy(z —1t) = go(t) + g1(t)x + ... + gon(t)z™"

and then
ful@) = ag +arx + ... + aga™

where a; = [ f(t)gi(t)dt
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#3 7.15. Show that C([a,b],R) is separable.

# 7.16. (difficult) Use the Weierstrass approximation theorem to prove

that the orthonormal set {eq = \%,en = \/g cosnx,n > 1} from example
6.4 is total.
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8 WEEK 8

8.1 CONTRACTION MAPPINGS
Definition 8.1. A map f : X — Y between metric spaces X,d and Y, e is
called Lipschitz if there exists ¢ > 0 such that for all z1, 25 € X:

e(f(z1), f(x2)) < cd(1, 22)

The smallest such c is called the Lipschitz constant of f.
#3 8.2. Show that every Lipschitz function is uniformly continuous.
If f:R — R then the Lipschitz condition is |f(z1) — f(z2)] < c|z1 — 29
or:
f(z1) — [(z2)]

<c
|21 — 2o

which tells us that the absolute slope is bounded by c¢. So we can picture
this condition as follows:

Figure 3: Lipschitz condition for f : R — R: there is a double cone with
slope ¢ such that the graph of f remains outside the cone as the vertex is
moved along the graph.

#1 8.3. Let f: R — R be differentiable on all of R. Then f is Lipschitz iff
| f'(z)] is bounded.
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Definition 8.4. If X, d is a metric space then f : X — X is called a contraction
mapping if it is Lipschitz with constant ¢ < 1, i.e.

d(f(z), f(y) <cd(z,y), c<1
for all x,y € X. A fixed point of f is a point € X such that f(x) = z.

Theorem 8.5. (Banach fixed point theorem) Let X be a complete metric
space and f : X — X a contraction mapping. Then f has a unique fixed
point.

Proof. The basic idea: for a fixed point d(f(z),x) = 0, so guess any xy and
find the distance d(f(z¢),xo). Unless we are very lucky this distance will
be non-zero, so we update our guess to x; := f(zo) and find the distance
d(f(x1),21) = d(f(f(zo)), f(xg)). Since f is a contraction mapping this
distance is smaller than d(f(xg),xo), so 1 is closer to being a fixed point
than xy. We prove that by iterating this process we converge to a fixed point.

Choose xy € X and define the sequence (x,) by successive iterations of

f,ie.

We are going to prove that this sequence is Cauchy. By repeated instances
of the Lipschitz property

d($m+17 mm) = d(fm(xl)a fm(xO))
<ed(fmHa), f7 N @o)) <. < M, w0)
Now for n > m, using the above inequality, the triangle inequality, and the
formula for the geometric series:
d(xrn xm) S d(.Im, xm—l—l) +...+ d<xn—17 xn)
< (™4™ (g, 1)
o 1
< m 7 d — m
<c (;c) (xo,21) = ¢ |

d(.flfo, xl)
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From which we see that (z,) is Cauchy: since ¢ < 1 we have ¢™ — 0, so
given € > 0 there exists NV such that ¢” < e(1 — ¢)/d(xg, z1) for all m > N,
and then d(z,,z,) < € for all n > m > N. Now because X is assumed to
be complete we have z,, — x € X. To see that z is actually a fixed point:

d(f(x),z) <d(f(z),z,) + d(x,,x) < cd(x,x,-1) + d(zp,z) — 0

n—oo

so d(f(x),z) =0 and f(x) = z. Finally, we show that it is unique. Suppose
f(x) =z and f(y) =y. Then

d(z,y) = d(f(x), f(y)) < cd(z,y)

and because ¢ < 1 this inequality implies d(z,y) = 0 and =z = y. O

8.2 EXISTENCE AND UNIQUENESS OF SOLUTIONS TO ODE

As a first application of the Banach fixed point theorem we will prove Picard’s
theorem on existence and uniqueness of solutions to ordinary differential
equations (ODE). This theorem gives sufficient conditions on a function f :
R? — R such that the initial value problem

dx

pri flt,x), x(ty) =x0€R (6)

has a unique solution.
We are going to need the following property of compact sets.

#3 8.6. Show that if f : X — Y is a continuous map from a compact
topological space, then the image f(X) is a compact subset of Y.

Theorem 8.7. Let f be continuous on the domain
D:={(t,z) eR*: |t —to| < o, |z — 20| < B}

and suppose f is Lipschitz in its second variable with constant & (independent
of t), i.e.
‘f(t7x1) - f(t7x2)| S k’Q;l - .TQ‘

for all (¢,x1), (t,x22) € D. Then there exists € > 0 such that (6) has a unique
solution z : [ty — €,to + €] — R.

39



Proof. Instead of 6 we consider the equivalent integral equation

x(t) = o +/0 f(r,x(r))dr (7)

Assume € < « so that we remain in D, and let U C C([to — ¢,t0 + €], R) be
such that the map T': U — C([to — ¢, to + ¢|,R), x — Tz defined by

Tx(t) := xg +/0 f(r2(r))dr

is well defined. At minimum this means that z € U must satisfy |z(t) — x| <
B so that (¢t,z(t)) € D and Tz is continuous, but we will define U more
precisely after some more observations. Notice that any fixed point of T
will be a solution to (7) and therefore (6). However in order to apply the
Banach fixed point theorem we need to restrict 7' to an appropriate domain
U such that U is complete, T'(U) C U, and T is a contraction mapping on
U. To this end, note that D is compact by the Heine-Borel theorem (4.13 in
Springham’s notes), and therefore by exercise 8.6 f(D) is closed and bounded
and ¢ := max( ,)ep | f(t, z)| exists. Assuming ¢ < min{c, g, =}, we will show
that the domain

U:={xeC([to —&,to+¢|,R) : |x(t) — xo| < ce}

has the desired properties.
First observe that U is closed: suppose x,, — x is a convergent sequence
with z,, € U, then

|2(t) = xo| < [a(t) =z (t)] + [24(t) = 0| < |2 = @nlo + c2

therefore x € U and U is closed by Proposition 3.5. Since a closed subset of

a complete space is itself complete (prove as an exercise), U is complete.
To check that T'(U) C U:

[T (t) — xo| = I/t f(r,x(7))dr| S/t |f (7, (7))l < ¢t —to] < ce

and therefore Tz € U.
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Finally, T is a contraction on U because for x,y € U
t
[Ta(t) = Ty(®)] =| [ Firalr)) = Frglr)ir
to

gk[Wﬂﬂ—Mﬂwr

< cek|lr —ylo

Taking the supremum it follows that |Tx — Ty|lo < cklx — ylo and T is a
contraction by the assumption € < % Since T is a contraction on U it has
a unique fixed point x € U C C([ty — €,tp + €], R) which satisfies (7) and
therefore (6).

[
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9 WEEK 9

9.1 DIFFERENTIATION
We recall that the derivative of a function f : R — R at a € R is defined as
f/(a) -— lim f((l + h) _ f((l)

h—0 h

if the limit exists. An equivalent statement is

L flath) = (@)~ hf'(@)

h—0 h

=0 (8)

Loosely speaking, this means that as h gets small we have f(a+h) — f(a) —
hf'(a) =~ 0. Substituting h = = — a and rearranging

f(x) =~ f(a) + f'(a)(z — a)

i.e. when |r — a| is small f(x) can be approximated by the tangent line at
f(a), which is an affine function . Similarly, recall that a function f : R? — R
can be approximated by the tangent plane at f(aq,aq) (if it exists):

f(x1,22) = f(ar,az) + (01 f(a1, az), 02 f (a1, az)) (2 B Z;)

More succinctly: z,a € R?

f(z) = f(a)+ Df(a) - (z —a)

This property is often described by saying that the derivative is the linear
map which gives the best affine approximation to the original function. But
in what sense is it the “best”? Consider a general affine approximation
f(x) ~ f(a) + A (z — a), substituting h = x — a (which means that h € R?
now

)

fla+h)= f(a)+A-h

The error in this approximation will be a function of h
E(h) = [[f(a+h) = f(a) = A-hl

The derivative as we know it (i.e. (8)) can be characterised by requiring that
E(h) should be of order h: meaning

lim@—)()

h—0 ||h||
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Intuitively, as h gets small the error gets smaller quicker. It turns out that if
a linear map A which gives this behaviour for F(h) exists then it is unique
(see below), and this is the precise sense in which the derivative is “best”.

Definition 9.1. Let E, F be Banach spaces and U C E. A function f: U —
F is differentiable at a € U if there is a continuous linear transformation
Df(a) : E — F, called a derivative, such that

lf(a+h) = fla) = Df@h]

o i

0
Note: h € E, the norm in the denominator is the £ norm, and the norm
in the numerator is from F.

Theorem 9.2. If f : U — F is differentiable at a € U then the derivative is
unique.

Proof. Suppose a derivative D f(a) exists and A : E — F' also satisfies
. fla+h) = fla) = Ab]|

lim 0
h=0 2]
Let d(h) = f(a+ h) — f(a), then
o M= DI @] [[A — d(R) + d(h) — Df(a)h]
o ikl =0 7l
< tim 1) = Dld(R) — Df(a)h]
=0 A h—0 7]
=0

Then let h = tx, where x € ' and t € R,
A(t) = Df(@)(t)] _ . llthe —tDf(@)sl] _ |Aw = Df (@]

0 = lim =
=0 [t] =0 2l ]l
hence Az = Df(a)x for all z € E. O

Definition 9.3. f : U — F is differentiable if it is differentiable at every
uel.

& 9.4. Prove that if f : U — F is differentiable at a € U then it is
continuous at a, and conclude that if f : U — F' is differentiable then U is
open. (Hint: Proposition 2.2).
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Theorem 9.5. (Chain rule). If f: U C F — F is differentiable at a and
g : F'— G is differentiable at f(a) then go f : U — G is differentiable at a

and
D(g o f)(a) = Dg(f(a)) o D(f(a))
Proof. Let b= f(a), A= Df(a), n = Dg(b), and define

Ef(z) :=f(x) — f(a) = Nz — a) (9)
Ey(y) ==g(y) — g(b) — u(y —b) (10)
Egop(x) :=go f(z) —go f(a) — po Az —a) (11)

so that by definition of the derivative

i ||||ff_< 63|||| ; )
Wl
M Ty —ol (13)

and to prove the chain rule we need to show that lim,_,,
(9):
Egor(x) = g(f(2)) — g(b) — u(f(z) — f(a) — Ey(z))
)

= 9(f(2)) — g(b) — p(f(x) =) + pEy ()
= Ey(f(2)) + nEy(z)

So by the triangle inequality and squeeze theorem, it is enough to prove

B

==a |lz —all

o B @

wa |l —all

(14)
(15)

For the latter: by Proposition 2.2 there is a constant k such that ||pEs(z)|| <
E||Ef(x)| and then the result follows by (12) and the squeeze theorem. As
for (14), from (13) we know that for all € > 0 there exists 0 such that if
|| f(z) —b|| <6 then

E,(f DI

7@ b <° (16)
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Moreover, since f is continuous there exists d; such that if ||z —a|| < §; then
|| f(x) —b|]| < ¢ and then rearranging (16)

1E,(f(2)]] <ellf(x) = bl = el Er(2) + Az = a)|
< el Ep(2)| + ekllz — a

where we have used Proposition 2.2 again. Now overall we have: for all ¢ > 0
there exists d; such that if ||z — al| < 0, then

1B _ _IE@I

I = all Iz = all

which together with (9) implies (14). O
Proposition 9.6. Some other properties of the derivative:

(1) If f : E — F is a constant function (i.e. for some y € F we have
f(z) =y for all x € E) then Df(a) = 0.

(2) If f: E — F is a continuous linear transformation then D f(a) = f.

(3) If f: R™ — R™ then f is differentiable at a € R™ iff each component
function f*:R™ — R is differentiable at a, and

Df(a) = (Df'(a),...,Df"(a)) : R" — R™
(4) If f,g: R" — R are differentiable at a then

D(f +g)(a) = Df(a) + Dg(a)
D(fg)(a) = g(a)Df(a) + f(a)Dy(a)

#3 9.7. Prove Proposition 9.6 (they are not all easy).

Recall the definition of a partial derivative of f : R® — R at a € R™:

dif(a) := lim fla',....a" +h,...a") — f(a)

h—0 h

(17)

The next theorem shows how the partial derivatives are related to Df.
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Theorem 9.8. If f: R® — R™ is differentiable at a then the partial deriva-
tives of component functions 9;f7(a) exist for all 1 <i <m,1 < j < n and

Df(a) is the linear map represented by the m x n matrix with ijth entry
0;f"(a) (the Jacobian matriz).

Proof. First consider the case m =1, so f : R* — R. Define ¢; : R — R" by
¢;i(x) == (a*,...,2,...,a"), i.e. with z in the jth coordinate. Then by (17)
and the chain rule:

fodi)al +h)—(fo¢;)a’)

h—0 h
= D(f o ¢;)(a’)
= Df(¢;(a’)) o Do;(a’)
0
=Df(a) |1

where D¢;(a;) has been calculated using the properties in Proposition 9.6.
So 0, f (a) exists and is the jth entry of the 1 xn matrix [D f(a)]. The theorem
now follows for m > 1 by Proposition 9.6 part (3).

O

# 9.9. Find an example proving the converse to Theorem 9.8 does not hold.
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10 WEEK 10/11

10.1 HIGHER ORDER DERIVATIVES

In Example 2.5 we saw that the space B(V, W) of continuous linear maps
between normed vector spaces V' — W is itself a normed space.

#3 10.1. (difficult) If W is a Banach space then B(V, W) is a Banach space.

Definition 10.2. Let Vi, Vo, W be normed vector spaces and b : V; x Vo — W.
We say b is bilinear if for all v; € Vi, vy € V,

o b(-,v3) : V3 — W, and
o b(vy,:): Vo= W

are both linear. Similarly multilinear maps Vi x ... x V}, — W are linear in
each argument, and when the vector spaces are finite dimensional they are
often called fensors.

Definition 10.3. The direct sum V| & V; of two vector spaces is the cartesian
product V3 x V;, with the vector space structure defined by (21, z2)+(y1, y2) :=
(1 +y1, 22 + y2) and a(z1, x2) = (ax1, axs).

#3 10.4. Show that ||(vy,v2)]| := |lv1|| + ||va]| defines a norm on V; & Vs, and

if V4, V5 are Banach spaces then so is V; @ V5. Prove that the topology on
Vi x V5 induced by this norm is the product topology.

#3 10.5. Show that a bilinear map is not linear on the direct sum, and vice
versa.

#3 10.6. Prove that a bilinear map b : V; x Vo — W is continuous iff there
exists ¢ > 0 such that ||b(vy,ve)|| < cf|v1]|||va]| (in which case we say it is
bounded).

We will use the notation B(Vy, Va; W) for the space of continuous (bounded)
bilinear maps. This space has a norm given by

b
I [ CIP
(v1,02)EVI X V2 o1 [[][val

# 10.7. Show that the map ¢ : B(Vi,Va; W) — B(Vy, B(Va, W)) defined
by ¢(b)(vy) := b(vy,-) : Vi — W is a linear homeomorphism.
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# 10.8. Extend the previous result to show that

where B(Vy, ..., Vi; W) is the space of continuous multilinear maps.

Definition 10.9. Let f : U C E — F be a differentiable function and define
the map Df : U — B(E,F) by z — Df(x). If Df is a continuous map
then we say that f is continuously differentiable or of class C*. If Df is also
continuously differentiable, i.e. D?f := D(Df) : U — B(E,B(E,F)) =
B(E, E; F) is continuous, then we say f is of class C%2. If D*f : U —
B(E,...E; F) (defined recursively) exists and is continuous then f is of class
C*, and if D*f exists and is continuous for all & > 1 then f is called C™ or
smooth.

When £ = R™ and F' = R™ the above definition of C* is equivalent to
requiring (as in lectures) that all partial derivatives up to order k exist and
are continuous. We will not give a proof here, but the basic idea is the same
as in the proof of Theorem 9.8:

#1 10.10. Let e;,7 = 1,...n be the standard basis vectors in R™. Show that

if f:R"— R™is C" then (D*f(z)(e;,e;))r = 0:0; f*(z) for all k = 1...m.
(Here f* is the kth component function of f and (D*f(z)(e;,e;))y. is the kth
component of D?f(x)(e;,e;) € R™.)

10.2 INVERSE FUNCTION THEOREM

Recall the Newton-Raphson (NR) method for solving f(z) = 0 for « where

f : R — R is a differentiable function: guess zy, hopefully f'(zq) # 0,

f@o) then iterate Tpy1 = Tp — J{,((‘i’;)), and hopefully we

calculate 1 = zg — ek

find that |x,11 — x,| — 0 (there is a nice animation on wikipedia). Suppose
instead we want to find an inverse for f, i.e. for a given yo we want to solve
f(x) = yo. Then we can simply apply the NR-method to f(x) — v, i.e.

f(xo)—yo
f'(@o)

.... We write

Fyo (ZL’) =T f(;?(;)yo

calculate x1 = g —

so that x, = F,,(x,_1), and convergence of the NR method is equivalent to
convergence of successive iterations of Fj,, which calls to mind the Banach
fixed point theorem. For f : R — R the inverse function theorem says that if
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f'(a) # 0, x is sufficiently close to a, and y is sufficiently close to f(a), then
this process converges and gives an inverse for each y sufficiently close to a.
Briefly, we say that f is locally invertible in a neighbourhood of a.

Figure 4: f'(a) # 0 so there is a neighbourhood of a which is mapped
bijectively to a neighbourhood of f(a). Notice that f will not be invertible
in any neighbourhood of b.

We are going to prove the inverse function theorem for differentiable maps
f : R®" — R"™ The basic idea is the same as above but dividing by f’(z)
no longer makes sense. We will need to use Df(z)~! instead, and replace
the condition f’(a) # 0 with “Df(a) is invertible”. First some preliminary
results.

Lemma 10.11. (Mean value inequality) Let f : U C R® — R™ be a C!
function, and V' C U a convex subset such that sup,.y |Df(x)| exists. Then
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for all x1, 20 €V

[f (1) = fla2)|l < sup [Df(@)][lz1 = ]

Proof. Since V' is convex the path o(t) := tzy + (1 — t)zg is in V. By the
chain rule

do

Ho(t) = DFo()) T = Df(o(t)(rs —22)

Integrating with respect to t:

Fa) — flas) = / Df(o(t)) (a1 — )

therefore
1) — fla)l < | / Df(o(t)(x1 — wa)dt]
< / IDF (o(t)) (s — 2)dt

< / Df(o(t)| 21 — zalldt

< sup |Df(x)|[|lz1 — z2|
zeV

[
Corollary 10.12. For any a € V
1f(@1) = f(w2) = Df(@)@r = 2o)l| < sup |Df(z) = Df(a)[ler = 22
Proof. Apply Lemma 10.11 to the function g(z) := f(x) — Df(a)z. O

Theorem 10.13. (Inverse function theorem) Let f : U C R™ — R™ be a C*
function. If for some a € U we have that Df(a) is invertible, then there is
an open set V' C U containing a such that the restriction f|V — f(V) C R
has a C* inverse g : f(V) — V, and Dg(f(x)) = (Df(z)) .

Proof. Write yo = f(a), A = Df(a) and define F,, : U — R" by

Fyo(@) == 2 = X7 (f(z) — o)
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We will prove that Fy, is a contraction map (on a subset of U). For z1, 25 € U

Fyo (1) = Fyo(2) = 21 — 2 — X (f(21) — f(2))

= MMz — 22) — flay) + f(x2))

Since U is open there exists an open ball at a contained in U, and then any
closed ball B, (a) with smaller radius is compact, convex and contained in U.
Then by exercise 8.6 | D f(x)| is bounded for x € B, (a), and using Corollary
10.12, for a1,y € By, (a)

1Fyo (21) = Fyy(z2)| < [A7Y] sup [Df(x) — Df(a)lllz1 — 22|

Z’GB(SI (a)

By continuity of Df, there exists d; > 0 such that if |x — a] < Jy then
|Df(z) — Df(a)| < ﬁ (the reason for this particular choice of bound will

become clear later). Therefore if z1,x9 € By, (a) N By,(a) then
[Fy (1) = Fyo(w2) | < 5llw1 — 2] (18)

i.e. Fy, is Lipschitz with constant < 1. Let 6 < min{dy,d2}, then F, is
Lipschitz on the closed ball Bs(a), which is complete. In order to apply the
Banach fixed point theorem it remains to show F,,(Bs(a)) C Bs(a). For this
note that

Fyy(a) =a—A"(f(a) - f(a)) = a
and therefore from (18) ||F,,(z) — al| < 3|lz — al|, which shows that if = €
Bs(a) then F,,(r) € Bs(a). Now by the Banach fixed point theorem F),, has

a unique fixed point in Bs(a). Let v = ﬁ and for any y € B, (yo) define
Fy(z) =2 = A" (f(z) —y).
Applying the same argument as for yy, we have the Lipschitz property
1y (1) = Fy(z2)l| < gllz1 — 22
for all 2,29 € Bs(a). To show F,(Bs(a)) C Bs(a) note that
Fy(a)—a=a—X"(f(a) —y) —a=A"(y — )

hence



and therefore for z € Bs(a) and y € B, (y)

1Fy(2) = all < [[Fy(x) = Fy(a)l| + X lly = woll
1 4]
§§||CE—CL||+§ <9
by the Lipschitz property for F;, and the choice of . So F,(z) is a contraction

mapping and has a unique fixed point. We define g : B,(yy) — Bs(a)
by y + (unique fixed point of F},), i.e. F,(g(y)) = g(y). It follows that

9(y) = g(y) = X'(f(9(y)) — y), and then f(g(y)) = y. Moreover
Froy(z) =z = A (f(z) - f(z)) ==

so x is the fixed point of Fy(), which means g(f(x)) = x. Thus g is the
inverse of f|Bs(a). Continuity of g:

19(y1) — g(y2)|l = | Fy, (9(v1)) — Fia(9(y2)) |l
< |[Fy (9(y1)) — Fyy (g )| + 1| Fy (9(y2)) — Fyy(9(y2)) |l

< Llgt) = gl + 13" — )]

rearranging gives:

lg(y1) — g(w2)ll < 2127 |ly1 — wel|

so g is Lipschitz and therefore continuous.

Now we prove g is differentiable. Note that since Df is continuous,
Df(a) € GL(n,R), and GL(n,R) is open in L(R",R") = M(n x n,R) (see
Week 10 worksheet), there is an open set U’ C U such that D f(z) € GL(n,R)
for all x € U’. So we set V = Bs(a) NU" and W = f(V) C B,(yo), and then
for all y € W we have that Df(g(y)) is invertible.

Now for y € W let k = g(y+h)—g(y) with h sufficiently small so that & is
well defined. Then limj,_,o k = 0 (continuity of g) and h = f(k+g(y)) —y =

f(k+9g(y)) — f(g(y)). Letting A = Df(g(y))
lg(y +h) —g(y) — A'A| _ [ATH(AK = h)|

1] 1]
_ AT AR — f(E+9(y) — fla@))
il
< 2|)\71HA71| 1f(k+g(y) — flg(y)) — Akl

il

52



where we have used ||k|| = ||g(y + h) — g(y) < K||h|| (Lipschitz property for
g). The squeeze theorem gives

i 190 +h) = gly) — A7MA]|

w5 ] !

which shows that Dg(y) = A~ = Df(g(y))~". This means Dg : B,(yy) —
L(R"™,R™) can be decomposed as

Dg=1InvoDfog: B,(y) — Bs(a) = GL(n,R) = GL(n,R).

Here Inv : GL(n,R) — GL(n,R) denotes matrix inversion, which we claim
is a smooth map. So Dg is a composition of continuous functions, therefore
continuous, and g is C'. By repeated applications of the chain rule it follows
that g is C*. O

#3 10.14. Prove that matrix inversion GL(n,R) — GL(n,R) is a smooth
map.

Remarks.

The identification L(R™,R"™) = M (n x n,R) depends on a choice of basis
for R”. Usually we mean to use the standard basis on R”, but it doesn’t
actually matter for the above proof.

The inverse function theorem can be extended to maps between Banach
spaces, but it takes a bit more work. For example, in order to generalise
the mean value inequality we need to know how to integrate over a path in
Banach space.
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11 WEEK 12

#3 11.1. Show that a linear map A is injective if and only if ker A := {x :
Az =0} = {0}.

Lemma 11.2. Let V be an r-dimensional subspace of R". Then R" =
V @V, the dimension of V* is n —r, and for any & € R” there exist unique
y €V and z € V* such that z =y + 2.

Proof. V' is a finite dimensional vector space so it has a basis {v,...v,}
where r is the dimension of V. We can assume this basis is orthonor-
mal (by Gram-Schmidt 6.5), and can extend it to an orthonormal basis
{v1, ... Vp, W1, ... w,} for R™ (choose a vector not in the span of v;, or-
thonormalise, repeat if possible). So any x € R™ can be written as a linear
combination

T = imivi + i 2l w; (19)
i=1

j=r+1

where o' = x - v; for i = 1,...,r and 2/ = z - w; (we emphasize that here '
does not mean the ith component of x in the standard basis).

Suppose z = i, 2'v + 30 2w s in V4 then ' = z-v; = 0 for
i=1,...7,50 {Wy41 ... w,} is a basis for V-, which therefore has dimension
n — r. Define projections 7y : R* — V and 7, : R* — V* by

v (x) = Zmzvz 7y (r) = Z zlw;

Then (7y, 7, ) : R* — V &V is an isomorphism with inverse (y, 2) — y + 2
(for example, check injectivity: (my, 7 )r = (0,0) iff ' = 0 for all i =
1,...,n iff z = 0, we leave the other properties as an exercise). Moreover,
observe that setting y = myx and z = 7 & gives the decomposition z =
y + z. If this decomposition is not unique, then (19) is not unique and
{v1, ... Vp, Wyy1, ... wy,} is not a basis. O

There is an isomorphism V = R" given by mapping y to its coefficients
(y',...,y") with respect to the basis {vy,...,v,}, or perhaps more precisely:
mapping each v; — e; to the standard basis vector and extending linearly
(compare exercise 1.12). Similarly V+ 2 R"™" andso VOV X R"GR " =
R". From this point of view the above lemma can be rephrased as:
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Corollary 11.3. There is an isomorphism (a.k.a. change of basis) 7' : R" —
R™ = R"™™ @ R™ such that T(V) = R"™ & {0} and T(V*) = {0} & R™.

Lemma 11.4. (Splitting lemma) Let A : R — R™ be a surjective linear
map and let K = ker A. Then there exists an isomorphism ® such that the
following diagram commutes:

R —2 5 R™

[

K®R™
meaning A = pry, o®, where pry(a,b) :=b.

Proof. The kernel of a linear map is a subspace so by the previous lemma
there exist projections mx, 7, such that (mg,7.) : R" =2 K @ K+. We will
prove that A|K+ — R™ is an isomorphism. Suppose v € K+ and Av = 0.
Then V € K- N K = {0} and v = 0, so A|K* is injective. For surjectivity:
let w € R™, then since A is surjective there exists x € R™ such that Ax = w.
By the previous lemma x = wmgx + 7, x so

w=Ar =Alrgr+7m,x) =0+ Am,x

and 7,2 € K+ so A|K* is surjective. We therefore define ® : R — K & R™
by
= (Id, A|K*) o (7,71 ) = (7K, A)

® is a composition of isomorphisms, therefore itself an isomorphism, and
Ax = A(rgx + mx) = Amyx = pry $z, so the diagram commutes. O

Notice that we have also proved the rank-nullity theorem, because by
Lemma 11.2 the dimension of K is n —m.

Suppose now that f : R” — R™ is a smooth map such that D f(x) : R® —
R™ is surjective. Then by the splitting lemma there is an isomorphism &
such that

R™ Df(x) R™

l@ Pro

ker Df(z) & R™

By the Linearisation Dogma we expect to be able to prove something similar
for f, at least locally.
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Proposition 11.5. If f : R” — R™ is a smooth map and D f(z) is surjective,
then there exists an open subset U C R" containing x, open subsets U; C
R"™™ U, C R™, and a diffeomorphism ¢ : U — U; x U, such that the
following diagram commutes:

U

L

U1XU2

Proof. Let K = ker Df(x) and Define F := (7g, f) : R” - K & R™. Then
by properties 9.6 of the derivative DF(z) = (nk, Df(z)), which is an iso-
morphism by the splitting lemma. By the inverse function theorem 10.13
there exists an open set U C R” such that F|U — F(U) is a diffeomorphism.
By definition of the product topology F'(U) contains an open set of the form
Uy x Uy, so we let U = F~1(U; x Uy) and define ¢ := F|U = (7, f)|U, so
pryo¢ = f|U. [

Theorem 11.6. Let f : R” — R™ be smooth and suppose a € R™ is a
regular value of f,i.e. Df(x) is surjective for every z € f~1(a). Then f~1(a)
is an (n — m)-dimensional submanifold of R™.

Proof. Given x € f~'(a) we have Df(x) surjective and therefore by the
previous proposition there are open sets U, Uy, Us; and a diffeomorphism ¢ :
U — U, x Uy such that pryop = f. We give f~!(a) the subspace topology
so that f~'(a) N U is open in f~!(a). Moreover, for all z € f~1(a) N U we
have a = f(x) = pryo¢(x) and therefore ¢(x) = (x1,a) for some z; € Uj.
We claim that ¢ := pr, o¢|f'(a) N U — Uj is a homemorphism:

fHa)nU
las x
U1 X U2 L) U1

- both ¢, pry are continuous, so the restriction is continuous in the sub-
space topology

- the inverse u — ¢~ !(u, a) is also continuous: suppose W C f~1(a)NU
is open, then ¢(W) = Wi x {a} is open in U; x {a} because ¢! is
continuous, and therefore W is open in Uj.
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So for any = € f~*(a) we have a chart (¢, f~'(a) NU) for f~*(a) which con-
tains x. It remains to show that overlapping charts are compatible. Suppose
we have another chart (3, f~(a) N V) by

fHa)nv

b\

VixVy —3 1

which is such that W := fYa)NUNV # 0. Consider o0 ¢t : Q;(W) C
Uy — Vi. For u € ¢(W) we have

F0 ¢ (u) = pryoy0¢ ! (u,a)

so D(¥ o &)(u) is a partial derivative of pryoy o ¢~!. But v and ¢ are
diffeomorphisms and pr; is linear so the composition is smooth, and so is

the partial derivative.
O

Ezample 11.7. The n-sphere S™ := {z € R" + 1 : ||z|| = 1} is a submanifold
of R"*!. The function f : R"™\{0} — R defined by f(z) := ||z||* has 1 as a
regular value and S™ = f~!(1). To see that 1 is a regular value we calculate
the derivative of f:

Df(x)v= 4| _ flz+tv) = &|_, llz+tv|?
%‘tzo (x 4 tv) - (z + tv)
T-x+ 2t - v+ - v)

d
_E‘tzo(
=2 -v

Observe that for  # 0 we have Df(z) surjective: given w € R let v =
wzx/2]|z||%. So in fact every positive real number is a regular value of f.
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