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1 Introduction

The great Gauss warned mathematicians to stay away from infinity. For years most
mathematicians heeded his warning until Georg Cantor, at the end of the 19th cen-
tury, invented set theory. Creating more than one kind of infinity with the cardinal
and ordinal numbers. This paved the way for more study of infinity. In the field
of analysis mathematicians were less interested in Cantors rather abstract cardinal
numbers. Their interest in infinity mainly was focused around infinitesimals, the
infinitely small numbers. The concept of infinitesimals had already been introduced
in mathematics and used by mathematicians like Newton and Leibniz, however they
never were able to develop a rigorous foundation, so they were discarded in favour
of the more well-founded limit approach. That was, until the late 1960s when Abra-
ham Robinson developed non-standard analysis.

Non-standard analysis is a powerful tool. Though it is not necessary to use it, it can
bring great elegance to a proof. In this thesis we will look at three non-standard
proofs of big theorems in Functional Analysis. The Theorem of Hahn-Banach, the
Theorem of Hille-Yosida and the Theorem of Bernstein-Robinson, a case of the in-
variant subspace problem, which was initially proved using non-standard methods.

We will start in Section 2 with a short introduction to logic. We will assume that
the reader has know knowledge of the subject so those who have followed a basic
course on the subject should be already familiar with the material. We will finish
by defining our non-standard model, using filters, and then expand our model so we
can ‘quantify sets’. In the remaining three sections we focus on our main results.
In Section 4 we will explore non-standard Functional analysis and end by proving
the Theorem of Bernstein-Robinson. In section 5 we look at a more abstract proof
technique which we will use to proof the Theorem of Hahn-Banach. We will end in
Section 6 by taking a look at semigroups and giving a non-standard proof for the
Theorem of Hille-Yosida.

2 Logic

2.1 An introduction to logic

Non-standard analysis is a product of logic, hence we will start giving a short intro-
duction to logic. We will start with some very basic definitions. One of the main
goals of logic is giving an unambiguous language in which we can talk about math-
ematics. This so-called logical language will always contain the following logical
symbols:



not
and
or
implies
is equivalent to
universal quantifier
existential quantifier
1, T, ... variables
( left bracket
) right bracket
, comma

w< | <>

Besides the logical symbols there are constants, function symbols and predicates
which can be more freely interpreted to pose theorems. Here constants and functions
fulfill the role you would expect and predicates are statements.

Example 2.1. The statement ‘Every mathematician thinks logically’ can be for-
mulated logically by (Vz)(A(z) — B(z)) where A(z) means ‘x is a mathematician.’
and B(x) means ‘x thinks logically.”. In this case A and B are both predicates.
The statement ‘Function f is continuous at c¢.” can be expressed in the logical
language by:

(Ve) (A0, €) = (39)(A(0,0) A (Vo) (A(f1(fa(c, 2)), 0) = A(f1(f2([f(c), f(x))), €))))

where A(xy,z3) means ‘xzy < 3’ ¢ is a constant and the function symbols are
interpreted as fi(x) = |z| and fo(z1,22) = 21 — 25. As you might expect we
will usually denote functions in a more recognisable way to avoid horrible looking
formulas as above.

Definition 2.2. A language L is a set of symbols containing:

(i) The logical symbols.
(ii) A set of constants ¢y, ¢, ... .

(iii) A set of functions fi", f3?,... where n; is a positive integer describing the
number of variables of the function.

(iv) A non-empty set of predicates P/, Py?,... where n; is a positive integer de-
scribing the number of variables of the predicate.

Since the logical symbols are always part of a language we will omit them when
describing a language. So a language containing just the logical symbols we will
denote as L = 0.

With a language we can now write down formulas which are a combination of
symbols from the language in a correct order. We will not define what a correct
order of symbols is, but assume that the reader intuitively knows what this means.
You can find out more about this in [6].



We now have a language to talk about mathematics. But as in a normal language
the words are useless without an interpretation, in a logical language the symbols
are senseless without an interpretation as well. An interpretation of the language is
given in so called structures.

Definition 2.3. Let £ be a language. An L-structure M is a non-empty set M
called the domain and an interpretation of all symbols from £. That is:

(i) To every predicate P/ we associate a set M; C M™. (We will interpret
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P (v, ..., vp,) as ‘true’ if (vq,...,v,,) € M;.)
(ii) To every function symbol f"* we associate a map from M™ to M.

(iii) To every constant ¢; we associate an element v; € M.

Example 2.4. Consider the language £ = {cy, cz, f, f2, P?}. Then M = N with
the interpretation ¢; = 0, co = 1, f2(z1,72) = x1 + T2, f3(x1,22) = 71 - T2 and
predicate P2(zy,7s) means 1 < Ty, i.e. My = {(z1,22) € N? : 21 < x5} is an
L-structure

If we want to use a specific language we usually use the standard mathematical
symbols. In this case we would write: £ ={0,1,+,-, <}.

If a formula B is true in M we say that M satisfies B. For short we write M = B.

We can now talk about mathematical structures, but they can be quite wild. If you
want to, you can use ‘+’ as a function symbol and interpret it as multiplication. To
gain more control over our structures we want to make rules for how the function
symbols, constants and predicates should behave. These rules are the axioms and a
set of axioms will be called a theory.

Definition 2.5. Let £ be a language. A non-empty set of formulas from £ is called
a theory.

Definition 2.6. Let T" be a theory. An L-structure M is a model of T if M |= B
holds for each formula B € T. We write M = T.

Example 2.7. We will now give a short example to get a better idea of theories,
models and L-structures and the differences between them.

Consider the language £ = {0,1,+,-,=}. We will take as theory T the group
axioms:

(Vz)0+z=2A2x+0=121)

(Vo) (Vy)(V2)(z + (y + 2) = (z + y) + 2)

(Vo) Fy)(z+y=0Ay+2=0).
An L-structure in this case is for example N with the usual interpretation. This
does not satisfy T" due to the lack of inverses.

Z or Q with the usual interpretation however are models of T
Of course we know that Q is a field as well, (hence the inclusion of ‘-’ and ‘1’
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in our language), so sometimes a model satisfies formulas, like the existence of
multiplicative inverses, which are not consequence of the theory. On the other hand
there are formulas, like the uniqueness of 0, which are logical consequences of a
theory, but which are not part of the theory. That is why it is important to make
a clear difference between what is part of the theory, what are consequences of the
theory and what is true in a specific model of the theory.

We have now covered the basic logic that we need. This allows us to focus on some
more specific concepts of logic which we will need for non-standard analysis. In
particular closed formulas which will become very important. Before we can define
them however, we will first take a look at free variables.

Definition 2.8. Let B be a formula. In (Vz)(8) and (3z)(*B), we call B the range
of the quantifier.

Definition 2.9. An occurrence of a variable z is called bound if it lies inside the
range of a universal or existential quantifier. If x is not bound it is called free.

To really understand this definition it is important to understand that, while it is
advisable to write down formulas unambiguously, it is not necessary. The formula
(Vz)(x = y) A (Jy)((y + = < z) — (3x)(z = y)) is legal since the range of the
universal quantifier is restricted to (x = y) and thus does not create a conflict with
the existential quantifier later. In this example x is bound in its first two occurrences
and its last occurrence, but free in its third and y is free the first time and bound
in the rest. Here z is free in all occurrences.

Definition 2.10. If in a formula all variables are bound we call it closed or we call
it a sentence.

Example 2.11. The following formulas are closed:
(Vz)(Vy)(z <yVy<zVz=y).
For ¢ a constant:
(Ve)(e >0 = (30)(0 > 0N (e — x| <0 = [f(c) = ()] <e))).
For f a function:

(3e)(Ve)(e > 0 — (FR)(R > O A (Vr)(R < r — |f(r) — F(&)] < €))).

To really understand closed formulas it might be useful to look at some formulas
with free variables. A well known and relevant example is the theory

T=TgU{v>n:neN}

where Tk is the theory of the real numbers [6]. Since in every formula we used the
same free variable v, any model M of T must contain an x € M such that m > n for
all n € N. Hence a model of T" would be suitable for non-standard analysis. That
such a model exists is a consequence of the Compactness Theorem [6], a well known
theorem in logics.



2.2 Filters

Though we could use the Compactness Theorem to prove there exists models with
infinitely large numbers and we could just pick one and work with that, it is a rather
abstract approach. There is another more constructive way to construct infinitely
large numbers using filters which is the way we will explore.

For this section & is a cardinal number and J is a set of cardinality k.

Definition 2.12. We call F C P(J) = {X : X C J} a filter on J if the following
hold:

(i) f Ac Fand AC BC J, then B € F.
(ii) If A, B € F, then ANB € F.
(iii) ) ¢ F and J € F.

Furthermore we call F principal if there exists aset A C Jsuchthat F = {X C J: A C X},
an ultrafilter if for all A C J either A € F or A° € F and maximal if there exists
no filter Fy O F.

We will first look at some examples of filters and equivalent definition.
Example 2.13. (i) F = {J} is called the trivial filter.

(ii) Fa={XCJ:-ACX},ACJ.

(iii) F ={X C N: X¢ is finite } is called the Fréchet filter.

(iv) F ={X C J:|X° <k} which we will call the generalised Fréchet filter.

Note that the generalised Fréchet filter, and in particular the Fréchet filter both are
non-principal.

Proposition 2.14. Let F be a filter of J. Equivalent are:

(i) F is an ultrafilter.
(ii) F is maximal.
Proposition 2.15. Fvery filter can be extended to an ultrafilter.

Proposition 2.16. Fvery principal ultrafilter is of the form F ={X C J:j € X}
for some 5 € J.

Corollary 2.17. An wultrafilter containing the generalised Fréchet filter is non-
principal.

We will leave these results as exercises for the reader where you can prove the second
proposition by using Zorn’s lemma.

Using filters we will now define a structure, which will be seen as non-standard.
This we can do by defining an equivalence relation on M.
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Definition 2.18. Let M be an L-structure with domain M and let F be a filter
on J. We define on M the relation:

a~bs{jeJ alj)=0b()}eF.
Lemma 2.19. ~ is an equivalence relation.

Proof. Since J € F we find that ~ is reflexive. Since equality is symmetric ~ clearly
is symmetric. To see that ~ is transitive consider a,b,c € M” and note that:

{ieJ:a(G)=0b()}N{j e J:0(5) =c()} C{je:ali)=ci)}

Hence if a ~ b and b ~ ¢ then by definition of filters

{1eJ:a(g) =b0)N{j€J:b(j) =ch)} €F

and then again by definition of filters {j € J : a(j) = ¢(j)} € F, thus a ~ c. O

We now have a new set namely M“/ ~ which we will denote by M*. The equivalence
classes we will denote by [(a;);es]. Of course we want this to be the domain of some
L-structure M*. For this we must give an interpretation to all symbols in our
language.

Definition 2.20. Let M an L-structure with domain M and let F a filter on some
set J. We call M* the ultrapower of M if the domain of M* is M* and we interpret
the symbols of L as follows:

(i) If ¢ € £ is a constant, then
M= [(eM)je].

(ii) If f(v1, ..., v,) € Lis afunction symbol, then for all [(1 ;) e], -, [(Zn;)jes] € M*
we define

I (@rg)ed]s o [(@ng)jed]) = (M (@1, oo Tag))jed].

(iii) If P(vq,...,v,) € L is a predicate, then for all [(x1;)jes]; ..., [(Tn;)jes] € M*
we define

M = P([(v15)jed]s - [(Tnj)jes]) & {F € T : M = P21, s Tnj)} € F.

Proposition 2.21. The interpretations in Definition 2.20 are well-defined.

Proof. Obviously the constants are well-defined, leaving us with the functions and
the predicates.

Let f(vy,...,vm) € £ a function and let ay, ..., am, by, ..., by, € M7 with a; ~ b; for all
1< <m.
We want:

(f(arg, oo am i) Vies ~ (f(br, o bm ) )jes.



To see this, consider

{_] eJ: (f(al,ja ...,am,j))M = (f(bLj, ceey bm’]))M} D) ﬂ{j e J: Q45 = bi,j}-

i=1

Since by assumption {j € J : a;; = b;;} € F', we have that the finite intersection
Nt {j € J:a;; =b;;} € F. Because filters are closed by taking supersets we have

(farg, oo am i) Vies ~ (f(br, oo bm ) )jes.

We can use similar arguments to prove the predicates are well-defined, so we leave
that part of the proof for the reader O

We have now constructed an L-structure, though without some extra restrictions it
can be either a bit to wild or to boring. First observe that if F is principal that
M and M* are basically the same. So we want that F is non-principal, we gain a
‘new’ L-structure. Secondly, suppose our language contains ‘=" and ‘#’ as predicates
interpreted in the usual way in some L-structure M, then in the ultrapower it could
happen that for some z,y € M* we have that M* (£ x = y and M* [~ z # y. To
avoid this we will require F to be an ultrafilter.

When we require F to be a non-principal ultrafilter, we come to the point where the
closed formulas become very important. Because then every closed formula true in
M is also true in M* as well and vice versa. This is expressed in the main theorem
of non-standard analysis, the Theorem of Lo$.

Theorem 2.22 (Lo$). Let B be a closed formula, let M be a L-structure, and let
M* be its ultrapower. Then

MESB < M =B,

Officially this is not the theorem of Losbut a direct consequence of it. The proof is
more deeply rooted in logic, and hence will be omitted. More on this subject can
be found in [6].

Since closed formulas are so important we want as many of them as possible. This
can be done by expanding our language by adding every element of the original
model as a constant. Then the statement ”Function f is continuous at ¢” becomes
a closed formula which will prove to be very useful.

2.3 Ultrapowers
We will apply non-standard analysis on superstructures which we will define in the
next section. Before we do this we first will get familiar with ultrapowers by looking

at a relatively simple structure: C. Of course, before we can talk about C we need
a language. We will use a language £ containing

1. A constant a, for every ¢ € C.
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2. A function f; for every n-ary operation ¢ on C.

3. A predicate A, for every n-ary relation on C.

One of the great advantages of non-standard analysis versus standard analysis are
the infinitesimals. Infinitely small numbers are wonderful for everyone who is not a
fan of epsilon/delta definitions. Using non-standard analysis we can give an equiva-
lent easy definition of continuity. Before this is possible we first will check whether
our ultrapower actually contains the promised infinitely large and small numbers.

Definition 2.23. Let M be an L-structure, let F be a filter on a set J and let M*
be the ultrapower. We call

x: M — Mz~ " = [(2)e/]

a non-standard map. For every X C M, we define the copy of X in M* as
X# . ={z*: 2 € X}

From now on, for convenience sake, we will assume that our filter F is an ultrafilter
on N containing the Frechet filter. This means that any subset of N with a finite
complement is an element of F which makes it easier to understand the proofs. Note
that it does not really matter what filter we use since if a closed formula is true in
one ultrapower, by Los” Theorem it is true in the original model and thus, again by
Lo$” Theorem true in every ultrapower.

We call the elements of M# the standard elements of M*. Please note that there
is no predicate in £ describing M#, which means that the definition of standard
elements is not a definition in the logical language, but in a meta language. We
can now say an element w of C* is infinitely large if |w| > |c| for all ¢ € C*. An
example of an infinitely large number is w = [(n),en]. Evidently for all ¢ € C# the
complement of {n € N : n > |c|} is finite, hence {n € N :n > |c|} € F, so w is
larger than c. Since C* is also a field multiplicative inverses exists, which implies
that there exist infinitely small numbers.

Definition 2.24. Let x € C*, then we call z infinitesimal if for all r € Rfo we have
|x| < r. We denote the set of infinitesimal complex numbers by Cy and the set of
infinitesimal real numbers by Ry .

We call z finite if there is a ¢ € C* and an infinitesimal y € Cg such that z = ¢ +y.
We call z° := ¢ the standard part of x.

Finally if z,y € C* and there is an infinitesimal z € Cy such that z = y + z then we
write © =~ y.

Proposition 2.25. Let y; and ys be infinitesimal and let ¢ be finite. Then vy, + yo,
=1, |y1| and yic are infinitesimal.
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Proof. Let r € R% and let 2 € Cy be such that ¢ = ¢° + z. Then

1 1
ly1 + 1| < |yl +ly2| < §r+ ST ="

| =l = || <,
T T T

ez s T

lyic| < |yic’| + |nllz] <

]

Proposition 2.26. The standard part is unique and every finite c € C* has standard
part.

Proof. Let ¢ be such that there exist ¢1,co € C# and y,y» € Cy such that ¢ =
c1 + Y1 = Co + Ya. Then

0=|01—02—y2+y1\Z|cl—02|—|y2—y1|%|01—02|20-

Hence ¢; — ¢o = 0 proving that the standard part is unique.

Now let # € C* and r € R* such that |z| < r. Consider A, = {z € R¥ : z > Re(c)},
B, ={r e R¥ : x <Re(c)}, A; = {z € R¥ : 2 > Im(c)} and

B;i={z € R* : x < Im(c)}.

Since R is linearly ordered we find ¢, := inf A, = sup B, and ¢; := inf A; = sup B;.
Now suppose that there is a 7, € R* |Re(c) — ¢,| > 1 > 0.

Then either Re(c) — ¢, > 1 > 0 < Re(c) > 1 + ¢ > ¢, thus r; + ¢, € B, and
r1 + ¢, > sup B,., which contradicts the definition of B,, or Re(c) — ¢, < =11 < 0 &
Re(¢) > ¢, — 11 > ¢, thus ¢, — 1 € A, and ¢, — r; > inf A,, which contradicts the
definition of A,.

So |Re(¢) — ¢, is infinitesimal. In the same way we find that [iIm(c) — ic,| is
infinitesimal. Thus |c — ¢, — i¢;| is infinitesimal and ¢ has standard part. O

The infinitesimal numbers are a very useful tool to simplify a lot of definitions.
There are a lot of interesting results for C* but since our goal is Functional analysis
we will just look at one example.

Proposition 2.27. Let f : C — C be a function and let ¢ € C. Then f is continuous
at ¢ if and only if for all x € C* with x ~ ¢ we have f(z) ~ f(c).

Proof. Suppose f is continuous at ¢, then for all € € Ry there exists a 6 € R such
that

C k= (Vo)(le =] < = [f(x) = flc)] <o)

Since €, 6 and ¢ are constants, this formula is closed and so we may apply the theorem
of Lo$which gives us

C" = (Va)(le — x| <0 = [f(z) = fo)] <e).

Since for all § € RY, we have that |z — ¢| < 6 for all # € C* with = ~ ¢, we have
that for all z € C* with z ~ ¢ and all € € R, it holds that |f(z) — f(c)| < e. Thus
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f(x) = f(c).
Now suppose that for z € C* with 2 &~ ¢ we have that f(z) ~ f(c). Let ¢ € RY,
and let 6 € Ry be positive. Then for all |z — ¢| < ¢ implies that = ~ ¢ and so

f(z) = f(c). This gives |f(z) — f(c)| <, so
C" = @F0)(Vr)(|z —of <6 = |f(z) = flc)] <e).

Hence also
CE (30)(Vz)(|lz — | <0 = |f(z) — f(c)] <e).

Since this holds for all € € R,y we find that f is continuous at c. O

Although looking at C* can be very useful it does not cover everything we want. If
we want to make a statement about sets such as ‘Every subset of N has a smallest
element.” we run into trouble since subsets of C* are not elements of C*, so we can’t
quantify over them. To solve this problem we will expand our original £-structure.

2.4 Quantifying sets

Consider a model M with domain M. If we want to quantify over sets of M, we
can simply add them to our domain, that is: P(M)U M, this might however not be
enough. An ordered pair (z,y) € M? is defined as (x,y) = {{z}, {z,y}} which is not
an element of P(M) U M, so if we want to talk about ordered pairs we need more.
Functions are sets of ordered pairs, and we might want to talk about functions of
functions. To accommodate such a big range of possibilities we take the following
construction.

Definition 2.28. Let M be a set. Let My := M. We define inductively M, =
P(M,_1) U M, for all n € N5y. We call

M = U M,,
neN

the superstructure of M.

Having created such a big set, we now need a language to talk about it. This poses
certain problems since we can not include a function + on C like we did when we
only had to deal with C since the domain of an n-ary function in this case should
be C". To solve this problem we use the following language:

L={=e}uC.

You might wonder why we include so few predicates and functions. This is because
we can ‘construct’ predicates and functions by using the constants we added. If for
example we want to use the inequality in R we can use the set

X.:={(z,y) eR?:z <y} eC.

13



This set, which we described using metalanguage, is a constant in our language,
hence we can express 0 < 1”7 by the formula

(0,1) € X..

"0 < 1”7 is not a very hard statement. Now we will give a formula for the more
complicated statement ”for all = € R there exists a y € R such that x +y = 0". For
this we consider the set

X, ={(z,y,2) eR’:z+y=2}eC

which again is a constant in our language. Now we can express the statement as
follows

(Vz)(z € R — (Jy)(y e R = (Fa € X;)(3b € a)(0 € bA(Fc € b)(Id € ¢)(x € dA\y € d))))

where we use that

(#,9,0) := ((#,9),0) := {{{{z}, {=,y}}}, {{z}, {=,y}}, 0}}.

Obviously the more complicated theorems will be very hard to understand using
this kind of formulas. That is why we will be using abbreviations, to reduce the
formula above to just

(Vz e R)(Fy €e R)(z+y =0).

With this language, alongside its natural interpretation, we now can talk about
an L-structure which we will denote by C. Using filters we can now look at the
non-standard superstructure C*.

2.5 Ultrapowers of superstructures

Let F be a non-principal ultrafilter of N. Let C* be the ultrapower of C with respect
to F and let % : C — C*, 2 — [(2)nen] = 2* be its non-standard map. When dealing
with elements of C this was an easy map, however with sets it requires a bit more
attention. As we already saw in Section 2.3, C* is not the set {z* : z € C}. As a
result some of the operators we use on sets do not commute with the non-standard
map. In this section we will find out more about the non-standardization of sets
and what sets are part of our new structure.

Lemma 2.29. 1. 0* = 0.
2. If a,b € C, then a C b if and only if a* C b*.
3. Ifa,be (@, then a € b is and only if a* € b*.
4. For all a € C we have {a}* = {a*}.
5

Afar,eyan € C then (U7 @) = (UL, a7), (Mizy @) = (N af),

{ai,...,a,}* =Aaj,...;a}} and (a1,a2)* = (aj, a3).
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6. For all a,b € C we have (a \ b)* = (a* \ b*).

7. If b is a binary relation, then (dom b)* = dom(b*), (ran b)* = ran(b*) and for
all a € dom b we have (b(a))* = b*(a*).

8. If p(v) is a formula with one free variable and a,b € Cthena:={zeb:C = ¢(zx)}
if and only if a* = {x € b* : C* = ¢(x)}.

Proof. 1. Note that for all = [(z(n))] € C* it holds that z(n) & 0 for all n € N.
Since N € F we have z € 0* hence 0* = (.

2. Let a,b € C. Note that a C b if and only if
CkE(z)(z€a—xeb)
which by Logis equivalent to
C* b= (Va)(z € a* — x € bY)
which is equivalent to a* C b*.

3. Let a,b € C. Then (a € b) is a closed formula thus by Losa* € b* if and only
it a € b.

4. Let a € C. We have {a}* = [({a})] hence = = [(z(n))] € {a}* if and only if
{n:z(n)e{al}eFe{n:z(n)=ate Ferx=a"
a, € C. Observe that
C = (Vx
CE(Vo)(z e (NMja) <z €ai ... A& € ay)
CkE(Vo)(z € {ay,...an} o x=a,V..Vz=a,)

5. Let Aty ...y

)z e (Ua)>x€a V...V E€ay,)

all are closed formulas, hence by Lo$” Theorem we find that
C*l= (Vo) (z e (U ja) <z ed V..V eal)
C*l= (Vo) (z e (Mya) <z ed A Az €a)
C* = (Vo)(z € {ar, ...,an}* &z =al V..V =a)).
This is what we wanted to prove. In particular we find
(a1,02)" = {{aa}, {ar, a2}}" = {{aa}", {ar, a2}"} = {{ai}, {a, a3}} = (a7, 03).
6. Let a,b € C and note that
CE(Mz)(zeca\bezeans &)
is a closed formula and thus by Los” Theorem we find
C'l= (Va)(z e (a\b) <z ea* Az ¢b)
and we already knew that

C*l= (Vo) (z € a* \ b &z €a” Az ¢b).
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7. First note that if b is a binary relation with domain dom(b) and range ran(a)
then
C = (Vz)(z € b — (3y € dom(b))(3z € ran(h))(z = (y, 2))).

Since this is a closed formula, by Los” Theorem this is equivalent to
C* = (Vz)(z € b* = (3y € dom(b)*)(3z € ran(h)*)(z = (y, 2))).

Thus we find that b* is a binary relation with dom(b)* = dom(b*), ran(b)* =
ran(b*).

Now let a € dom(b) and b(a) € ran(b). Then

C = ((a,b(a)) € b).

is closed, hence by Los$” Theorem is equivalent to

C* E ((a,b(a))" € b).
By 2.29.5 we have that (a,b(a))* = (a*, (b(a))*) € b*. Hence b*(a*) = (b(a))*.

8. Let ¢(v) a formula with one free variable and let a,b € C. Note that by Lo§’
Theorem

C = (Vo eb)(z €a+ ¢(x))

if and only if R
C'E (Vxeb)(xe€a < ¢(x))

and by 2.29.2 a C b if and only if a* C b*. Hence a := {x € b : Cl= o(x)} if
and only if a* = {z € b* : C* |= ¢(x)}.

[]

Although most operations on sets are the same for non-standard analysis, there are
a few that are different. This has important consequences. To see this we again
consider the statement that every set of N has a smallest element. However if we
consider N* \ N7 the set of infinite positive integers, we find that it does not have
a smallest element. But the Theorem of Losgives us that every set of (P(N))* has
a smallest element. From this we must conclude that N* \ N# & (P(N))*. To
distinguish the different sets and elements we introduce the following definition.

Definition 2.30. Consider C*, the superstructure of C*. We call z € C* internal
if z € (C,)* for some n € N. If there is an a € C such that z = a*, then we call
x standard. All entities which are not internal, we call it external. Right now we
used brackets to differentiate (C,)* and (C*),, and make clear they are significantly
different sets. In the future we will just use C to denote (C,)*.

In Definition 2.30 we defined external entities instead of external elements. We did
this since some of the entities we want to think about are not an element of (C)*
This leads us to two distinct classes of external entities, those that are an element
of C* like z = [({0}, {{0}}, {{{0}}}, ...)] which for every n is not in (C,)*, and those

that are not like N* \ N#,
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Proposition 2.31. N*\ N# ¢ C*.

Proof. Suppose N* \ N# = [(2,,)nen] € C*. Note that N* \ N# ¢ N*. However we
know that X
C = (Vz)(r C N+ z € P(N)).

which is a closed formula, thus by the Lo$§’ Theorem we have
C* = (Vz)(z C N* & z € (P(N))").

With our earlier observation this means that N* \ N# € (P(N))* which we already
found to be impossible. O

Proposition 2.32. There are internal sets which are not standard.

Proof. Consider {[(n)nen]} = [({n})nen] € Ci. This set is not standard, but is is
internal. [

Theorem 2.33. Elements of internal set are internal.

Proof. Let x = [(xn)nen] € Cf be an internal set, that means that
{neN:z,eC,} €F. Nowlet y=[(yn)nen] € z. Then {n e N:y, € z,,} € F.
Since C,, = P(C,,_1) U C by the definitions of filters we find

{neN:z,eC}n{neN:y,€z,} C{neN:y,eC, 1} € F.

Hence y € C; _, and thus is internal. ]

So the statement in standard analysis that every subset of N has a smallest element,
in non-standard analysis is replaced by the statement that every internal subset of
N* has a smallest element.

This means that if we are studying specific sets in C* we want to know whether they
are internal or not. For this we look at the following technical but useful results.

Proposition 2.34. Let ai, ...,ar € C* be internal, n, ...,nx € N such that a; € Cfbj
forall 5 =1,....k and let ¢p(v,wy, ..., wy) a formula with k + 1 free variables v and
Wi, ., Wi Let m € N and b:={x € C!, : C* |= ¢(x,aq,...,ax)}, then b is internal.

Proof. Consider the formula
B: (Va € Cp,)...(Va, € Cyp, ) (3 € Cppr) (V) (x € b > (x € Cpy A P(2, a4, ..., ag))).

Note that 9B is closed and C = B by the axioms of set theory. Hence Lo$” Theorem
gives

C* | (Va, € C}))...(Ya, € C;, )(3b € Cp ) (x € b4 (z € Tl A (3, an, ..., ar))).
Hence b is internal. O

Corollary 2.35. Let b € C* be an internal binary relation. Then dom(b) and ran(b)
are internal.
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Proof. Let n € N be such that b € C;. Consider
D10, w) : (32)((1,2) € w) and G (v, w) : (32)((2,v) € w).

Note that dom(b) = {z € C* : ¢(x,b)} and ran(b) = {x € C : C = ¢o(x,b)}.
Hence by Proposition 2.34 dom(b) and ran(b) are internal. O

Corollary 2.36. Let b € C* be an internal binary relation and let a C dom(b) be
an internal set. Then b|,, i.e. b restricted to a and b(a) = ran(bl,) are internal.

Proof. Consider the formula
d(v,wy,wy) : (v € wy A (Jy € wy)(32)(y, 2) =v)

and note that b, = {z € C* : C = é(x,a,b)}. Hence by Proposition 2.34 b|, is
internal and thus by Corollary 2.35 ran(b,) = b(a) is internal. O

Of course the most important binary relations are maps for which we can prove a
few extra results.

Proposition 2.37. Let a,b be internal maps with ran(a) C dom(b). Then bo a is
an internal map.

Proof. Let n € N be such that a,b € C’. Evidently b o a is again a map. To see it
is internal consider:

O(z,wi,ws) : (3w)(3y)(32)((y, w) € wy A (w, z) € wy Ax = (y,2))

and note that boa = {z € C, : C* |= ¢(x,a,b)}. By Proposition 2.34 we see that
b o a is internal. O

Again to make our formula less complicated, for a given internal function a and a
x € dom(a), instead of

(3y)((z,y) € a)

and work with y we will just write a(z).
Finally we will prove that the composition and evaluation maps are internal.
Proposition 2.38. Let X, Y, U € C internal, then:

(a) Forall f € XY and all g € UY the function M;: YX - YV hws ho f and
M, :YX = U*, h goh are internal.

(b) For all a € X the function V, : YX — Y, h— h(a) is internal.
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Proof. Let n € N be such that Y x X x U x Y)Y x X x U x X € C;,. Consider
Gy, wi, we,w3) : (Jy € wi)(3z € wo)(w = (y,2) Az = yows),

Gg(T, Wy, wa,w3) 1 (Fy € wy)(Fz € wa)(x = (y,2) ANz =w30Y)

and
Ga(x,wr, wa,w3) : (Jy € wy)(Tz € we)(x = (y,2) A z = y(ws)).

Note that M; = {z € C* : C* = ¢p(z, Y, XU, f)},
M, ={x€C:C"E ¢y(x, YUY, 9)} and V, = {x € C} : C* = ¢u(z,Y™,Y,a)}.
By Proposition 2.34 we conclude that Mg, M, and V, are internal. O]

3 The invariant subspace problem

3.1 Dimension of a vector space

Our goal is to use non-standard analysis on vector spaces, in particular on function
and sequence spaces. However some of the mathematical concepts, which are easily
defined in mathematical language, are quite hard to describe in logical formulas.
One of these concepts is the dimension of a vector space which is tied to a basis of
the vector space. We will only describe a basis for normed vector spaces and for that
we will have to define the span of a set of vectors, and the closure of a set in a vec-
tor space. Before we can define the span of a set, we first need the concept of finitude.

To define finitude we will use cardinality. The finite sets are luckily easily represented
by the sets K, := {1,...,n} with n € N. Note that the set

K :={K,:neN}eC.

From there we can define the function: fx : N — K, n+— K,. We can now express
that a set A has finite cardinality by

fin(A) : (In € N)(3f € K)(van(f) = fx(n) Ainj(f))
and we can express that A has cardinality n for some n € N by:
(Al =n: (3f € K)(ran(f) = fx(n) Ainj(f))
and that A has cardinality R, by
Al =R : (3f € NY)(ran(f) = N A inj(f)).

Here inj expresses that f is an injection. We leave that formula as an exercise for
the reader. Note that we have the surjectivity by the fact that ran(f) = fx(n) or
ran(f) = N.
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With this knowledge we can now define finite and infinite sums in a normed vector
space. We will start with the finite sum which we can define by induction. For this
let X € C be a vector space and we define for every n € N the set X, = {4 €
P(X) : |A| < n}. Consider the formula:

(AT € X*)(Z(0) =0A (VA € X,,) (Vo € A)(Z(A) = Z(A\ {z}) +2))).

Note that this evidently holds for n = 0 and that if it holds for an arbitrary N € N
then it also holds for N + 1, hence we have finite sums.

For infinite sums consider that for every vector space X and every n € N we can
logically define the function

St XN = X, (@) nen — Zmn

=1

Then we can define the infinite sum as the limit of s, ((z,)). Of course to describe
that a sequence (v,) converges to some v we should use the formula

(Ve)( AN € N)(Vn € Noy)([[on — v <.

To simplify our formulas we will write lim,, o, v,, = v instead.
Note that we can find the set X; = {z = (2,)neny € XV : (Fc € X)(lim,, o0 5,(7) = ¢}
by

(X)) (z € X; ¢ (Fe € X)(lim s,(x) = ¢)).

n—oo

From this we can define the infinite sums by

(3L € X*)((Ve € X) (Vo € X))X(z) = ¢ & lim s,(x) = ¢)).

n—oo

As a last step we will define the support of a function.

Definition 3.1. Let T : A — X be a function where X is a vector space. Then the
support of T is the set supp(T') := {x € A : T(x) # 0}. Note that we can express
this in logic formulas.

Note that C is a vector space and therefore we can give the following definition.

Definition 3.2. Let X be a normed vector space and let A C X. Then the span of
A is defined as

span(A) = {Z cpxle, € C, e, # 0 for finitely many z}.

z€EA

Logically we can express this as

(3B)(z € B +» (3g € CY)(fin(supp(g)) A > g(y)y = ).

y€Esupp(g)
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Also the notion of linear independence is now easily obtained for countable sets.

Definition 3.3. Let X be a vector space and let A C X. Then A is called linearly
independent if

(Vg € CY)((fin(supp(g)) A > gla)z = 0) = (Vy € A)(g(y) = 0)).

z€supp(g)

We now have enough to define a basis of finite dimensional vector spaces. For
countably infinite dimensional vector spaces it requires one more step.

Definition 3.4. Let X be a normed vector space and A C X. Then we call

A={z € X:(3(xn)ney € AY)(lim 7, = 2)}

n—oo

the closure of A in X.

We now call A C X a basis of a normed vector space X if A is linearly independent
and span(A) = X. All the work we did in this section ensures that we can ex-
press this in our logical language. A consequence of this is that results about finite
dimensional vector spaces in the standard analysis can now be carried over to the
non-standard analysis.

3.2 Non-standard normed spaces

We now have enough knowledge to start working on the proof of our first major
result, solving a case of the invariant subspace problem. The proof however does
require some preliminary results. In particular results concerning lo(C)* since l5(C)
is up to isomorphism the only infinite dimensional separable Hilbert space. This will
play an important role in the proof. We can view a sequence as a binary relation
with domain N and co-domain C. In non-standard analysis this gives us domain N*
and C*. We will first take a closer look at non-standard infinite sequences.

Theorem 3.5. Let (an)nen be a sequence in C. Then (a,) converges to a in C if
and only if |a — ay,| is infinitesimal for all n € N\ N#.

Proof. Suppose lim,, , a, = a. We find for all ¢ € R.g an N € N such that for all
n € Noy we have |a — a,| < €. Thus

CE (YneNoy)(la—an| <eé).
Taking € and N constant, this is a closed formula. Hence Lo§” Theorem gives
C* = (Yn e NLy)(la — an| <€)

Hence for all € € Rog and n € N* \ N# we have |a — a,| < e. Thus |a — a,] is
infinitesimal.
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Suppose |a — ay,| is infinitesimal for all n € N* \ N#. Then for all € € R¥, we find
C* = (AN e N*)(Vn € Ny )(la — an| < ¢)

since we can take N € N*\ N#. By Lo§” Theorem we find
CE (3N e N)(Vn € Noy)(la — an| < é).

Since this holds for all € € Ry we have that lim,,_,. a,, = a. O

Theorem 3.6. Let a be an internal sequence in C* such that a(n) is infinitesimal
for all finite positive integers n. Then there exists an infinite positive integer w such
that a(n) is infinitesimal for all n < w.

Proof. Let a € (CY)* satisfy the conditions of the theorem. Consider the formula

(v, wr,wa) (v €wr A((Fy)((v,y) € wa Avly| > 1))).

Note that A
{neN":nla(n)| > 1} ={n e C{:C* = ¢(n,N*,a)}.

By Proposition 2.34 {n € N* : n|a(n)| > 1} is internal.

If {n € N*: nla(n)| > 1} = 0 we are done, otherwise {n € N* : nla(n)| > 1} has a
smallest element w € N*. This cannot be finite since for all n € N# we have that
a(n) infinitesimal, hence n|a(n)| is infinitesimal.

For all infinite n < w we find that |a(n)| < %, since n is infinite, 1 is infinitesimal
and thus a(n) is infinitesimal. ]

Lemma 3.7.

L(C) = {s € (CY)*: |53 = i |5, |? exists }.
n=1
Proof. We know that by definition
L(C):={seCN: ||s|5 = i |5, |? exists}.

n=1

Now consider the formula
o(0): Gy e R)(lim 3 Juf =

i=1

and note that I5(C) := {s € CY : C |= ¢(s)} By Proposition 2.29.8 we now find that

L(C)* ={s € (CY) : [Is]3 = |sa|” exists}.
n=1
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Definition 3.8. Let X be a normed vector space. We call o € X* norm finite if
||lo|| is finite.

We call o near-standard if there is a 0° € X# such that ||o — 0°|| is infinitesimal;
we call 0° the standard part of o. If 0,7 € X* are infinitely close, i.e. ||o — 7| is
infinitesimal, then we write o ~ .

Proposition 3.9. Let X be a normed vector space. If 0 € X* is near-standard,
then its standard part o° € X# is unique.

Proof. Let 01,09 € X# be such that |0 — oy|| and ||o — o5|| are infinitesimal. Then
loz — o1l = lloz =0+ 0 — o1l < [lo — o + [lo — 02|
Hence ||oy — 01| € R# is infinitesimal, thus 0. So oy = 0. O

Using Theorem 3.5 on the sequence of partial sums of a ¢ = (s,,) € l5(C) we find:

Corollary 3.10. For all 0 = (s,) € L(C)# and all w € N*\ N¥ we have that
Soo2 L lsal? is infinitesimal.
From this we can derive the following.

Theorem 3.11. Let 0 = (s,,) € Io(C)*. Then o is near-standard if and only if o is
norm finite and Yoo |s,|? is infinitesimal for all w € N* \ N#,

Proof. Suppose that o is near-standard. Then
lofla = llo = 0° +0°ll2 < llo = 0°[l2 + [|0°[l2 < 1+ [[o°]2.

So o is norm finite. The other property follows directly from Corollary 3.10.

Suppose that ¢ is norm finite and Y °° |s,|? is infinitesimal for all w € N*\ N#.
Then for all n € N* |s,| is finite since o is norm finite. Hence we may consider

6 = (5°)nen, the sequence of standard parts of s, in CN. Note that for all k € N#
we have that
k k k
DolsalP = lsal?] <D 1(s0)* = s
n=1 n=1

n=1

is infinitesimal. Hence
k 1 k
Sl < 5+ D Isal? < 1+ o

Hence 22:1 |s°|? is a monotonically increasing bounded sequence, thus converges.
So g € ly (C)

Consider o' = 6* € I5(C)#. Note that for all k € N# we have 32*_ |s, — ,|? is
infinitesimal, hence from Theorem 3.6 we have that there is an w € N* \ N# such
that 397" |s, — s, |? is infinitesimal.
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By assumption we know that Y >° |s,|? is infinitesimal and by Theorem 3.10
S>> |sh|? is infinitesimal. Hence we find that

w—1 00 w—1 o] fe’e)
1 1
lo=a'lI3=" "lsn = suP+ D Isu—sh> <D sa =L+ (O [sal?)2 + O 1sh17)2)
n=1 n=w n=1 n—=w n=w
which is infinitesimal. Hence o is near-standard. O

Theorem 3.12. Let A C I5(C) be a compact set. Then all o € A* are near-standard.

Proof. Suppose there is a 0 = (s,,) € A* not near-standard.

Claim: There is an > 0 such that ||c — 7||s > r for all 7 € [5(C).

If o is not norm finite it is clear, so assume that ¢ is norm finite. Then by Theorem
3.11 there is an w € N* \ N# such that 3% |s,|? > 21 for some r € R¥,. For all
T = (tn) € Io(C)*, 377 |t,|? is infinitesimal. Hence

o0

1

lo =7llz > (D 152 — tal*)?
n—=w

o0 oo
> (Y lsal)? = Q_ltal?)z > 7
n=w n=w
which proves our claim.

Since A is compact we however have 7, ..., 7, € A such that

€ (Ve € AYIE—Tilla <7V oV 1€ = Tulla < 7)
hence by Lo$” Theorem we find

Cl (e A =il <7 V.. VIE=Tl2 <7).

So in particular we find that there is a j € {1,...,n} such that |jo — 7|2 < .
Contradiction. O

3.3 Operators in non-standard separable Hilbert spaces

We will now look at linear operators in vector spaces. For now we will focus on
linear operators on l5(C), but we will start a bit more general. Let H, K € C be
vector spaces over C and let T': H* — K* be an internal function. Note that

(Ve,y € H)(Vr,s € C)(T(rx + sy) = rT(x) + sT(y))

is a closed formula for a given T € K. Let L(K,H) be the set of all linear
operators from H to K, then by Lo§" Theorem we find that L(H, K)* is the set of
all internal non-standard linear operators from H* to K*. We also have L(H, K),
the set of continuous linear operators from H to K. We can prove that continuity
and boundedness are properties that can be caught in a closed formula, and hence
are also equivalent properties in non-standard analysis.
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Proposition 3.13. Let T : K — H be an internal linear operator. T is bounded if
and only if T is continuous. Furthermore L(H, K)* is the set of all internal bounded
linear operators from H* to K*.

Proof. Consider the formula

B(T) : (V(z,) € HY) 3z € H)((lim z, = ) — (lim T(z,) = T(z)))

n—o0 n—oo

i.e. T is continuous and
&(T) : (3C € Ruo)(Vz € H)(||z]| < C|T(2)])

i.e. T is bounded.

We know that 7" is bounded if and only if 7" is continuous, hence
C = (VT € L(H,K))(B(T) + ¢(T)).
Hence by Lo$’” Theorem we have
C = (VT € L(H,K)")(B(T) + ¢(T)).
O

As one might expect, the sums and scalar products of internal linear operators are
again internal linear operators.

Proposition 3.14. Let H, K € C* be internal vector spaces, let S,T € L(H,K)*
and let A € C*. Then S+ T and XT' are internal.

Proof. Let n € N be such that H, K € C;,. Consider:

G4 (T, wr, wa, w3, wy) : (Fy € wz)(Fz € wa)((y, 2) =z Az =wi(y) + wa2(y))

and

O.(T,wy, wa, w3, wy) : (Jy € wsy)(Fz € wa)((y,2) =x Az =wy - wa(y))

and note that S +7 = {z € C} _, : C = ¢yp(x, S, T,H* K*)} and
AT ={zx € C;, : C E ¢.(x,\,T,H* K*)}. Thus by Proposition 2.34 we are
done. 0

We will also consider some of the maps on the vector space of operators between
two vector spaces.

Proposition 3.15. Let V,W € C be internal vector spaces and let R € L(V,W)*.
Then f: L(V,W)* — L(V,W)*, S+ S+ R is an internal function.
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Proof. Let n € N be such that L(V, W)* L(V,W)* € C! and consider
O, w1, ws) : (By € wy) (32 € wn)(4,2) = 0 A 2 =y + ws).

Finally note that f = {z € C%,, : C }= ¢(z, L(V,W)*, R)}. Thus by Proposition
2.34 we are done. ]

We will now take a closer look at operators in l3(C)*. For an operator on 7" on l5(C)
we have a matrix representation 7" = (a,i); xen Which satisfies

o0
Z lail® < o0

k=1

and .
Z lai|*> < 0.

j=1

For T we can extend this matrix representation and from Theorem 3.10 it follows
that, for all finite j and w € N*\ N# >~ |a;|? is infinitesimal.

Theorem 3.16. Let T be a compact linear operator on lo(C). Then T* maps norm
finite points to near-standard points.

Proof. Let ¢ a norm finite point and let » € R-( be such that ||o|ls < r. Then
o € B,[0]*, where B,[0]* is the closed ball of radius 7 in [3(C)*. Since T is compact,
A := T(B,[0]) is compact. Hence T(c) € T(B,[0])* € T(B,[0]) . By Theorem 3.12
we find that T'(o) is near-standard. O

Theorem 3.17. Let T = (a;) be a compact linear operator on l3(C), then for all
j € N* we have that aj;, is infinitesimal for all k € N*\ N#,

Proof. For finite j it this follows directly from the fact that 37, |a;.|* is infinites-
imal. For infinite j consider e, = (s,) defined by s, = 0 for all n # k and s, = 1,
i.e. the kth unit vector. Note that ||o||2 = 1, hence T'o = (¢;) is near-standard by
Theorem 3.16. Theorem 3.11 gives us that for all j € N*\ N# ¢, is infinitesimal.

Since t; = > 7 | ajnS, = aj; we find that aj is infinitesimal. O

Definition 3.18. We call 7" = (a;j;) an operator on l3(C) almost superdiagonal if
ajr =0 for all j >k + 1.

It is important to note that being almost superdiagonal depends on the basis.

Theorem 3.19. Let T be a bounded linear operator on lo(C) which is almost super-
diagonal. Let m > 1 and let

p(z)=co+crz+ ... +cpz™

be a polynomial of degree m with cy,...,c,, € C such that p(T) is compact. Then
there is an w € N* \ N7 such that Qi1 1S Infinitesimal.
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Proof. Let n € N¥ and let T = (djy,).

Claim: For all h € N* we find that dpiynp = Ght1,hGht2,h41--Chtn htn—1 and for all
[ > n we have dh+l,h = 0.

We will prove this by induction. Note that since T" is almost superdiagonal it holds
by definition forn = 1. Let N € NfZ and suppose the claim holds for all n < N. Let
TNt = (fjr) and TN = (g;1). Since TV = TN=IT for all h € N*, we can compute

oo
Jh+N,p = g fhenNi@ih = fheNp+10h+1,h = Qhtl hOh42,h41--Cht N,h+ N—1
=1

and o
Ghtl,h = Z fnriain =0 (VI> N)
i=1
since a;p, = 0 for all ¢ > h+ 1, fran; =0 forall e < h+1 and f,4;,; = 0 for all
t < h+1— N+ 1 by assumption. This proves our claim.

Now let p(T") = (bjx). Then we find that byymn = Cmaht1 hQh+2 pt1--Chtm htm—1 fOT
all h € N*. In particular this holds for h € N* \ N#. Since p(7T') is compact we then
find that by, 5 is infinitesimal by Theorem 3.17. Since ¢, is standard and p is of
degree m we find that, for some j € {1,...,m}, apiji1 4+, is infinitesimal. O

A well known class of operators is the class of projection operators. We will inves-
tigate projection operators in lo(C)* for which we recall the following definition.

Definition 3.20. Let E C [3(C)* be an internal closed linear subspace. Then
P : 15(C)* — I5(C)* is called an orthogonal projection on E if P|p = idg, P> = P
and ran(P)* = ker(P).

Note that every projection operator has norm 1 and thus is continuous.

Since l3(C) is a Hilbert space we know that we can write l5(C) as the direct sum of
a a linear closed subspace E and its orthogonal complement E+. The same holds
for 15(C)*.

Proposition 3.21. Let E C I5(C)* be an internal closed linear subspace of lo(C)*.
Then there exists a unique closed linear internal subspace E+ such that
LC)=EaE+.

Proof. First we define the following formula:

closed(E) : (V(x,) € EM)(3z € I(C))(lim z, =2 — z € E)

i
n—oo
l.e. F is closed and

linear(EF) : Vz,y € EYVA € C)(x+y€ EANXx € E)

i.e. F is closed under sums and scalar multiplication. Then from standard analysis
we know that:

C =(VE C I5(C))(linear(E) A closed(E) — (3'F)((Vz € E)(Vy € F)
({(x,y) = 0) Alinear(F') A closed(F) A (Vz € [5(C))(3lx € E)(3ly € F)(x +y = 2))).

By Los” Theorem we are done. O]
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Note that since E+ is unique we can define a function from the closed linear internal
subspaces of [3(C)* to their orthogonal complement, and thus we may use this in
formulas. This also gives, as in standard analysis, that the orthogonal projection on
a closed linear subspace is unique. Hence we find an internal function from closed
internal linear subspaces of l5(C)* to the orthogonal projections. From this we now
obtain the following result.

Proposition 3.22. Let E C I5(C)* be an internal closed linear subspace and let P
be the orthogonal projection on E.Then P is an internal function.

Proof. Let n € N be such that (I5(C) x I3(C))* € C* and consider
oz, w1, wy) : (Fy € w1)(3z € wy)(Fw € wy)(w+ 2z = y).

Note that P = {z € C* : C* = ¢(x, l,(C)*, E)}. By Proposition 2.34 P is internal.
[

As we could look at the standard part of numbers and sequences, we can also define
a standard part of sets of normed vector spaces.

Definition 3.23. Let H € C be a normed vector space and let £ C H* be an
internal subset. We call E° := {¢ € H : 30’ € E such that ||c —¢’|| is infinitesimal}
the standard part of E.

Clearly the standard part is unique. Now let F be an internal closed linear subspace
of H*, where H is a normed space in C. Then for all 7 € E we have that ||o — 7| >
|lc — Pgo|| since Pg is an orthogonal projection. From this it follows that o € E°
if and only if |0 — Pgo|| is infinitesimal. Clearly if o € E is near-standard, then
o° e E°.

Theorem 3.24. If E is a closed linear internal subspace of lo(C)*, then E° is a
closed linear subspace of 15(C).

Proof. Let 01,09 € E° and 11,79 € E be such that |jo; — 71| and ||og — 7| are
infinitesimal. Then 7 + 7 and

[(o1 +02) — (1 + )| <oy — 7l + [|oz — 72|

gives that ||(o1 + 02) — (71 + 72)|| is infinitesimal. So 01 4+ € E°. Also for standard
A € R# we have ||Ao; — A7i|| = A||oy — 71]|. Hence ||[A\oy — A7y]| is infinitesimal, and
since A1y € E it follows that Aoy € E°. Thus E° is a linear subspace.

To show that E°is closed, let (0,)nen be a sequence in E° converging to some
o € l3(C). Consider (0,)* the non-standard extension in l5(C)* and note that
||lor, — Pgoy,|| is infinitesimal for all finite n. Then Theorem 3.6 gives that there is an
w € N*\ N# such that ||, — Pgo,|| is infinitesimal for all n < w. Moreover, since
lim,, s 0, = 0, Theorem 3.5 gives that ||o, — || is infinitesimal for all n € N*\ N#.
Therefore, for all n € N* \ N# with n < w, we find

lo = Peon|| < llo = onll + llon = Proul,
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which gives us that ||c — P.o,|| is infinitesimal for such n. Since Pgo, € E we
conclude that o € E°, thus E° is closed. O

In [5(C)* we can find some natural subspaces for n € N*, namely:
H, :={(sn) € 5(C) : s, =0 for all n > w}.

We will denote its corresponding orthogonal projection by FP,, or, if there is no
confusion, simply by P.

Note that for w € N*\ N# we have that for all o € I(C) we have

lo = Pooll = (Ot |s,|2)2, which is infinitesimal by Theorem 3.10.

For a bounded operator T" on l5(C), we denote 7" = P, TP, and T,, = T"|y,. Note
that ||7"]] = || P,[|*||7]| < |7 and hence || 75| < ||T.

Theorem 3.25. Let w € N*\ N# and let E be an internal closed linear subspace of
H,, that is invariant for T,,. Then E° is invariant for T.

Proof. Let 0 € E° and let 7 € E be such that 7° = ¢. Then PT'7 = T,7 € E, hence
To € E°if |To — PT7| is infinitesimal. Consider:

|To — PT| = ||To — PTo + PT (o — 7)||
<|[To = PTa| + [P T]lllo = |

Since ||T'|| and || P|| are finite and ||o—7|| is infinitesimal we have that || P||||T||||o—]|
is infinitesimal. Also since T'o € [5(C) we find that ||T'c — PTo|| is infinitesimal.
Hence ||To — PT| is infinitesimal. O

We will now take a closer look at the dimension of subspaces of H,,, as described in
Section 3.1.

Theorem 3.26. Letw € N*\N# and E1 and E5 be admissible closed linear subspaces
of H, such that Ey C Ey and dim(Ey) = dim(F; + 1). Then EY C ES and any two
points of ES are linearly dependent modulo EY.

Note that in the non-standard case we can talk about sums of dimension since H,,
has finite dimension, and hence E; and E, have finite dimension. In the standard
case we have to be more careful since H = H, and thus £} and ES might have
infinite dimension.

Proof. Note that since £y C Ej evidently EY C E3. For the other statement suppose
01,09 € B3 are linearly independent modulo E7. Let 79,7 € FE5 points infinitely
close to o1, 09 respectively. Note that 7, ¢ Fj, since otherwise o1 = 0 mod EY or
09 = 0 mod EY. Since dim(F5) = dim(FE;) + 1 we now find A € C* and 7 € Ef such
that

To = ATy + T.

Note that A is not infinitesimal, since then oy = 75 = 7° € E}. Suppose A were
infinitely large. Then % would be infinitesimal, hence
1 1

1
o =T = (XT2+XT)°:(XT)O € kY.
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Thus we find that A has non-zero standard part.
Claim: 09 — \°0; € Ej.
Let 0 = 03 — \°0;. Consider

|7 — ol = |2 — A1 — 09 + Xoy ||
<l = ool + (Al — a1 + [A = A°[[[on]]-

Hence ||7 — || is infinitesimal. So 7 has a standard part which naturally belongs to
EY. O

3.4 The Theorem of Bernstein-Robinson

The invariant subspace problem is a partially open problem in Functional Analysis.
The question is whether for a bounded operator T' € H, where H is a Banach space
of dimension larger than one, there exists a non-trivial closed linear T-invariant
subspace of H. Though P.H. Enflo gave a counter-example for H a Banach space in
1987, the problem remains open for Hilbert spaces. The problem originated from a
problem raised by P.R. Halmos in 1963 in [3], in which it was credited to K. T. Smith.
A generalization of the problem was solved three years later by A.R. Bernstein and
A. Robinson in [1] using non-standard analysis. In the same journal, directly after
the proof of Bernstein and Robinson, Halmos gave a proof for his own problem using
only standard methods [4], though clearly inspired by the proof of Bernstein and
Robinson which he reviewed for the journal. We have done most of the work already
in the previous sections, but here we will give the main proof of the theorem.

Theorem 3.27 (Bernstein-Robinson). Let T be a bounded linear operator on an
infinite-dimensional Hilbert space H over the complex numbers and let p(z) # 0 be
a polynomial with complex coefficients such that p(T') is a compact operator. Then
there exists a closed subspace of H, not equal to H or {0}, which is invariant under
T.

Proof. The proof relies on the fact that if H is finite dimensional, we can find a
chain of closed T-invariant subspace of H

{0y=EyCE,C..CE,=H

where F; is i-dimensional. This can be achieved by looking at the eigenspaces. Our
finite-dimensional space will be (I5(C)*), where w € N* \ N#. First, however, we
must prove that we only have to consider the case H = [5(C).

Claim: If there exists a non-zero o0 € H such that A, := {o,To,T?0,...} does not
span H, then span(A,) is a non-trivial T-invariant closed subspace.

Clearly span(A) is a non-trivial closed subspace. So we have to prove that it is
T-invariant. For this consider x € span(A). We can find \; € C for i € N such that

T = i Mo,
i=0
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Hence, by linearity and continuity of T,

Tz = Ao € span(A).

=0

Hence span(A) is T-invariant.

Now we can use that if H is not separable it does not have a countable basis, hence
for all 0 € H we find that A, does not span H since A, is countable. Therefore we
only have to consider infinite-dimensional separable Hilbert spaces which we know
to be isomorphic to [5(C).

With our claim it now is easy to see that if there is a ¢ such that A, is linearly
dependent we can find a non-trivial closed T-invariant subspace. Therefore, from
now on we will assume that H = [5(C), ||o|| = 1 and A, spans H and linearly
independent. We can apply the Gram-Schmidt method to A, to replace it with an
orthonormal set B = {0 = g, m1, 72, ...}, and since A, is linearly independent B is
an orthonormal basis of H. Also note that span{o,To,...,T"c} = span{ng, ..., M },
therefore we find that for all n € N we have that

Tn, € span{o,To,...,T"c} = span{ng, ..., N },

thus T is super-diagonal with respect to basis B. We can represent 7' in matrix
form by taking 7" = (ajx). Now passing to the realm of non-standard analysis by
Theorem 3.19 we find that there exist a w € N* \N# such that a,.1,, is infinitesimal.
Keep this w fixed and consider H,,, P its orthogonal projection and 7" = PTP as
seen before in section 3.3.

Let € = (z;) € H* be norm-finite and consider:

(TP —T"¢ = (I — P)TPE=:C=(2,)

By the super-diagonality of T" we find that z, = 0 for all n # w + 1 and
Zt1 = Qi1 0T Hence ||C|| < |awt1w][[€]]; i-e. ¢ is infinitesimal. Thus we have that
TP¢ ~ T'¢ where by continuity of T" and P both T P¢ and T'¢ are norm-finite.

Claim: T"P¢ =~ (T")"¢ for al norm-finite £ and all » € N and both are norm-finite.
We just proved the case r = 1. Let R € Ny; be arbitrary and suppose the claim
holds for all » < R and all norm-finite £&. Then

TPE & T(T)'E = TP(T) 6~ TI(T) e = (),
and again by the continuity of 7" and P both are norm finite. Thus by induction
the claim holds.

Now applying our claim multiple times we see that, for all norm-finite £ € H,, and
polynomial ¢, we have

q(T)PE ~ q(T").
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Let T, = T'|g,. Since H, is ‘finite dimensional’ we can find a chain of closed
T,,-invariant internal subspaces

{0}=FEy,CFE, C...CE,=H,

where Fj; is i-dimensional for all 0 < ¢ < w. Note that E; is also a closed subspace
of H*. Let P; be the orthogonal projection from H* onto E;. Let p(z) be as in
Theorem 3.26 and let £ € H, £ # 0. Then p(§) # 0 since A¢ is finitely linear
independent by assumption. We choose £ € H with ||£]| = 1. As we saw earlier
P&~ ¢ sop(T)E ~ p(T)PE ~ p(T")E, hence p(T")¢ is not infinitesimal, i.e. there is
some 0 < r € R# such that ||p(7")¢]| > r. For all 0 < i < w we define

ri = [[p(T")€ — p(T") P&].

Note that r; < ||[p(T")]|||§ — P&l|. Also we have rq = ||p(7”)&|| hence ry > r and

1§ — P.&| is infinitesimal. Thus r, < 3.

Claim: There exists a A € N2 such that § <ry_; and r) < .

Clearly (7;)o<i<w is a decreasing sequence so the obvious candidate is the smallest i
such that r; > 5. Such an 7 exists since N* is well-ordered if {ieN":r; > g} is an
internal set.

For this note that we can view the chain Ey C ... C E,, as an internal function
f with domain dom(f) = {0,...,w} and f(i) = F;. We know there is an internal
function from the closed linear subspaces to the corresponding orthogonal projec-
tions, hence by Proposition 2.37 we find an internal function f given by f(i) = P,
for all 0 <1 < w.

Now by Proposition 2.38 and 3.15 we find that f given by f(i) = ||p(T")¢ —
p(T") P&l = r; for all 0 < i < w is an internal function. Now by an easy appli-
cation of Proposition 2.34 we find that {7 € N* : 7; > Z} is indeed internal, thus
proving our claim.

Now let A € NZ, be such that 7 < ry_; and ry < 5. We will prove that either
ES_, or EY is a T-invariant non-trivial closed linear subspace of H. Note that, by
Theorem 3.24 and 3.25, E_; and EY are T-invariant closed linear subspaces of H.
So left to show is that one of them is non-trivial.
For this note that E , # H. If not, then £ € E}_,, so || — Pyx_1£]| would be
infinitesimal. Thus § < ry_y < |[[p(T")[[||§ — Px-1§]| is infinitesimal which is a
contradiction.
Also note that ES # {0}. To see this consider n = p(T")P\{. Note that n € E) since
P\¢ € E, and FE), is p(T,,)-invariant, thus p(7”)-invariant. Also since P\{ € H,, we
find

n=p(I")PA§ = p(T) P&
Here p(T') P,¢ is near-standard by Theorem 3.16, since Py¢ is norm finite and p(7)
is compact. Hence n has a standard part n°. Suppose 1° = 0, then n would be
infinitesimal. And thus

ra 2 [PTEN = llp(T) Pl > v — nll,
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which contradicts that § > r). Hence indeed Ef # {0}. So we find the only way for
both of them to be trivial is if £)\_; = {0} and E, = H. However, by Theorem 3.26
their dimension cannot differ more than one, which proves the theorem. O

Seven years after this proof, in 1973, Lomonosov proved the even stronger Theorem
which said that for every non-trivial compact operator T" there exist a non-trivial
closed linear subspace which is S-invariant for every operator S which commutes
with 7". [7, p. 269] This is a generalization of the Theorem of Bernstein and Robinson
since every operator commutes with a polynomial of itself.

4 The Hahn-Banach Theorem

4.1 Non-standard maps

Non-standard analysis has another very strong tool at its disposal. For this we will
take a deeper dive into logics and take a closer look at non-standard maps. From
now on we will consider more abstract models and filters again.

Let M be a superstructure of some model M and let % : M — M*, z — [(z)] be a
non-standard map.

Definition 4.1. We call x an x-enlargement for some cardinal number « if, for all
non-empty systems A consisting of sets A € M with the finite intersection property
(i.e. all finite intersections are non-empty) and cardinality at most k, we have that

(A% =([{A":Ae A} £0.

We call x an enlargement if x is a k-enlargement for every k.

Note that A is not per definition an element of M. For example
A:={C,:neN}¢C.
Luckily we may ignore such systems.

Lemma 4.2. To prove that * is a k-enlargement one only has to consider systems
Ae M.

Proof. To see this, take Ay € A and consider
Ay ={ANAy: Aec A}.

Evidently Ay inherits the finite intersection property, has cardinality less than the
cardinality of A and is non-empty. Since

0 £ (AL = A* N4y =A%

we find that * is a x-enlargement if () A# # () for all A € M of cardinality less than
r with the finite intersection property. n
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Enlargement are very useful due to their connection to binary relations.

Definition 4.3. We call a binary relation ¢ satisfied by b € ran(¢) on A C dom(¢)
if for all @ € A we have that (a,b) € ¢.

We call ¢ concurrent on A C dom(¢) if for all finite Ay C A there is some b € ran(¢)
that satisfies ¢ on Ag. If ¢ is concurrent on dom(¢) we just call ¢ concurrent.

Note the similarity between a concurrent binary relation and the finite intersection
property. This is something we can utilize.

Theorem 4.4. The following are equivalent:

(i) * is a k-enlargement.

(ii) For any concurrent binary relation ¢ € M with |dom(¢)| < || we have that
dom(¢)# is satisfied by some b € ran(¢)*.

(iii) For any A € M of cardinality at most k there is a x-finite B € M~ (i.e. B has
cardinality {1,...,w} for some w € N*) such that A%* C B C A*.

Proof. We start with proving (i)=-(ii). So assume (i) and let ¢ € M be a concurrent
binary relation with domain of cardinality at most . Let, for all d € dom(¢),

Ag = {y €ran(¢) : (d, y) € ¢},

and let A = {A4; : d € dom(¢)}. Clearly A has cardinality at most x and it has
the finite intersection property since ¢ is concurrent. Hence () A% # 0, so there is a
b e NA# C ran(¢)* such that (d,b) € ¢ for all d € dom(¢), i.e. b satisfies dom(¢)*.
We will now prove (ii)=>(iii), so assume (ii) and let A € M be of cardinality at most

k. We define the binary relation ¢ C A x P(A) by
¢ :={(a,b) : a € b Ab is finite}.

Clearly ¢ is concurrent, hence there is a b € P(A)* satisfying ¢* on A%,

Finally we prove (iii)=(i). Thus assume (iii) and let A be a non-empty system of
entities A € M of cardinality at most x and with the finite intersection property.
We may assume by Lemma 4.2 that A € M. Thus there exists a *-finite B such
that A#* C B C A*. Since A* has the *-finite intersection property we find that
NA* DN B#0. O

We will see an application of this theorem in a proof of the Hahn-Banach Theorem.
Before we do this we first have to find out whether these enlargements actually exist.

Definition 4.5. Let A be a cardinal number. We call a filter F of a set J A-adequate
if for each non-empty family A of subsets of A with the finite intersection property
there exists a map f : J — X such that for each A € A there exists an F' € F with
f(F) C A.

Theorem 4.6. For each cardinal number X there exists a A-adequate ultrafilter F
for an appropriate set J.
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Proof. Let J be the set of all finite collections of subsets of A\. For each A C \ we
define

FA:{jEJiAGj}.
Then Fy := {F4 : A C A} has the finite intersection property. Indeed if we consider

Ay, ..., A, C Athen j = {A;,...,A,} is in the intersection ();_, Fa,. We then find
that

Fy := {X : there exists a finite subset B C JF, such that ﬂ BcCX)}

is a filter which we can extend to an ultrafilter /. We will now prove that F is
A-adequate. For this let A be a non-empty family of subsets of A with the finite
intersection property. We define

Ja={j€J:Bia= (] A#0}

AEjinA

and we define, using the axiom of choice, f : J — X by f(j) € Bjaif j € Ja
and f(j) arbitrarily otherwise. This function works. To see this let A € A. Then
f(Fa) C A since, for all j € Fy we have that A € j, thus B; 4 # ) since A has the
finite intersection property. Hence f(j) € B; C A. Thus F is A-adequate. O

Theorem 4.7. If F is an M—adequate filter, then the corresponding map % is an
enlargement.

Proof. Let A be a system of sets A € M with the finite intersection property. Note
that A has at most cardinality M. We have to prove that there exists some b € S
such that b € A* for all A € A. Recall, if we write b := [(b;);es], that b € A* if and
only if

{jeJ:bjeAteF.

Since F is M-adequate, there exists a map f: J — M such that for each A € A
there exists an F' € F such that f(F) C A. So if we take b = [(f(j));es] we find
that that for all A € A there exists an F' € F such that f(F) C A. Hence

Fc{jeJ: f(j e A}l

By definition of filters this means that {j € J : f(j) € A} € F and henceb € A*. O

4.2 The Hahn-Banach Theorem

We will now go ahead and prove the Hahn-Banach theorem using the theory of the
previous sections.

Theorem 4.8 (Hahn-Banach). Let X be a normed vector space over K, where K
1sR orC, let Y C X be a linear subspace and let T :' Y — K be a bounded linear
functional. Then there exists a linear functional S : X — K such that S|y =T and
IS =171
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Before proving the theorem we will prove that we can extend T in a finite way.

Lemma 4.9. Let X be a normed vector space over R, Y C X a linear subspace,
let T 'Y — R be a bounded linear functional and let xy,...,x, be elements of
X \Y. Then there exists a linear functional S : span(xy,...,x,,Y) — C such that
IS|| = IT|| and Sy =T.

Proof. Note that, since we can extend 7" one element at a time, it is enough to prove
this for n = 1. So let z € X \ Y. Note that z is linear independent of Y, thus we
can write each u € span(z,Y’) uniquely as u = y + Az where A € R and y € Y.
Since the only way of extending T linearly is by putting S(u) = T'(y) + A we only
have to find an appropriate r € R, i.e. an r € R such that ||.S|| = ||T']|. So we have
to prove there exists an r such that |T'(y) + Ar| < ||T||||ly + Az|| for all y € Y and
A € R. Since A = 0 is trivial we can divide by A or just assume that A = 1. Hence
we have to prove there exists a r such that

=Ty + 2l = T(y) < r < [Ty + =[] = T(y)
for all y € Y. To see that such an r exists, consider that, for all y,z € Y, we have

T(z) =T(y) =T —y) < Tz =yl = I1TNllz + = = (z +y)|
< 17Nz + 2l + [l + ),

from which we find that

sup —||T'[[[|y + z[| = T'(y) < inf [|T||[|z + 2| — T'(2).
yEY z€Y
Hence we can find an r between the two values, proving our lemma. O

We will also use a result on suprema.
Proposition 4.10. Let r € R# and A C R* such that for all x € A we have x < r

orx 1. Then supye @ <1 07 SUP,cs T R T.

Proof. Suppose sup,c 4« > r and sup,. 4« % 7. Then there exists

y € (r+e€,sup,eq ) N A for some e € Rfe which contradicts with the assumptions.
O

Proof of the theorem of Hahn-Banach. We will now prove the Hahn-Banach Theo-
rem in two stages. First we will give a non-standard proof for the case K = R and
with that result we will prove Hahn-Banach for the case K = C.

Solet T': Y — R a linear functional on Y C X. We define

S(X,R):={S C X xR:Sisamap},
and consider the binary relation
o ={(z,y) € X x F(X,R) : dom(y) is a linear subspace A

z € dom(y) Ay is a linear functional AT C y A |yl < |7}
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Note that this relation is concurrent by Lemma 4.9, hence we can apply Theorem
4.4 to find a non-standard linear functional S € F(X,R)* such that S satisfies ¢*
on X# ie. X# C dom(S),T* C S and ||S|| < ||T|. From this we find that for all
r € X# we have

1S ()| < [[SIfll < 7]/

which is finite, so S(z)° exists for all z € X#.

Claim: U : X — R,z — S(x)° is a linear functional, ||U|| = ||T|| and T C U.

Since S(z) = T'(x) for all z € Y we find that U(z) = S(z)° = T'(x) for all z € Y so
TCU.

Also note that for all z,y € X and A € R we have that

Ul +y) =S +y)° = (5)+51)° =5)"+5)° =Ulz) +Uly)

and

UAz) = S(A\x)° = X°S(x)° = \U(x,)

so U is linear. Finally note that |U(x)| =~ |S(x)|. Then by Proposition 4.10 it holds
that
sup [U(z)] < sup |S(x)] =S|

zeX, ||zl <1 reX* |z <1

Hence ||U|| = ||T||, proving the Hahn-Banach Theorem for K = R.

Now suppose K = C. By considering only multiplication by real scalars we can view
X as areal vector space. We define Tk : Y — R,z — Re(T'(z)). Then we can extend
Tr on the entire space to a real functional S. Now define U(z) = S(x) — iS(ix).
Since S is linear and U (ix) = S(iz) —iS(—x) = S(iz) +iS(z) = iU(x) we find that
U is linear. Finally we look at the norm of U an we find that

U= sup [U(z)|= sup sup Re(AU(z))=
weX [z]<1 weX,|lz]=1 [A|=1
sup  sup Re(U(Az)) < sup  [Sr(z)| = [IS]| = (T[] = 7.
weX,|lz]=1 [A|=1 zeX,[z]=1

5 The Theorem of Hille-Yosida

5.1 Non-standard topology and limits

We will now move on to study non-standard analysis and semigroups. For this we
will again assume that F is a non-principal ultrafilter over N. Before we can start on
semigroups, we will need some results on non-standard topology and non-standard
limits. For convenience we will again assume that F is an ultafilter over N containing
the Fréchet filter.

Proposition 5.1. Let X be a normed vector space over K, where K is R or C.
Then C C X s closed if and only if C = {x € X : (Jy € C*)(x = y)}.
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Proof. Suppose C' is closed. Let € X7 and suppose there exists a y € C* such
that z & y. Let y be represented by [(y,)]. Since for all ¢ € R# we have ||z —y|| < ¢
and y € C' we find that

F.={neN:y, e CAl|z—y| <e}€F

Hence we can construct a sequence (z,) in C' converging to x by picking z, = Y,
where m = min(F1). Thus, since C' is closed, = € C.

Now suppose C' = {z € X# : (Jy € C*)(x =~ y)}. Let (y,) be a sequence in C
converging to some x € X.
Claim: y := [(y,)] € C* is infinitely close to .
To see this let € € Ry and let N € N be such that for all n > N we have ||[z—y,| < e.
Hence

F.={neN:|z—y,| <e €F

since it has a finite complement. So ||z — y|| < e. Because this holds for all € € R,
we find that y ~ x and clearly y € C*. Hence z € C' and so C' is closed. ]

Proposition 5.2. Let X be a normed space and let A C X. Then x € A if and
only if there exists a y € A* such that y ~ x.

Proof. From Proposition 5.1 we know that
A={zeX” FyeA)(z~y))}
By Loswe have

(y € A) & (B2 = (2a) € (AN)")(lim z, =y)).

n—oo

Thus there exists some w € N* such that y ~ z,, is infinitesimal. Since z, € A* we
find a
A={r e X*:(3yc A)(z~y)}

]

Corollary 5.3. Let X be a normed space and let A C B C X, with B closed. Then
A is dense in B if and only if for all x € B there exists a y € A*such that y =~ x.

This is a direct consequence of Proposition 5.2.

Proposition 5.4. Let X be a normed vector space, let R C R and letT : R — X be
continuous. Then, for all y € R for which there is a § > 0 such that (y,y +6) C R,
we have that lim,), T'(z) = ¢ € X if and only if, for all x € R* such that v ~ y and
x >y, it holds that T'(z) ~ c.

Proof. Let y € R for which there is a 6 > 0 such that (y,y + ) C R.

Suppose lim, |, T'(x) = ¢ € X, then for all € € R there is a 6 € R-( such that for
all z € (y,y + 0) we have ||T(x) — ¢|| < e. In particular we find for all z € R* such
that y ~ z and = > y, that x € (y,y +6)* and thus for all € € R?, by Lo§’ Theorem
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we have ||T'(z) — ¢|| < € and so T'(z) =~ c.

Now suppose that for all x € R*, x ~ y and = > y it holds that T'(z) ~ ¢. Then we
have that for all € € R%,

M= (30 e RY)((y,y +0) C B A (Vo € (y,y +0))([T(x) — ] <€)

Hence by Lo§” Theorem we find that lim,, 7'(z) = c. O

From this we can also do the other limits.

Corollary 5.5. Let X be a normed vector space, let R C R and let T : R — X be
continuous. Then for all y € R for which there is a § > 0 such that (y — J,y) C R,
we have that lim,y, T'(z) = ¢ € X if and only if, for all x € R* such that x =y and
x <y, it holds that T'(x) =~ c.

Corollary 5.6. Let X be a normed vector space, let R C R and let T : R — X be
continuous. Then, for ally € R for which there is a § > 0 such that (y—05,y+6) C R,
we have that lim,, T'(x) = ¢ € X if and only if, for all x € R* such that x ~ y, it
holds that T'(x) = c.

Proposition 5.7. Let X andY be normed vector spaces over K and T € L(X,Y).
Then the following hold.

(i) Ify € X is near-standard, then T(y°) = (T'y)°.

(ii) If (zp)nen+ is a near-standard sequence in X*. i.e. if x, is near-standard for
alln € N* and lim,,_, ©, = x, then x is near-standard and z° = lim, o T .

Proof. We will prove (i) first. Note that if y is near-standard there exists a z € X*
such that ||z|| € Ry and y = y° + 2. Now consider Ty = T'(y° + z) = Ty° + T=.
Note that || Tz|| < ||T]|||z|| € Ro since ||z|| is infinitesimal and ||7’|| is finite. So Ty
is near-standard. Furthermore (Ty)° = (T'y° + T2)° = (T'y°)° + (T'z)° = Ty°.

To prove (ii) note that, since lim,,_,o , = x, there is an N € N* such that ||z — z,,]|
is infinitesimal for all n > N. Then the left-hand side of

[ =2yl < llz = 2n] + [len = 24

is infinitesimal since the right-hand side is. Hence z is near-standard. Also note
that the sequence (xf),>x is constant, hence z° = lim,,_,, x2. O

Proposition 5.8. Let X and Y be Banach spaces over K. Let (B,) be a bounded
sequence in L(X,Y). Let D C X be a dense subset of X, and assume that for all

x € D the sequence (B,x) is convergent. Then Bz := lim,_,. B,x exists for all
r € X, and B: X =Y, thus defined, is an operator B € L(X,Y).
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Proof. We will first prove that Bx exists for all z € X. For this let z € X. Since
X = D by Proposition 5.2 there is a y € D* such that x =~ y. Note that for large
enough m,n € N* we have

| Bn = Bm|| < || B — Boyll + | By = Byl + | Bmy — Bmz|
< (IBnll = [|BmlDll = yll + 1 Bny — Bmyl| = 0

since lim, . B,y = By. Hence (B,x) is a Cauchy sequence and, since Y is a
Banach space, converges. So we can define Bx = lim,, ,., B,x. Evidently B is also
a bounded operator since the sequence (B,,) is bounded. The linearity of B follows
from the linearity of the limit. O]

5.2 Semigroups

Semigroups are designed to give solutions to the well-known differential equation
% (t) = Af(t). However instead considering the equation over R or X we consider
ST(t) = AT(t) where T : [0,00) — L£(X) where X is a Banach space and A is a
linear operator in X, i.e. dom(A) C X and ran(A) C X. If A € £(X) it is not hard
to find a solution for this equation. Namely

T(t) — e1tA _ Z (ti'yl

However, if dom(A) # X or if A is unbounded it is unclear if there even is a solution,
let alone what kind of solution. We will give an introduction to semigroups to
prove the Theorem of Hille-Yosida, which will give us sufficient conditions to find a
solution.

Definition 5.9. Let X be a Banach space, a one-parameter semigroup on X is a
function 7" : [0,00) — L(X) satisfying

(a) T(t+s) =T(t)T(s), for all t,s > 0.

If additionally

(b) limoT'(t)x =z, for all x € X,

we call T a Cy-semigroup or a strongly continuous semigroup.

For the rest of this article we will simply write 'semigroup’ instead of ’one-parameter

semigroup’. Note that by this definition 7'(0) is either 0, which implies that T'(¢) = 0
for all ¢ > 0 since T'(t) = T(t +0) = T(t)T(0), or T(0) = I.

As already noted we consider linear operators in X which do not necessarily have X
as domain. For those who never encountered such operators we will look into them
in detail.

40



Definition 5.10. Let X be a Banach space. We call A a linear operator in X if
A is linear, dom(A) C X and ran(A) C X. Instead of 'linear operator’, we will
usually just write 'operator’. We call A bijective or invertible if A is injective and
ran(A) = X. We define A~ = {(z,y) € X x dom(A) : Ay = z}. Note that
ran(A~!) = dom(A). We call

[All:=" sup Az

zedom(A), [lz]|<1

the operator norm. If A and B are both operators in X we can define A+ B by taking
dom(A+ B) = dom(A) Ndom(B) and (A+ B)x = Az + Bz for all x € dom(A+ B).
We also define a norm on X x X by

1z llxx = llzllx + [lyllx-
A is called closed if it is a closed subset of X x X under the norm || - || xxx-

Proposition 5.11. Let X be a Banach space and let A be a standard bounded
operator in X and let B and C be internal operators in X such that B ~ C. Then,
if ran(B) C dom(A) and ran(C) C dom(A), AB ~ AC and, if ran(A) C dom(B)
and ran(A) C dom(C'), BA~ CA.

Proof. Suppose ran(B) C dom(A) and ran(C) C dom(A). Let 2 € dom(AB — AC)
with ||z|| < 1 and consider

0 < [[ABz — ACz|| < [|A[[|| B = Cll||=]| € Ro.

Since ||A]| and ||z|| are finite and ||B — C/| is infinitesimal.
Hence by Proposition 4.10

sup |ABx — ACz|| =~ 0

z€dom(AB—AC),||z||<1

and thus AB ~ AC.
For the other statement suppose ran(A) C dom(B) and ran(A) C dom(C) and note
that

0 <|[BAz — CAz|| < [|Al}B = C|ll=]l € Ro

and hence by the same arguments BA ~ C'A. [

Proposition 5.12. Let T' be a Cy-semigroup on X and let 7 € R, be finite and let
t =7°€R¥. Then T(t) ~T(1).

Proof. 1t is enough to prove that T'(6) ~ I for all 0 < § € Ry since then for all finite
7 € R* we have that, if 7° < 1,

T(r)=TT°+(r—7°) =T )T(r—7°) = T(1°),
and, if 7° > T,
T =T+ (°=7)=T(1)T(° —7) = T(1°).
That T'(6) ~ I is a direct consequence of Proposition 5.4. O
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Lemma 5.13. Let T be a semigroup on X such that there exists 6 > 0 such that
M = supg<,s | T'(t)|| < oo. Then there exists w € R such that

IT(t)|| < Me“* for all t > 0.

For the proof of this lemma see [2]

Proposition 5.14. Let T' be a Cy-semigroup on X. Then the following hold:

(a) There ezists an M >0 and w € R such that

|T(@)|| < Me** for allt >0

(b) For all x € X the function [0,00) — X,t — T'(t)z is continuous.

Proof. We start by proving a. By Proposition 5.13 we only have to prove that there
exists 0 < § € R# such that supy,.s ||T(t)|| < oco. Suppose such § does not ex-
ists. Then we can find a sequence (t,)nen in R such that lim,_,. || T(t,)|| = co and
lim,,_,o t, = 0.

Then 7 = [(¢,)] € R* is infinitesimal, hence T'(7) ~ I. In particular |7(7)|| ~ 1
which is a contradiction with lim,, . || 7'(%,)|| = oo which implies that ||7(7)|| should
be infinitely large.

To prove b, by Corollary 5.6 we only have to prove that for all x € X, for all
0 < § € Ry and for all 0 < t € R#, we have T(t + §)z ~ T(t)x ~ T(t — )x.

Thus let z € X, ¢t > 0 and 6 € Ry. Then T(t + §)x = T(t)T(d)z ~ T(t)x and
Tt—00)x=T({t—0)T0)xr="T(t)x. O

Though semigroups are an interesting field of study on their own, most people will
study them to solve differential equations. For this the Cy-semigroups are very
important since in a way we can differentiate them.

Definition 5.15. Let 1" be a Cy-semigroup on X. We call

A={(z,y) e X x X :1y= 1}%1 h~Y(T(h)x — ) exists}.

the generator of T'(t)

Note that A is an operator in X due to the linearity of limits. As promised we can
now differentiate 7.

Proposition 5.16. Let T be a Cy-semigroup and A its generator. Then:

(i) For all z € dom(A) and for all t € (0,00) we have that T'(t)z € dom(A), T'(t)z
1s differentiable and

d
91ty = AT()e = (1) A
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(ii) dom(A) is dense and A is a closed operator.

Proof. We will first prove (i). Let 0 < 0 € Ry, and let = € dom(A). We know that
Az = limy o b~ (T(h)x — ) exists, so Proposition 5.4 then gives us

YT (0)x — x) ~ Az. Since T(t) is bounded, by Proposition 5.14 we may use
Proposition 5.11 and 5.12 to find

SHT(t+0)x —T(t)r) =T (T(0)r — z) = T(t)Azx

and
—6 N T(t —0)x —T(t)x) =T(t — 6)6 (T(8)x — x) ~ T(t)Ax.

Thus by Corollary 5.6 we have 4T'(t)z = T(t)Az. Finally note that
Tth YT (h)x —x) =h (T(h) — )T (t)x.

Since we know that this converges for h | 0 we find that T'(¢)z € dom(A) and that
T(t)Ax = AT (t)x.

Proving (ii) will take more theory than we have right now. People interested can
find more information in [2]. O

Finally we will take a look at an often used trick in semigroups, which is shifting
semigroups.

Proposition 5.17. Let T be a semigroup on X. Then Ty(t) = T(t)eM is a semi-
group on . Furthermore if | T(t)|| < Me“" with M and w as in Lemma 5.13, then
|T(t)|| < MewtNt Additionally, if T is strongly continuous, with generator A, then
T is strongly continuous with generator A + \I.

The proof of this is elementary, hence we leave it to the reader.

Definition 5.18. Let T be a semigroup on X. We call T' contractive if | T(¢)]| <1
for all ¢ € [0, 00).

Contractive semigroups are one of the main reasons we want to be able to shift
semigroups since they are far easier to work with. In several proofs you first shift a
semigroup to a contractive one, work with that, and then shift it back. We will see
an example of this in the proof of the Hille-Yosida Theorem.

5.3 The Hille-Yosida Theorem

Before we can finally prove the Theorem of Hille-Yosida, we take a glimpse into
the world of resolvents. Resolvents and the spectrum of an operator play a major
role in Functional Analysis, with fundamental results such as the Spectral Mapping
Theorem [7, p. 263]. We will only take a look at a small part of the relation they
have with semigroups since they are very important in the proof of the Hille-Yosida
Theorem.

Let X be a Banach space over K and let A be an operator in X.
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Definition 5.19. We call
p(A) :={\ € K: X\ — A is bijective and (A — A)~' € L(X)}
the resolvent set of A, R(\, A) := (XA — A)~! the resolvent of A at A\, and
R(-, A) - p(A) = L(X)
the resolvent of A. The set 0(A) =K\ p(A) is called the spectrum of A.

Definition 5.20. Let T'(t) and S(t) be internal semigroups. We call T'(t) and S(t)
infinitely close if T'(t) ~ S(t) for all finite t € R*. We write S ~ T. We call S
near-standard if T is a standard semigroup, and we denote the standard part of

S(t) by S(t)° = T(#).

Proposition 5.21. Let S(t) be an internal semigroup such that for all t € [0, 00)%
there is a T(t) € L(X)# such that S(t) ~ T(t). Then T(t) is a semigroup and,
additionally, if S(t) is a contractive semigroup, then so is T'(t).

Proof. First note that T'(¢) : [0,00) — X and that for all s,¢ € R we have

T(s+1t) = S(s+1)=5(s)S(t) = T(s)T(t).

Thus T is a semigroup in M and therefore also in M*.

Suppose additionally that S(t) is contractive. Then ||S(¢)|| < 1 for all ¢ € [0, 00)*.
In particular for all ¢ € [0, 00)# we find that || T(¢)|| ~ ||S(t)| and thus ||T(¢)|] < 1 or
|T(t)|| ~ 1. Since T and t are standard we find that ||7'(¢)|| < 1 forallt € [0,00). O

Theorem 5.22. Let T be a Cy-semigroup on X, let A be its generator and let M > 1
and w € R be such that ||T(t)|| < Me*t. Then {\ € K: Re(\) > w} C p(A).

We will not prove this theorem since the proof is not non-standard; those interested

can find it in [2, p. 42]. Armed with this knowledge we can now prove the Theorem
of Hille-Yosida.

Theorem 5.23 (Hille-Yosida). Let A be a closed densely defined operator in X.
Assume that there erists w € R such that (w,00) C p(A) and that

IROLA) < 57— (A€ (,%0))

Then A is the generator of a Cy-semigroup T satisfying the estimate
IT@ < e (t>0).

Proof. Note that due to rescaling we may assume that w = 0.
Consider the Yosida approximations:

A, =A(l - lA)_1 =nAR(n,A) = n’R(n,a) — nl € L(X).
n
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Since R(n,a) is bounded we easily find that A, is bounded, hence e is a Cj-

semigroup. Also, using the made assumptions, we can obtain the estimate

et = e -nn ) = o 32 CEHOLONy o ooy

k!
k=0 -0

Thus e'" is a contractive Cy-semigroup.

Using Proposition 5.21 we only have to prove that e*4~ is near-standard for some
w € N*\ N# and that A is the generator of (e!«)°.

So let w € N*\ N# and let t € [0,00)#. We find that, for all m,n € N*and all
z € dom(A)*, we have

td
etA’"x . GtA"ZE _ _<e(t—s)An GSAml‘)dS
o ds

¢
:/ elt=)4n (A, — A)e*Amads
0
t
—/ elt=s)Angsdm( A A Vads.
0

tAn

Since e is contractive we find that

le* e — el <t (Am — An)all.

For n € N*\ N# we have that [ — £ A ~ I, thus by Proposition 5.11 we find

AT = A = A1 — ~A) "~ A(] — A" — —A) = A.

n n n n

Hence for m,n € N* \ N# we find

(A — Aol = AU = Ay — A4 A= A(T =~ 4) )]

<A = —-A)™ = A + /(A = AT = —A) o] = 0

Since t is finite, 47z is a Cauchy sequence, and since X is a Banach space, this
sequence converges for all z € dom(A). Since A is densely defined we may now
apply Proposition 5.8 to find that lim, . " € £(X). This means that, for all
t €[0,00)# and for all w € N*\ N# | e!4« is near-standard and thus, by Proposition
5.21, T(t) = (e!«)° is a contractive semigroup.

To see that T'(t) is strongly continuous we will focus on a small interval of the
semigroup. Consider C([0,1]; X)) the Banach space of continuous function from
[0,1] to X equipped with the supremum norm. Since e is strongly continuous we
find

To: X — C([0,1]; X), z = [t = e™ra].

We now can use our inequality from above to find
[T = Toz|| < [[(Am — An)z|| (z € dom(A)).
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Again by taking m,n € N*\ N# we find that 7,z is a Cauchy sequence and thus
by Theorem 5.8 7, converges to some standard 7 : X — C([0, 1]; X). Note that for
standard ¢ € [0, 1]# we have that (7,z)(t) = e'4»z, which converges to T'(t)z, hence
for the standard limit we find

lim7T'(t)z = lim Tz(t) = Tz(0) =

t10 t10

Thus we find that T'(¢) is strongly continuous.
Finally we have to prove that the generator of T'(¢) is A. For this let B be the
generator of T'(t), let 0 < h € Ry and let = € dom(A) and consider

|| T(h)x — =z

h
We want to prove that this is infinitesimal. Firstly recall that ||A,z — Az is
infinitesimal for all w € N*\ N#. Also recall that (7,).en+ converges to T'(£)]o,1,

— Az||.

hence for large enough w € N* we find that H Jo—ee || i infinitesimal. Then we
find
T(h)z — T(h)z — oz ethwg —
M—Az = (h)z —e x+e < x—wa—i-Awm—Ax
h h h
T _ tAL tAw .
< (h)x — eex ey :L‘_wa A — Az
h h
St A =,
h
(A ke
h
- (AlALD*
<3 Ay
k=2
h*- 2||A I
= hz [l
k=2
< helAll ~ 0.

Hence H% — Az|| is infinitesimal. Since this holds for all 0 < h € Ry we find
that limyg % = Az. Hence A C B.

Of course we want equality. For this note that by assumption (0,00) C p(A) and
by Theorem 5.22 we have that (0,00) C p(B). Thus, since | —ACI—B, I —Bis
injective and ran(/ — A) = X, we find that I — A =1 — B and thus A = B. O
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