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1. ABSTRACT

This document surveys fixed point theory and presents original results.

2. INTRODUCTION

Definition: A fixed point of a function f: D — D is a point that gets mapped to itself. That is to say, =
is a fixed point if f(x) = z.

When do we get a fixed point? The following theorems show us how certain properties of the function
f or domain D (for example, continuous functions on norm-compact and convex domains) guarantee the
existence of a fixed point for any transformation of that domain possessing those properties.

Brouwer’s Theorem: Every continuous function from a closed, bounded, and convex (c.b.c.) set K ¢ R"
(equipped with the canonical topology induced by the Euclidean distance) into K has a fixed point.

We will prove Brouwer’s Theorem in one dimension.

Proof. If n =1 and K is closed, bounded, convex, and nonempty then K = [a,b] for some real numbers
a < b. Consider the Intermediate Value Theorem: For f a continuous function over [a,b] and for m between
f(a) and f(b), then 3c € [a,b] such that f(c) =m. Now fix a continuous function f : [a,b] — [a,b]. In order
to have a fixed point, we want f(x) = . Now, consider g(x) = f(x) — z. Note that g is also a continuous
function. Here, we want g(z) = 0.
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A trivial solution to g(z) = 0 could occur at one of our end points, i.e. f(a)=a and f(b) =b. If this is not
the case, f(a) >a or f(b) <b. Then, g(a) >0 and g(b) <0. Apply I.V.T. to g. Hence, for some c € [a,b], it
follows that g(¢) = 0 which implies f(c) = ¢. Therefore, there exists a fixed point.

When generalizing to higher dimensions, the proof of Brouwer’s Theorem becomes vastly more complicated.
One such proof was written by Takejiro Seki [10]. A generalization of the theorem itself is due to Schauder
in the context of Banach spaces is as follows [7].

Definition: A Banach space (B-space) (X, | -|) is a vector space X and a norm |- | on X so that X is
complete in the topology induced by | - |.

Schauder’s Theorem: Every continuous function from a compact, convex domain D (in a B-space) back
into D has a fixed point.

Before continuing with results like these, let us see some counter-examples indicating that the geometric
domain restrictions are indeed necessary.

Consider p: St — St given by p(cos(#),sin(8)) = (cos(f+m/2),sin(d +7/2)). This function rotates the circle
S1 90 °. In this case, the lack of convexity is what allows us to have a fixed point free map that is so simple.

Consider s : R - R given by s(z) = x + 1. This is not a bounded domain. Here, we suppose s has a fixed
point. This then implies that « = s(x) =z+1 <> 0= 1. We achieve a contradiction. The lack of boundedness
allows for a simple fixed point free map.

Consider h: (0,1) - (0,1) given by h(z) = /2. This is not a closed domain in the canonical topology on
R. Suppose a fixed point exists. Then, the only solution x = h(z) = /2 would be x = 0. Thus, the lack of a
closed domain allows for another fixed point free map.

Even though p, s, and h are continuous, we have now seen that closedness, boundedness, convexity, and
compactness themselves do not inherently imply that a fixed point exists, but combinations of conditions
can guarantee the existences of a fixed point (or, absence of a condition can allow for a very simple fixed
point free map).

Now, consider the following map from Brailey Sims [§]:

In what follows, cq is the set of sequences which converge to 0. We equip this vector space with the sup-norm
|- ]e to make it a B-space.

Let C = B = {(xn) € co: 0 <, < 1,Yn}, where all sequences, x,,, in ¢g approach 0 as n — co. We define
the following affine map:

S1:C - C:(x1,29,23,...) > (1,21, 22, ...)

Now, to prove that this map is fixed point free. By way of contradiction, assume that there exists a fixed
point. Then, S1(z,) = (1,1,1,...). However, then lim (z,) =1 which proves that (z,) is not in ¢y. Thus,
n—>o0

S1 must be fixed point free.
Another example, due to Brailey Sims, is as follows [8]. Here {e1,es,e3,...} is the standard basis for ¢g

with e; = (1,0,0,...), e2 = (0,1,0,0,....), etc. This is an example of a fixed point free contractive map, which
is a central focus of this document.

Definition. Let (X, d) be a metric space. A function f from X to itself is a nonexpansive if Vz,y € X it
follows that d(f(z), f(y)) < d(z,y).
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Definition. Let (X, d) be a metric space. A function f from X to itself is a contractive map if V,y € X,
it follows that d(f(x), f(y)) <d(x,y).

Note that all contractive functions are nonexpansive. Note also that every nonexpansive function is contin-
uous. In fact, such maps are Lipschitz continuous with a Lipschitz constant of 1.

Example: Let A\, be a decreasing sequence of real numbers that converge to 1. Define C := {Z tnAnen :

n=1
(tn) € c0,0 < t, <1,Vn} and S to be an affine map on C such that S(Z tnAnen) = A\ieg + Z taAn+e1Cnad-
n=1 n=1
We will show that S is fixed point free for the specific case of A, 1 [8].

4 had 4
Now, consider Z thdnen = (t1A1, 20,33, ...) = (2tq, 3t2, 3 ...). Then, S(Z thAnen) = (2, gtl’ gt 2y ne)
n=1

-1
This is essentlally a modified shift. Thus, S is a mapping of C' into C that is nonexpansive and contractive,
given that ()\,,) is strictly decreasing.

o)

Do we have a fixed point? Recalling the definition, we know that we achieve a fixed point when Z tnAnen =
n=1

S( Z tnAnen), or when (2t 2t2, 3753, D =(2, %tl, %tg, ...). This only occurs when ¢, = 1¥n. Thus, the only

poss1ble fixed point here is (2, 2 ) = (A1, A2, A3, ...) which is not in ¢g since (A,) » 0 as n > oo.

a2;37

We next prove that S is contractive.

With A, = ":Ll, we want to show that 30 < k < 1 such that kd(t,,t,n) > d(S(tn,tm)).

S(Zt An€n) — S(Zt Amem)| = (2,341, 5t2,...) = (2,31, 512, ...)| =

n=1

We know that kd(t,,t,) cannot be negative. Therefore, S is contractive.

Banach’s Contraction Mapping Theorem, also known as the Banach Fixed Point Theorem, guarantees the ex-
istence and uniqueness of a fixed point for certain mappings within complete metric spaces. These mappings
are referred to as contraction maps or strict contractions.

Definition. The function f: D — D is a contraction map if the following condition is satisfied:
30 < k <1 with k € R such that Vz,y € X it follows that d(f(x), f(y)) < kd(z,y)

Banach’s Contraction Mapping Theorem: Every contraction mapping on a complete metric space has
a unique fixed point.

Proof: Define a contraction map f : X - X with (X,d) being our metric space. We want to show that
there exists at least one fixed point of f. We define a sequence {z,,} with z¢ € X given and z; = f(z;_1).
We notice that

d(z1,22) =d(f(20), f(x1)) < kd(x0,71)
d(zo,23) < kd(x1,12) < k%d(xo,21)

and so on...

d(ﬁCn,xn+1) < kd(mn—lyxn) < knd(l‘o, 'Tl)
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Assume n <m. We know two facts:
(1) d(xn, zne1) < k™d(z0,21)
(2) d(l'»,“ wn+2) < d(xn; xn-f—l) + d(xn+17xn+2)

< k”d(mo,xl) + knJrld(xo, CCl) = (]Cn + kn+1)d($0,$1)

Consider the following,
A(Zp, ) < (K" + K" 4+ B D d(zo,21) = kP (1+ k+ k2 + .+ D) d (20, 21)
<k"(1+k+k*+ . )d(wo, 1) = k" T d(wo, 21)

We can rewrite it in this fashion because this is a geometric series.

Because k < 1, k"ﬁd(zo, x1) converges to 0. Therefore, {z,} Cauchy in a complete metric space. Hence,
{z,} converges to a single point, z. Note that f™ refers to the nth iterate of f in what follows. Now, to
show that z is a fixed point of f:

We have by definition of our sequence z,, = f"(xo). Then by the continuity of f,
z = lim a, = lim f"(zo) = lim FU (o)) = f(lim f N (@o)) = f(x)

Now, to show that this fixed point is unique: By way of contradiction, suppose there exist two fixed points of
X, ie. f(x1)=x1 and f(x2) = 2. Then, d(z1,22) = d(f(x1), f(x2))<kd(z1,22) However, we know 0 < k < 1
so d(x1,22) must equal 0, which implies that 27 and x5 are the same point.

Thus, f contains only one unique fixed point.

Kirk’s Theorem: Let K be a nonempty, bounded, closed, and convex subset of a reflexive Banach space
X, and suppose that K has a normal structure. If ¢ is a nonexpanisve mapping of K into itself, then ¢ has
a fixed point.

More information (including definitions) regarding reflexive spaces and normal structure can be seen in
Appendix 8.

2.1. Alspach’s Map. Fixed point free maps are also of particular interest to mathematicians. In 1981, Dale
Alspach [2] provided an example of a fixed point free map of a weakly compact and convex set, C/,. Note
that the elements here are really equivalence classes of functions, with additional details on this equivalence
in Appendix A. Below, L'[0,1] = L*([0,1],%, 1) where x is Lebesgue measure and ¥ is the sigma-algebra of
Lebesgue-measurable subsets of [0, 1].

Cijp={feL'0,1]:0< f(t)<1forall¢and [, f=1}

Alspach’s Map T': Cyjp » (', is given by

2£(2t) A1 te[0,1/2)
Tf(t):{ (2f(2tél)—1)\/0 te[1/2,1)

Here, for all a, 8 € R,aA S := min {«, 8} and Vv § := max {«, 8}. Alspach’s map is a fixed point free isometry.
Every isometry is a nonexpansive map, defined below and also known as Lipschitz-1.

Proof that T is fixed point free: This proof has been modified from the writing of Brailey Sims [8].
We let T be defined as it is above. That is to say, that V f € C, it follows that Tf(¢t) = 1 iff either 0 < ¢ < %
and 2 < f(2t)<lor 2 <t<1land f(2t-1)=1. We can also note that 2 <t <1 and 7 f(¢) = 1 implies that
Tf(t-3)=1.
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Now, we assume that T is not fixed point free. Let f be a fixed point of T'. Then,

A:={t: f(t)=1}
={t:Tf(t)=1}

1 1 1
:{t:0£t£§andiéf(Qt)Sl}u{t:§<t£1andf(2t—1):1}

:{%t:%sf(t)sl}u{%+%t:f(t)=1}

:%{t;%gf(tyl}u%Au(%Jr%A)

We can see that the three sets in the above union are mutually disjoint. We can also note that each of the
last two sets have a measure that is half of that of A. Therefore, it follows that:

Blzz{t:%gf(t)<1}
is a null set. However,
1 t 1 1
= D= —: =< —
B {t: 3 <TI0 <15 {57 < (D<)

and thus, By := {t: < f(t) < 3} is also null. We continue this pattern and find that

1

1
B, = {t:Q—nSf(t)< 2n_1}

is also null for n € Z. Therefore, we can conclude that
{t:0<f(t)<1} = Ba
n=1

is null and
1 1
f=xa Whereﬂ(A):A Xa=g

From the definition of T we have
T(xa) = (X%A + X(%%A))

And thus, up to sets of measure zero,

A:EAU(1+1A)
2 2 2

We continue to iterate T" and find that

111 11 3 1
A=2AU(C+-A)u(=+-A)u(Z+-4A
1AV (GG A+ 1A
AzlAu(l+lA)u(1+1A)u...
g7V 873 173

and so on and so forth.

Thus, the intersection of A with any given dyadic interval has measure half of that of the interval, which
is impossible for a set that is not of full measure. Note that the domain of Cj; of T' is not a minimal
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invariant set. This follows from diam(C) =1 as 1 > diam(C

have—7<f 1S%WhichimpliesHf 2X01H1—fo |f—*S

) H [0’%] % Hl = 1 while Vf € 01/2, we
1
2"

Therefore, C, is not diametral (defined in Appendix B) and hence, not a minimal invariant set. The
concept of this proof is simple: We know that iterates of T" assume values at either 0 or 1. If T is to have a
fixed point, it must be a function that also assumes only values 0 or 1. However, we have just shown that
functions that are either constantly 0 or constantly 1 do not lie in Cy/, and therefore, T' cannot contain a
fixed point.

3. FIXED POINT FREE CONTRACTIVE MAPS

It was unknown until 2014 if there were strictly contractive fixed point free maps on sets like the domain of
T. Then such an example was created as defined below. This map acts on 5 and is built from 7"

n 2
R:Cypp>Cipp: [ Z§n+{—(;+z = )(f)

It is known that this map is fixed point free and contractive [3]. Here, I refers to the identity map, which
we will also denote as T°.

Question : If we change the ratio r in the fixed point free map R from % to some other number in (0, 1),
does the resulting map remain fixed point free and contractive?

It is important to recall that T is Alspach’s map and that Alspach’s map is an isometry. That is to say,
ITf~Tglli=1]f-gl: for all f,geC,. For the remainder of this paper, we will use T' to refer to Alspach’s
map and |- | = || |1 where domains are subsets of L.

We will use the following lemma from [3].

Lemma 1. For every f,g € Cyj, with ||f —g[ > 0, there is some N € N such that

I+TN I+TN
[or- 2 <1 -0t

3.1. Special Cases. First, we consider a special case. We start with the case r = 1/3 where F%f = %If +
o0 1 ”
1;) 3n+1 T f :

1 1
We want the sum of all coefficients to be equal to 1. Since Z Frrsialed we chose 3 to be our coefficient on
n=0

the I term.

Now, consider HF%f - F%gH.
Iy f~Fygl = |51(F~9) 4 2 1(F=9)+ s T(f ~0) + 5T (f=0) + - T*(f =g+ | = »
R e A R 9" 97 ST grr 1=
We can rearrange our terms as follows, distributing the I-term coefficient throughout the terms that follow

T+ I 2 I N I+ N+1
H g-0+ 25 G0 ZEE G G G0 i T U0

We then simplify using the fact that Alspach’s map is an isometry and apply the Triangle
Inequality.

” I+TV

<21 =gl e 21F-gl+ BIS-gl+ ZNF -l + o gl BE ]+ g lf - gl
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We then apply Lemma 1 on the N-th term, getting » < (1 - 527)|f - gl + 55|/ = gl = | f - g]. Hence,
IFyf - Fygl <1f - gl.

Therefore, this map remains contractive for r = %

Now, we will show that the map is fixed point free using the technique that worked in [3]:

1 1, T, & 1 .., T T T
F1/3(Tf):§(Tf)+T;J3n+1T (Tf):§f+ng03nﬁT 1f:(§+§+?+...)f
5, T2 T°
=g )

Thus, W-(18T+—+%+ )f.

Besides our first term, w looks remarkably similar to F'y/3 f. We can write our F3f in terms of Iy 3T f
by subtracting our excess amount of 7' and adding our g[ :

Fy ;3T
Fijaf = §1f ~ §Tf + 257

Now, consider |Fy/3f - Fi/z9| = 12(f-9)- (T f-Tg)++(FTf-FTg)| =

We apply the reverse triangle inequality:
022 f =gl - §ITf =Tyl = 51FysTf = FuysTyl = g1 ~gl = §If =gl =517 =9l = 1 f -9l

Since || f —g| >0, [Fy/3f - Fi39] > 0 which implies that I3 is 1-1.

If Fyy3fo = fo, then fo =3 fo+$Tfo+ 3T fo+.
Jo= 5fo+ 1Tf0+ 3T fo+ ...
+fo= 1Tfo+ T2fo+
fo=3Tfo+ %TQfo +..=F(Tfo)

Since Fi3 is 1-1, we have just shown that fo = T'fo. However, it is known that T is fixed point free. Thus,
we achieve a contradiction. Fy/3 is fixed point free.

Now, let us consider another attempt using r = %:

(o) n

3"
F3/4 = Z 47L+1T f
n=0

The coefficients in the sum is 1. Thus, we do not need an additional I term before our sum. We can rewrite
this as follows, breaking the sum up into a portion where the coefficients add to i and the remaining terms.
By doing this, we ensure that the i] can evenly be distributed throughout the 7" values of that portion.

1. I+T 3 I+T?

2,3, 9
)y )

3 3
(=T + =712 I —T =724 T+ —T?
TR TR ( el el ) ( tggl )+ (5

Then

)
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IBsyid = Fapagl = (5T =)+ ST20 =00+ 5T - 9)-0)
(3 -0 S G0 s 0 )|
< (slre-o)+Slre-9f - 128” (-9 +-)
(G-l + S50 -a gl 5=
N I+TN
+mu;(f_g>u+...)
Because T is an isometry, we can simplify the first expression to achieve the following: HF3/4 - F3/4gH <
N-1 N
S-al+ GG -0l SR G -al+ gt G-l St T G-l

Again, we apply our lemma to the N-th term.

N-1 N-1
|\F3/4f —3/4 gl < %Hf—g” + (% - %)Hf—g\l + %Hf—g\l

Hence, |Fy/4f - Fs4g] < | f - g|. Therefore, this map remains contractive for r = 2.

What would remain to resolve is whether this map is fixed point free.

n

We know that Fy,f = Z 4n+1 T f.

3" 3 9 . .
F3,(Tf) = Z_%ET”H]C = (ZT+ 1—6T2 + aT?’ +...)f. We can rewrite F3/,f in terms of F5/,(Tf):

F3uf = iI + %F3/4(Tf)

Now, consider | F3/4f - F319] = H(f -g)+ %(F3/4Tf— F3,Tg)| =»

The reverse triangle inequality (and the non-expansiveness of F5,,T) no longer helps if we try to apply it in
the same way:

> 11f =gl = 15T f = FayuTgl > 1 f =gl = 31F =gl = =51 f - gl

In the previous case, having positive k in the expression |Fy/sf — Fy/sg|l 2 k|f - g|| > 0 was crucial. This
calculation breaking down in this case greatly informs our general result in the following subsection.

If we were to continue with the assumption that F'is 1-1 and assume that F3/4fo = fo, then

fO 9 2
- l — 1T = E
fO 4 f 64 4n+1

We then rearrange this equation as shown below: First, by bubtractlng 9 from both sides and then by
dividing each side by 2 e
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f0=fz *Tfo gT2fo+
o= 2Tt T o+ .

1 3
fo=7Tfo+ T6T2fo + o= F3u(T fo)

If Fy/4 were to be 1-1, we could see how T'fo = fo implies that Alspach’s map has a fixed point. Thus, since
Alspach’s map is fixed point free, this is a contradiction. Therefore, F3/, is fixed point free if Fy/, is 1-1.
However, because we cannot determine injectivity, we cannot conclude that F3/, is fixed point free.

3.2. Generalizing What Works. We would like to generalize the working construction from Fj;3 to
an unknown 7 € (0,1). Specifically, for 7 € (0,1) we would like to define a selfmap on Cy/, given by
r

W.f=cf+b Z r"T" f for positive real numbers ¢ and b to be determined. Noting that Z r’ we

n=1 n=1 -r
need ¢ +b(1) = 1 in order for W, to map f back into Cys.

Then, W,.(f) = cTf +b(r*Tf +r3T?f +...) while W,.(f) =cf +b(rTf +r*T%f +...).

This implies that rW,.(f) = W,.(f) =rcTf -rbT f —cf. Let fo be such that W,.(fo) = fo. Then, rW,.(T' fo) =
r(c=-0)Tfo+(1-c)fo=»

This last expression lead to proving Fj /s is fixed point free exactly because the coefficient on T'fo was 0. To
that end, let ¢ =b. Then b+b(1=) = b(1 + =) = b(:=") = 1 which implies b=1-7.

Then, # =7(b=0)T fo+(1-0)fo =7r(0)T fo+(1-(1-r))fo =rfo. Thus, rW,.(T fy) =rfo. So this construction

shows promise.

W, :Cyp = Crpp: fro(=r)f+(1=r) Y r"T"f
n=1
To prove that W,. is contractive we will use the following lemma.

Lemma 2. Let {c,}, € (0,1) be such that Z ¢n =1. Then G : Cyjp - Cyj given by G = Z e, T™ is

n=0 n=0
contractive map.
Proof: We note first that rearrangement of terms preserves the value of (Gf)z = Y ¢, (T" f)(z) for any
n=0
J €z and any x € [0,1] because the convergence of this series is absolute. We will decompose the series

asG=E+Zdn( il
n=1

). We will call E the “extra terms”. The terms with £ +2T "~ make G contractive and
the extra terms keep G a convex combination of 7.

If ¢o < Z Cn, then (noting the sum on the right hand side equals 1 — ¢y and also that ¢y < 1/2) define
n=1

2cocy, -2c0 &

dy, = . In this case the extra terms are F =

1- Co —C0 p=1
To see that G is contractive in this case, let f, g € Cy/5 be given with | f—g[ > 0. Because |T" f-T"g| = || f-¢]|
for every n, it follows that

c,T™.

1-2¢o & . "
|Ef=Eg| < 5= Y el T"f-T"]
€0 p=1
1—260 s

> enll f =gl = (1-2c0) | f - g].-

n=1

1-
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And also,
Sa[(557)-(55 )] ¢ Eal(=57)r- (55
< S dili-dl
- 21'“"22 oS gl

The strict inequality above is provided by Lemma 1. Putting these together, we have
& I+7T" I+T"
jer-cal = |Br-por 30 [(F55) - (550 ]
n=1
< (I=2co)lf =gl +2col f =gl = - gl-

(o)

In the remaining case, we have cqg > Z ¢n. In this case, we can let d,, = 2¢, and E = (2¢o — 1)I. Then we

have
> I+71" I+71"
I+T" I+71"
- H(2co—1)(f—g)+22cn[( )r-(%5 )g]H
n=1
I+71" I+7"
< o=Vl -gl+ 3 2 (F5) - (F5) 9]
n=1
< 2eo-DIf-gl+2 enlf -9l
n=1
= 2co-D|f-gl+20-co)lf-gl=1f-gl
Once again, the strict inequality above comes from Lemma 1. O

Lemma 3. If the map W, is one-to-one for a given r € (0,1), then it is fixed point free.

Proof: Let r € (0,1) be given and suppose that W, is one-to-one. By way of contradiction, suppose that
fo € Cyz is such that W,.(fo) = fo. This means fo = (1-7)fo+7r(1-7)T fo + r2(1 = 7)T?fo + ---. Subtracting
(1-7)fo from both sides of this equation and then dividing by r gives the following.

fo=Q@=r)fo+rr(L=r)T fo+r*(1=r)T?fo +-
rfo=r(L=r)Tfo+r*(1=r)T?fo+r3(1L=7)T3 fo + -
fo=(A=-m)Tfo+r(1=r)T?fo+r*(L=7)T3fo +-- = W.(Tfo).
We have shown that W,.(T'fo) = fo = W,-(fo). Supposing that W, is one-to-one, we would have Tfy = fo.
Since T is fixed point free, this would be a contradiction. O

Lemma 4. For any r € (0,1/2], W, is one-to-one on C' 5.

Proof: Let f,g € Cy/, be given so that | f—g|| > 0. In the following calculation, we use that W, is contractive.

[Wof =Wegl = [(A=r)(f =) +r(L=r)(Tf ~Tg) +r*(L=r)(T*f ~T?g) +-|
> (L=m)f =gl =lr(L=r)(Tf=Tg)+r*(L=r)(T*f - T?g) +-|
= (A=-n)f-gl-rIW.Tf-W.Tyg|
> (=-n)f-gl-rlTf-Tyl=QQ-r)f-gl-7rlf-gl20. O

Putting these lemmas together, we have proven the following theorem.



FIXED POINT THEORY AND INVARIANT SETS: INTRODUCTION AND NEW EXAMPLES 11

Theorem 5. For any r € (0,1/2], W, is contractive and fixed point free on C1 /5.

The question remains open when r > 1/2. By Lemma 2, the maps are all contractive. Lemma 4 breaks
down when r > 1/2. Considering a map like A, = (I + W,.)/2 (which is fixed point free if and only if W, is
fixed point free) extends the values of r to which a result like Lemma 4 applies, however it is unclear if the
appropriate variation of Lemma 3 holds.

We note another natural way to generalize R is the family of maps G, : Cyj > Cyyp: f = 1112:f + Z r"T" f.
n=1
These maps are contractive and we can see that G/, is R. But it is unclear if these maps are fixed point

free.

4. MINIMAL INVARIANT SETS

Question: The minimal invariant set for T has already been characterized [4]. Can we do the same for R
and W,.7

What is a minimal invariant set?

Definition. A set, D, is T-invariant if T(D) ¢ D. We call a closed, bounded, and convex set, C, a
minimal invariant set for T if it is invariant and no closed, bounded, and convex set K ¢ C is T-invariant.

Kazimierz Goebel has noted that minimal invariant sets are “bizarre objects” surrounded by much interest
[5]. They were studied and some of their properties were catalogued before Alspach’s example proved that
they existed non-trivially.

With new fixed point free maps identified above, it raises the natural question about their minimal invariant
sets. Are these new minimal invariant sets similar to those characterized by Day and Lennard [4]. Would
iterating the fixed point free maps identified above produce the same weak limits?

These questions informed the next investigations of this study. If a map is fixed point free, the minimal
invariant set is the “next best thing”. It is the closest we can get to a fixed point for a fixed point free map.
The way we know that these minimal invariant sets must exist is by application of Zorn’s Lemma. A simpler
understanding of Zorn’s Lemma can be achieved via the Nested Interval Theorem.

Nested Interval Theorem

We begin with a proof of the Monotone Convergence theorem:
Theorem 6. If a sequence of real numbers is monotone and bounded, then it converges.

Proof. Let (a,) be an increasing sequence of real numbers that is bounded. Then 3A € R such that
Vn € N,a, < A. Consider {a,} which is bounded since (a,) is bounded. Denote the supremum of the set
as U = sup{a,}. Let € >0. U — ¢ cannot be an upper bound and hence, there exists some ay such that
ay > U —e. Thus, because (a,,) is increasing, we have for any n > N

® U-€e<a,<U-+e
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which implies |a, — U| < € for any n > N. Hence, lim a, = U and (a,) is convergent. A similar proof holds
n—o00

for decreasing sequences.

Proof of &.
Claim. For U =sup{a,},U — € < a, <U + € holds for n sufficiently large.

Proof. We want to show that Ve > 0,3ag € {a,} such that ap > U — €. Suppose that ag < U — € and that
no element of {a,} exists and is greater than (U - ¢€). Then, (U - ¢) would be an upper bound of {a,} by
definition, contradicting U = sup{a,}.

The Nested Interval Theorem (N.I.T.) is as follows:

Theorem. Let (Cx)s2, be a collection of closed intervals, Cy = [xg,yx], such that Ciy1 € CpVk. Then,
N2, Ci # @. Additionally, if klim (yx — xx) = 0, then ng2,C}, consists of a single point.

Below, we prove the Nested Interval Theorem:

Proof. Let Cj =[xk, yx] and Cii1 = [Tha1,Yre1]. Since Crir = [Trse1,Yke1] € Ck = [Trs Uiy Trer 2 T and
Yr+1 < yg- Hence, {xx} is an increasing sequence and is bounded below. By the Monotone Convergence
Theorem above, {z\} converges. That is to say, 3 klim {z} = x. From this, we know that sup{xy} = z. Note

that {yx} is bounded below by z1 <z < yi Vk.

Similarly, {yx} is a decreasing sequence and is also bounded. Again, by the Monotone Convergence Theorem,
there is a limit y = klim {yx}. This implies that inf{y;} = y. Since zy, <y Vk, any arbitrary y; of the sequence

{yr} is an upper bound of {z;} and any arbitrary z; of the sequence {x)} is a lower bound of {y;}. Hence
x <yrVk and x <y. Thus, we obtain Yk

T Lx LYy LY.

This demonstrates that [z,y] € [zk, yx]. Thus, Nje; Ck * @.

Cantor’s Intersection Theorem

The Nested Interval Theorem can also be generalized to higher finite dimensions. And an even more general
result is demonstrated in Cantor’s Intersection Theorem:

Theorem. Let S be a topological space. A decreasing nested sequence of non-empty compact, closed subsets
of S has a non-empty intersection. That is to say, if we suppose that (Ck)gs0 is a sequence of non-empty
compact, closed subsets of S such that Cy > C1 > Cy2...Cy, 2 Chy1 2 ..., then N2, Cr # &.

Proof. By way of contradiction, suppose Ny, Cr = @. For all k € N, let Uy = Cy \ C%. Then, N2 Uy =
Co N Uiz Cr. Thus, since Ny~ Ck = @, we have Ugz, U = Cp. Since the Cj, are closed relative to S, the Cj,
are also closed relative to Cy and the Uy, are open relative to Cj since the Uy, are the set complements of the C},.

Now, since Cy ¢ S is compact and {Uglk > 0} is an open cover of Cp, we can extract a finite cover
{Uk,,Uky, Ugg, ..., Uk, }. Denote M = maxjcicm ki. Then, U, U, = Up because Uy ¢ Uy € ... c Uy, ¢
Up+1 € ... by our nesting hypothesis.

Consequently, Cy = U2, Uk, = Ups. But then Cpy = Cy \ Ups = @, which is a contradiction.
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Zorn’s Lemma

Proved in the early 20th century, Zorn’s Lemma is a proposition of set theory. The lemma has multiple
applications and is a foundational element throughout numerous branches of mathematics, including analysis,
topology, and ring theory. Before any discussion of the lemma or its proof, here are a few foundational
definitions:

Definition. Let B be a partially ordered set. A subset A € B is called an initial segment if for Va € A
and Vb e B, a <b implies that a € B.

Definition. A subset is called the greatest common segment of two or more sets if it is the largest
subset that is contained within all of the sets.

Definition. A subset or segment A c B is called proper if all elements of A are in B but A # B.

Zorn’s Lemma is as follows:

Lemma. Let P be a partially ordered set (P, <) with the property that every chain C' € P is bounded. Then
P has a maximal element.

Proof. By way of contradiction, suppose P is a partially ordered set such that every chain in P has an
upper bound in P and P has no maximal elements. Take any nonempty chain C ¢ P. If C' is a chain in
P, then, by assumption, the set of upper bounds of C' in P is nonempty. Let us denote the set of all upper
bounds of C that do not lie in C as f(C).

Let us define a function f : P(P) - P(P) such that V{p;} € P, f({p;}) 2 {p;}. Now, take p; ¢ P. If
p1 is not maximal, let p1 < po € f({p1}). If po is not maximal, let ps < ps € f({p1,p2}). If p3 is not
maximal, let p3 < py € f({p1,p2,p3}). After finitely many steps, if we do not have a maximal element,
let pp-1 < pn € f({pP1,P2,---;Pn-1)}. This process continues infinitely, only terminating if P has a maximal
element.

Now, suppose we fix an element p € P and let B denote the set of subsets C ¢ P where

(i) C is a well-ordered chain in P
(ii) p is the least element of C
(iii) For ever nonempty initial segment 3¢ € T c C' such that the least element of (C/T) is f(T)

Clearly, B is nonempty since it contains {p}. We note that if C;, Cy € B are nonempty, then either Cy or
Cs is an initial segment of the other. To see that this is true, let R be the union of all sets that are initial
segments of C7 and Cs. Thus, R is the greatest common segment of C; and Cy. If R is a proper initial
segment, then by (iii), f(R) is the least element of (C; — R) and (Cy — R) but then Ru f(R) would be an
initial segment of both Cy and Cs, which contradicts our definition of R since f(R) n R = {@}. Hence, this
implies that R cannot be a proper subset of both C'; and (5 and thus, R must be equal to either Cy or Cs.

Denote U to be the union of all members of B. By (ii), U is well-ordered. Moreover, all members of B are
initial segments of U and the least element of U is {p}.

We now want to show that (iii) holds for U: If T is a proper nonempty initial segment of U, Ju € (U/T).
By construction, u belongs to some C € B, and T is a proper initial segment of C' by construction. Thus, by
(iii), f(t) is the least element of (C/T) which implies that f(¢) is the least element of (U/T"). Hence, U is
an element of B.

Now, suppose U does not contain a maximal element of P. Then, U u f(U) € B but clearly, U u f(U) ¢ U,
since 3f(u) € f(U)NUC. This contradicts our definition of U, which states that U is the union of all members
of B. Therefore, U must contain a maximal element of P. Thus, a maximal element exists, thereby proving
our lemma. A similar proof shows the existence of minimal elements.
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4.1. Advanced Properties of Minimal Invariant Sets. In 1998, Goebel provided a property of minimal

invariant sets [5]. In what follows co(S) will refer to the closed convex hull of S. Note that co(S) = { ) sy :
k=1

SkESVk,ZthI}.
k=1

Property 1. If K is a minimal invariant set, then K = co(T(K))

Proof. By definition of T-invariant, we know that T'(K) ¢ K and that T refers to Alspach’s map. We also
know that co(T'(K)) is the set of all convex combinations of points in T(K). Thus, T(K) ¢ co(T(K)).
Now, to show set inclusion, by way of contradiction, suppose that z € K but = ¢ co(T'(K)). Then, co(T(K))
is “smaller” than K, contradicting the minimality of K. Therefore if z € K,z € co(T(K)) and thus,
K ¢ co(T(K)). Now, we know that T'(K) ¢ K. Take the convex hull of both sides of the inequality.
co(T(K)) cco(K) = K since K is convex. Thus, co(T(K)) ¢ K. Therefore, K = co(T(K)).

Definition. For any F : D - D and any f € D, define M;(F') to be the minimal invariant set for F' that
contains f.

Consider R the contractive, fixed point free map defined above. Note that because R is contractive, it has
only one minimal invariant set [5]. Therefore we will use the notation M(R) to denote this set. It’s also
known that in Cy/;, T' has a unique minimal invariant set which we will denote M (T').

Claim: It holds that M(R) ¢ M(T).

Proof. Let f e M(T). We want to show that M (T') is R-invariant which would follow from R(f) e M(T).
Recall that M(T) is convex and closed. Recall that R(f) = )’ f.
= gn+l

Now, T': M(T) - M(T). Thus, Tf € M(T), T?f € M(T), and so on. Hence, all convex combinations must
also be in M(T), including R(f). Therefore, R: M(T) — M(T), which is to say that M(T) is R-invariant.
Thus M (R) < M(T).

4.2. Outputs of R. Previous discoveries of minimal invariant sets have hinged on computing the weak
limits of iterates of the fixed point free map [4]. We aim to do the same for W, starting with R = Wy ,.
Define g(z) = 1. We begin by proving that Rg = 3 - %x The following lemma is closely related to a lemma

4
in [3]. We prove the version we need here.

Lemma 7. For any n>1,T"g = Z X[ 2k 2517
0<k<2n-1

Proof: We proceed by induction.

Let n =1 be our base case.
For z€[0,1), Tg(z) =2g(2z) Al=1
For z € [$,1], Tg(z) = (29(2z-1) -1) v0 =0

Assume by way of induction that T"g(x) = Z X[ 2k 2ks1]- Then, throughout, let f =T"g, allowing the
0<k<2n-1
abbreviation T'f for the next iterate. Below, we check the following cases. These are appropriate dyadic

intervals starting with either an even or odd numerator.

We have four cases:
2k+1 1
Case 1: z ¢ [Znﬂ y5er) N[0, 3)

Then, 2z € [25, 288y 50 Tf(z) =2f(2z) Al=2%1A1=1
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Case 2: z € [0, %) n [3{31117 3’:112
Then, 2z €[1,2] = (2z-1) €[0,1] so T f(x) =2f(22) A1=2%0A1=0

Case 3: z € [$,1]n [, 2k
Then, 2z € [1,2] = (22 -1) €[0,1] so Tf(x) = (2f(2x-1)-1)v0=1v0=1

Case 4: z ¢ [gﬁi}, glﬁf)ﬂ[%,l) i i
Then, 2z € 25, 2841y = (27 - 1) e [22E1=2 2B42227) o6 T'f(2) = (2f(2z-1)-1)vO=(2+0-1)vO=
=-1v0=0

We have shown that T'f(x) = 1 exactly when x is in an appropriate dyadic interval starting with an even

numerator. Therefore, T"*'g(z) = 3’ X[ 2k, | 2k21].
O<k<an 2770727

Let hx denote the N-the Rademacher function. Defined below, the function has the domain [0,1].

ons on

1 ifxe[2k 2Bty for <k <2n?
0 otherwise

hy(x) = {

N m

T
Lemma 8. With sy = Z 2n+gl
n=0

and f(z) =3 - 2, we have | f - sps1| = 3 ||f - sn| for every neN.

Proof: We will prove this by showing that the following three criteria hold for the graph of f —s,, for any n:

e The graph consists of 2" triangles
o The triangles are sitting over intervals [;ffl, ﬁﬁi?] = [Qﬁm %] Vke{0,...,2" -1}
e Height of the triangles is Qn% = % . 2% attained at the left endpoints

Note that the total area of the triangles would be

(number of triangles){% (height - interval length)) = 2" (3 (55 - 57)) = 271%

Base Case: n=0
fosa=f-=(G-t0)-i=d-ke
We have three criteria:
e 2Y =1 amount of triangles
e This triangle is sitting over intervals [2%, %] for k € {0} which is the interval [0,1] in this case
e The height of each triangle is 20% = % attained at the left endpoints

Thus, our total area is 1(%(% ‘1)) = i.
Now suppose by way of induction that f — s, satisfies the criteria listed above.

We want to show f — s,,1 satisfies our criteria:

e There are 2"*! triangles.
o The triangles are sitting over intervals [525; 242 = [_E 2Ly e {0,..., 2" -1}
e The height of the triangles in f — s,41 is half of the previous iterate’s height

The inductive hypothesis says that there are 2" triangles, each of which looks as follows
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a b
j 2 i+l 2442 . . . . . qmet
Here, a = 55 = 5247 and b = ]2% = 21:1. The height of the triangle is 2,1% Now, consider subtracting .
2, 2j+3 .
S + 27+1
. . +1 +1
The effect on [2311 , gi—ﬁ] is demonstrated below, with ¢ = 2~ 5 AL 5
a e b
n+1 n+1
Recall that s,,01 — s, = % < S, — Sp+1 = —%. We can use this to re-write
Tn+1g
If = snaal =1f = sn+ 80 = snarl =||f =50~ | iz

By Lemma 7, to subtract 7;711257 from f - s, is to subtract 2,1% on the interval [a,¢]. This results in the red
line, which bisects the height of the original triangle. Lemma 1 also says to subtract 0 on the interval [c, b]
which results in no change. Overall, we are left with two smaller triangles, both of which have a height equal
to half of that of the original triangle.

Thus, the total area is 2" (5 (5 - 5m51)) = 575 = 3 (5752 ), which is half of the area of our n-th triangle.

Thus, we’ve demonstrated that for all n, the area of each set of triangles decreases by a factor of % each
iteration. That is to say, | f = sns1] = 5 [ f = sl

x.

>
(el

Theorem 9. With g = %X[O,l]a Rg =
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N n 1

Proof: Again, define f = % - %x and s, = ). Now, by Lemmas 7 and 8, | f — sp+1] =

)

. o —
on+l IN+2 oo

n=0
which is to say that the series Rg converges to f.

We hope to continue understanding {R"g} or {R"™f} for other starting functions f. Understanding such
sequences of iterates enabled the characterization in [4]. The irregularity of R may make this more difficult,
but the result above shows that progress is possible.

5. APPLYING R TO Ry

Many of the results in this section and the next have been submitted for publication as [9]. Here C/, and
R are as previously defined.

Lemma 10. R(f) # h,Vf € Cyjp and Vn.

Proof: Assume h,(z) = Rf(z) = @ + Tf4(x) + sz;(m) + TS{G(I) + ... Let o be such that h,(z) = 1. By
assumption, 1 = hy,(z) = @ + Tfim) + Tz’;(m) + T@ . Since the RHS is a convex combination of
numbers in [0,1] that add up to 1, it holds that T"(x) = 1¥n > 0. In particular, f(x) = 1. The same
reasoning shows that f(«) =0 when h,(z) = 0. Therefore, f = h,,. This then implies that R(h,,) = h,,, which
is a contradiction since R is a fixed point free map.

Claim: 2R(hp,) — by = R(hums1)
Proof: Recall that Th,, = h,,.1. Now,

2 3
R(hp) = b 4 Do Thos y T |

R(hy) = 2z = Thm % + % + . :ath + Tzhgm“ + TS?&"“ + .
2R (hin) =y = Pt Thomer  Thomer oy = R(hypay).
n-1
Claim: R(h,)(z)=2""1-2""1p- %" 2", (x)
k=1

Proof: We proceed by induction.
Base case: n =2

R(h2)(x) =2 -2z - hyx as proven above.
Suppose, by way of induction that the claim holds for n = m. Then

2R (s ) (@) = 2R (hm ) () = hm ()

=202™ M (1-z) - 7:2__:1 2"y (1)) = By ()

S (1 2) (S 2P (@)) — hon(2) = 27 (1 —2) = 3 2" Ry ()
k=1 k=1

Thus proving our claim for n = m + 1. Hence this claim holds Vn € Z.

Claim: The graph of R(h,) consists of 2"~ triangles sitting above intervals[2nk_1, 2kn+_11] for

ke{0,1,...,2""1 — 1} with a height of 1 attained at 2,%

Proof:
Base Case: The graph of R(hy) produces 227! = 2 triangles as displayed below. The height of the triangles

is 1 and they exist over the intervals [0, %] U [%, 1].
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Induction Step: Fix j € N. Assume the claim holds for j. Now consider j + 1. By a previously established
claim, R(hj+1) = 2R(h;) — h;. Taking 2R(h;) doubles the height of the graph. This results in the same
amount of triangles but twice as tall, namely 2, then subtracting h; causes the height to become 1. By the
images below, you can see how when subtracting h;, the amount of triangles doubles, similar to the process
in Lemma 8. We apply Lemma 7 here by taking n = j — 2. Thus, the rest of the proof holds as it did in
Lemma 8.

y=2R(h )
y=R(h)

y=2R(h ) -h_

y=2R(h)-h =R(h )

6. THE SIZES OF MINIMAL INVARIANT SET

Recalling that M (T') is closed and convex and that W, is a convex series of iterates of T', it must be the case
that M(W,.) € M(T) for every r € (0,1/2]. In this section, we discuss the possibility that M (R) ¢ M (T).
This would be achieved by proving that h, ¢ M(R). In this document, we begin work in that direction and
indicate the remaining open question.
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Proposition A: h, ¢co(R(Cl/2))
Proof: Assume h, Z ceR(fx), where f € Cy/5 and Z cx = 1. Recall that the only outputs of h,, are 1’s

and 0’s. Recall also that the outputs of R(fx) are in [0 1] Whenever h,, produces a 1, it must be the case
that R(fx) produces 1 also, just as in the Lemma 10 above. By the same reasoning, whenever h,, produces
a 0, it must be the case that R(fx) produces a 0. This then implies that the outputs of R(fx) are 1’s and
0’s on the same intervals as h,. But, this is impossible by the Lemma 10. Thus, we have a contradiction.
Therefore, hy, ¢ co(R(C1/2)).

Proposition B: h,, ¢ 6" (R(Cys)).

We do not have a proof of this proposition currently. Our work indicates that it is true. Supposing it were
true we would have the following affirmative proof of the main question.

Argument: M(R) is a c.b.c (closed, bounded, and convex) set by definition of minimal invariant sets.
Ew’“(R(Cl/z)) € Cyj2 and is c.b.c. as well. Therefore, by finite intersection S := Ew’“(R(Cl/Q)) NnM(R)
is c.b.c. and thus, S = M(R). By Coebel 4.1, M(R) = c0“*(R(M(R))) which then implies that M (R)
e""(R(M(R))). But, M(R) c Cyj» which implies that M(R) ¢ @"*(R(M(Cys))). Since M(R)
@0"*(R(C12)), hn ¢ M(R).

N 1N

Open Question: Is it the case that h, ¢Ewk(R(C’1/2))? As mentioned, it would follow that h, ¢ M(T)
and M (R) is strictly contained in M (T).

Open Question: M (T) is a canonical example of a small domain that admits a fixed point free map. Is
M(R) smaller in a structural sense than M (T)? No such examples are known. Specifically, does M (R)
span a space that contains a copy of L' as M (T) does?

7. APPLICATIONS

Above, we saw a proof of the Banach Contraction Mapping Theorem. In order to illustrate the possible
applications of fixed point theory, we have included three exercises below.

Question 11. Let K be a continuous function on the unit square {(z,y) : 0 < z,y < 1} satisfying | K (z,y)| < 1
for all  and y. Show that there is a unique continuous function f(z) on [0,1] such that

f@)+ [ K@) dy= e

Answer: Re-arranging, note that our equation is solved if and only if
IZ !
e - [ K@i dy= ().

1

We define the left hand side of this to be T'(f) = e - f K(z,y)f(y)dy. Note that the question is answered
0

if and only if 7' has a unique fixed point, f.

As a final preliminary note, since |K]| is continuous on a compact set, it attains its max. Since |K| < 1 it
must be the case that this max (call it k) satisfies & < 1.
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Let us prove that T is a strict contraction on the set of continuous functions on the unit square equipped
with the “sup”-norm: |- |-

IT(f1) = T(fa)] oo = sgp{

(9]

S [ REpa@ - (¢ - [ K@ o))
:sup{ folK(x,y)fz(y)dy—folK(z,y)fl(y)dy‘}

x

= | [ K ) () - i) o)

x

<sup{ [V 1K@l 10) - Ry

- 1.
But |K| <k and |f2(y) = f1(y)| £ || f2 = fille- So the last quantity above is less than or equal to [ k-|f2-
0

Filloody = k- || f2 = fileo- )
By transitivity of inequality, |T'(f1) = T(f2) e < k- | f2 = fillo, Proving that T is a strict contraction. Then
the Banach Contraction Mapping Theorem gives that T'(f) = f for exactly one f.

A similar problem. [1]

Question 12. Let g be a continuous real-valued function on [0,1]. Prove that there exists a continuous
real-valued function f on [0, 1] satisfying the equation

1@ = [ fa =t dt = g(a)
0
Rearranging, we find f(z) = g(z) + [ F(z-t)e " dt. Define this to be T(f) = g(z) + [y f(z ~t)e~t"dt. Note
that there exists a unique continuous function if and only if 7" has a unique fixed point, f.

Now, we want to show that T is a strict contraction on the set of continuous functions on the unit interval
equipped with the “sup”-norm: | -|e. Let z be arbitrary in [0,1]. Then

|T(f2)x —T(f1)x] ‘g(x)_ /Omfg(x—t)eftzdt—g(x) ~ [Oa;fl(z_t){tzdt‘
“/Ozf2($—t)e*t2dt_fowfl(m_t)eftzdt‘

ﬁr N oz~ 1) - filw - t)dt

[ et filedt =0

f1(y) = f2(y) is bounded by |f1 - fallee- Now, we want to show that fol e‘thy = k < 1. Exponential is a
positive and increasing function and ¢ € [0,1]. Thus, ¢ > 0 implies that et > e0. Therefore, et = e% <hH=1
and k < 1.

IA 1l ]

IA

And so we see that [T(f2)x —=T(f1)x| = & <E|f2 - fi]co-

This demonstrates that T is a strict contraction and, by Banach Contraction Mapping Theorem, T'(f) = f
for exactly one f. Therefore, since we’ve shown that 7" has a unique fixed point, there exists a unique

continuous, real-valued function that satisfies f(z) - [, f(z - t)e‘tht =g(x).

Question 13. Show that there is a unique continuous function f :[0,1] - R such that

W),
0

eTty+l '

f(z)=sinz+
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Define this to be T'(f) = sin(z) + f J:szl

only if T has a unique fixed point, f. Now, we want to show that T is a strict contraction. Let x be arbitrary
n [0,1]. Then,

dy. Note that there exists a unique continuous function if and

[T(f2)x-T(f1)x] = [sin(x)- efi(i)ldy—sin(x)-r (f;}ﬁ)ld‘
_ ’ h@ . LW, ‘ ’ h@) -£0), y’
ezT+y+l ezT+y+1 eT+y+1
< [|MOSEd -

f1(y) = f2(y) is bounded by | f1 - fa]lec. Now, we want to show that [01 ﬁdy < % < 1. The exponential
function is increasing and x,y € [0,1]. Thus, for z,y > 0, e**¥ > 1 implies e®*¥*! > e. Hence, ﬁ <1

e
Therefore, & < % <1.

This thereby demonstrates that T is a strict contraction and, by Banach Contraction Mapping Theorem,
T(f) = f for exactly one f. Therefore, since we’ve shown that 7" has a unique fixed point, there exists a

unique continuous function that is a solution to f(z) =sinz + [01 655321 dy.

8. APPENDIX

Appendix A. Measure Zero

Definition. Measure Zero
We say that A € R has measure zero if Ve >0, 3{I, },ey such that Ac U, and Y I(1,) <e.

Lemma 14. Let A ¢ B. Then, if B has measure zero, A has measure zero.
Proof. By definition, B € U{I,}. Then A c B ¢ U{[l,} implies A € U{I,}.
Lemma 15. Let Au B. Suppose A and B have measure zero. Then, A u B has measure zero.

Proof. Let ¢ > 0. Take {I}} with A ¢ U{/} such that ¥I(Iz) < § and {I.} with B ¢ U{I}} such that
YIU(I) < 5. Note AuB ¢ (U{I:})u(U{I;}). We can then denote C := {I;, }u{I;}. Then, Y I(I;)+¥1(I};) <e.

Hence, C' has measure zero. Thus, by Lemma 1, Au B ¢ C has measure zero.
Consider the following functions: f,g:R — R. Let’s define ~ by f ~ g if {z: f(x) # g(x)} has measure zero.
1. ~ is reflexive. We want to show Vf:R >R, f ~ f.
{z: f(x) # f(x)} = @ which has measure zero.
2. ~ is symmetric. We want to show Vf,g: R - R, if f ~ g then g ~ f.
{z:9(z) # f(z)} ={x: f(x) # g(x)}, which has measure zero. Therefore, the other set has measure zero.

3. ~ is transitive. We want to show Vf,g,h: R >R, if f~g and g~ h, then f ~ h.
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Consider A ={xz: f(z) # g(x)} and B = {x: g(z) # h(x)}. A and B have measure zero by definition. Now,
consider the set C' = {xz: f(z) + h(x)}.

Consider = where f(z) = g(z). fx e AUB 2eCY. Ifx ¢ C% ¢ A° uBY. By DeMorgan’s Laws, if
xeC,xe AuB. Thus, C ¢ Au B. Therefore, C' also has measure zero.

Appendix B. Reflexive and Normal Structure

Definition. Let X be a normed space and X** = (X*)* denote the second dual vector space of X. The
canonical map z — ' defined by z'(f) = f(x), f € X* gives an isometric linear isomorphism from X into
X**. The space X is a reflexive space if this map is surjective.

Before defining normal structure, here are a few foundational definitions:
Definition. We say that the radius of D relative to the point w € D is r,(D) = sup{|u - v| : v € D}.

Definition. The diameter of D is defined as diam(D) = sup{||x —y| : z,y € D}. A point p is considered
diametral if r,(D) = diam(D).

In fact, if our set is c.b.c., then its diametral points must be on the boundary and not in the interior of the
set.

Proof. By way of contradiction, assume the claim to be true. Let D be c.b.c. and let x be diametral and
an interior point of D. Then x € V.(z) with V.(x) ¢ D.

Because  is diametral, Jv € D with |v - z| = d > diamD - %.

_ 2 _x-v _ _ 2e ; _E 4 2
Take p = 5 o=y +@. Then [v-p[ =d+ 5 > diamD -5 +5

that the diameter of D by having v and p farther apart than allowed.

= diamD + 5. However, this contradicts the fact

Definition. A bounded, convex subset K of a Banach space X is said to have normal structure if it
contains any non-diametral points. That is to say, if a set lacks normal structure, all of its points are
diametral.

Appendix C. Baker Transform

The Baker Transform is a map T : L'[0,1] - L'[0,1] where L'[0,1] the set of all real-valued Lebesque-
integrable functions with domain [0,1]. Note that every Riemann-integrable function is Lebesque-integrable.
Each iteration of the transform makes the function half as wide and twice as tall, as can be seen in the graphs

below. This results in Haar Wavelet-like graphs when f is a constant function. We know the following about
T:

b 1
1. lim T™f = §(b_ a) if and only if the weak limit of {T" f} is h(z) = 3

2. T preserves area: fol f= f01 Tf
3. T is fixed point free on certain domains, such as Cy/; = {f:[0,1] - [0,1] s.t. fol f=%
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