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ABSTRACT
Computability of Function Spaces from Harmonic Analysis

Kenzy Abdel Malek, MSc.
Concordia University, 2020

In computer science and mathematics, a computable function is one for which a computer
program exists and can give its values in finite time. We explore notions of computability
for function spaces such as the Hardy space H'(R) and the Besov space BP(T) from har-
monic analysis. After a comprehensive introduction to computable analysis and studying
several function spaces, we establish some original results. Namely, that there exists a dense

computability structure on the Besov space.
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Chapter 1

Introduction

The theory of computation (or recursion theory) deals with the study of computable func-
tions. Broadly speaking, in computer science and mathematics, a computable function is
one for which a computer program exists and can give its values in finite time. From another
point of view, such objects are said to be computable if they can be approximated by other
objects of the same nature which are already known to be computable. The existence of
an approximation to a function, for example, can be seen as the mathematical analogue of
what computer scientists refer to as the existence of a Turing Machine for that function.
Thanks to Alan Turing, the theory of computability has been very popular within the field
of theoretical computer science. However, computability within the context of mathematical
analysis is not as common. In fact, one can see that mathematicians such as Banach and
Mazur in [1] and Grzegorczyk in [10] were studying such concepts as early as 1937. Recent
work in the field of computability involves more well-known concepts in mathematics, such

as Julia sets in [4], harmonic measure in [2], or even the Blaschke product in [15].

The interaction between computability and analysis can lead to surprising results. For
instance, it was found in [18] that there exist solutions of the form u(xy, ..., z,,t) to the wave
equation which are computable functions at time t = 0, but not at time t = 1. Moreover,
mathematicians have developed several theories and definitions in order to incorporate the
notion of computability in familiar settings such as Banach spaces, and metric spaces [3].

Despite this, the theory of computability within analysis is still not uniform and there exist



many seemingly different schools of thought within the field. As such, the intersection

between analysis and computability remains wide open.

Our goal is to explore notions of computability for function spaces such as the Hardy space
H'(R) and the Besov space BP(T) from harmonic analysis. Chapter 2 gives a comprehensive
overview of many notions from computable analysis (the analysis of computable objects in
mathematics), which range from the most basic notion of a computable function f: N — N
to more advanced notions such as computable metric spaces and computability structures.
Next, Chapter 3 gives some background on the harmonic analysis side and is presented in a
way that highlights the progression of ideas and spaces for which we wish to establish notions
of computability. It begins with the Hardy space and ends with the Besov space, the latter
begin the space which our results are concerned with. Finally, Chapter 4 presents original

results, namely that there exists a dense computability structure on the Besov space.

To the best of our knowledge, notions involving the computability of function spaces
found in harmonic analysis have not previously been studied. As such, we end by noting
that our work is only the beginning of a long list of possible results concerning the intersection
between the two fields and state a couple of open questions which would be natural to address

given our results.



Chapter 2

Background in Computability

In order to introduce concepts of computability in the context of real function spaces, one
needs to define what it is for a function from N — R to be computable and the reason for
this will be clear in our work to follow. To do this, we build up to such a definition, starting
from the naturals and working our way up to the reals. This chapter is meant to be a self
contained introduction to computability, as it is still a new branch of mathematical logic.
Most of the notions presented in this chapter can be found in [12, 18, 17, 23, 19] and [6].

First, we begin with functions mapping to the natural numbers.

2.1 Computability on the Naturals
We denote the set N\ {0} by N,.

Definition 2.1.1. Let n € N,. For i € {1,...,n}, we define the functions

o [":NF = N, [™xy,...,1,) = x; the projection function onto the i-th coordinate of

an n tuple of integers,
e s:N— N, s(z)=ux+1, the successor function,
e 2:N—= N, z(x)=0, the zero function.

We say that I7', s, and 2 are initial functions.



These functions are called initial functions since, as we shall see shortly, they are at the base

of all computable functions mapping to the naturals.

Definition 2.1.2. Let n,k € N_. Let ¢ : N* — N and fi, fs,..., fn : N¥ =+ N. Now,

consider the function h : N¥ — N,

h(ay, .. ze) = g(filzn, . oome), o ful, - a)).
We say that h is obtained by composition of the functions g and fi, ..., f,.

Definition 2.1.3. Suppose f : N — N and g : N**2 = N. For h : N**! — N, if

h(07y17"'7yn):f(y1>~"7yn)

h([lf—“ 1ay17' . 7yn) = g(h($7y17' . ayn)axvyla s 7yn)7
then h is said to be obtained by primitive recursion from f and g.

Let n € N, and let g : N*™' — N be a function such that for any (zi,...,z,) € N,
there exists a y € N such that g(zq,...,2,,y) = 0. Now consider the function f : N* — N
be defined as:

f(z1,...,x,) =min{y € N: g(xy,...,z,,y) =0}

The process of obtaining the smallest such integer is one which will be important later on.

For this reason, we define it as the u - operator.

Definition 2.1.4. For n € N, and g defined as above, we say that f is obtained from g

using the p-operator if

1 (g(z1, ..., 20,y) =0) =min{y € N: g(z1,...,2,,y) =0} = f(21,...,3,),

We have now defined the most basic operations and functions with range N and are ready

to introduce the concept of computability of a function.

Definition 2.1.5. For & € N, we say a function f : N* — N is computable if it can be
obtained in finitely many steps from initial functions using either composition, primitive

recursion or the p-operator.



In the literature, the terms computable and recursive are often used interchangeably.

Each initial function is trivially computable. Because of this, there are many ways of con-
structing a computable function from simpler functions which are known to be computable.
This is in fact how one can show that a given function is computable and we illustrate this

idea below.

Example 2.1.1. Let k € N,. Fora € N let ¢, : N* =+ N
co(r) =a Ve N,

Then c, 1s computable for any a € N. This can be seen by induction on a. First, we have
that co : N¥F — N
co(z) =0, VreN-
Since
coz) = 2(I7(2)),
where z is the zero function. From this, it follows that cq is computable. Assume now that

¢, 18 computable for some a € N. We have that
Car1(2) = a+1=s(a) = s(ca(1)),

where s is the successor function. So, as c,y1 1S a composition of computable functions, it

must be computable. Thus, c, is computable for all a € N by induction.

Suppose we wish to show that a function on N is computable. To do so, we would need
to use Definition 2.1.3 with a suitable function whose domain is one dimension less than that
of the set N, which does not make sense. Hence, in order to show that a function on N is

computable, the following proposition and its corollary can be used instead.

Proposition 2.1.6. Let a € N and g : N> — N a computable function. Let h : N — N be
defined by

Then h is computable.



Proof. Let H : N> — N be defined by
H(z,y) = h(z).

Since for any z € N, h(x) = H(z,0), it suffices to show that H is computable. To that

end, we see that
H(0>y) = h(O) = Ca(y)’
H(z +1,y) = g(H(z,y), ).
Letting now

F:N=N, f(y) = cy)

which are both computable by definition or by composition of computable functions, we get

that H is computable, since it can be obtained by primitive recursion of F' and G. O

Corollary 2.1.7. Let a € N and let g : N — N be a computable function. Now consider
h:N — N defined by

Then h is computable.

Proof. Define the function ¢’ : N> — N by ¢(z,y) = g(z). Then ¢’ is computable since it

is the composition of g and the projection function onto the first coordinate. Moreover, we

have
h(0) =a
h(x +1) = ¢ (h(x), ).
Hence, by Proposition 2.1.6, it follows that h is computable. O]

In fact, the result which is more useful in showing that a function mapping N to N is
computable is Corollary 2.1.7, simply because it is simpler to apply. Now we show some

examples of computable functions which are obtained from other computable functions.
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Example 2.1.2. Let f: N? — N be a computable function and let g : N*> — N be defined by

9(z,y) = f(y, ).

Then g is computable, since it can be obtained by composition of projection functions and f.

Namely,
g9(x,y) = f(I3(2,9), I[{ (2, 9)).

Consider the functions sgn,sgn : N — N defined by

1 ifz>1
sgn(z) =
0 otherwise
and
0 ifx>1
sgii(z) =

1 otherwise.

These two functions will be very useful in proofs to come, so, for the sake of exposition, we

show that they are computable.
Proposition 2.1.8. sgn and s5gn are computable functions.

Proof. Define g, ¢’ : N> - Nby g(x,y) = 1and ¢'(z,y) =0 V(z,y) € N°. We first note that

g and ¢’ are computable by Example 2.1.1, since they are just constant functions. Moreover,

we have
sgn(0) =0
sgn(x + 1) = g(sgn(x), x).
and
sgn(0) = 1
sgn(e + 1) = ¢/ (sgn(), 2).
Hence, by Proposition 2.1.6, sgn and sgn are computable. O



Example 2.1.3. The functions : N — N

r—1 ifx>1
0 otherwise

is computable. This can be seen by considering the function g : N> - N,  g(z,y) = I3(z,y),

which s computable since it is an initial function. Then we have that

5(0) =0

5z +1) = g(5(z),2),
Hence, by Proposition 2.1.6, s is computable.

Since, until now, we have only considered functions whose range is N, it is natural to
define a modified subtraction. That is, we require a function that, gives the difference of two

natural numbers when it is nonnegative, and 0 when the difference would be negative.

Definition 2.1.9. For z,y € N we define the modified subtraction by

r—y ifx>y
r <~y =
0 otherwise

Proposition 2.1.10. Let f : N> - N, f(x,y) =x —vy. Then f is computable.

Proof. Define g : N> — N by

9(x.y) = f(y,z).
By Example 2.1.2, in order to show that f is computable, it is enough to show that ¢ is
computable. To do this, we must find computable functions F' : N — N and G : N> — N

such that g can be obtained by primitive recursion using F' and G, as in Definition 2.1.3. To

that end, we can see that

9(0,y) =y ~0=1](y)

gz +1y) =y = (x+1) =35 (g(z,y),2,9)),



where 5 is the computable function from Example 2.1.3. So letting F(a) = I{(a) and
G(a,b,c) = 5(I3(a,b, c)), we have that these two functions are computable by composition

and are such that

gz +1,y) = Gg(z,y),2,9).
0

The proposition below will be assumed to be true, without proof, but it can easily be

shown using primitive recursion. It will be useful in proving the statements to come.

Proposition 2.1.11. Suppose f,g: N*¥ — N are computable functions. Then, f + g and fg

are computable as functions from N¥ to N.

Corollary 2.1.12. Let fi,..., f, : N¥ = N be computable functions. Then fi+---+ f, and

fro-- fn : are computable as functions from N* to N.

Another common operation is that of taking the absolute value of the difference between
two natural numbers. Hence, we consider the example below, along with sketch of the proof

as to why this function is computable.

Example 2.1.4. Let A: N> - N, A(z,y) = |r —vy|. Then A is computable, since for all

x,y € N, we have
z—yl=( =y)+{y =2).

Indeed, this can be seen by checking that the left and right hand sides of the equation are
equal in two cases: when v < y and when y < x. Let f,g : N> = N be the computable

functions from Proposition 2.1.10 and the proof of this same proposition, respectively. Then,

Alz,y) = fz,y) + 9(z,y).
So by Corollary 2.1.12, it follows that A is computable.

We continue our exposition by considering the some more common operations between

natural numbers, such as the floor and remainder of a division.

9



Example 2.1.5. Let f: N? — N be defined by

flz,y) = m ify>1
0 ify=0.

The fact that f is computable can be seen as follows: let x;y € N, y > 1 and let k = EJ
Then

k:§§<k+1 — ky<z<(k+1)y.

Thus,
E=min{z e N:z < (z+ 1)y}

We now note that for a,b € N
a<b<= b -a>0 <= 5gn(b —a)=0.
By this fact, we have that for x,y,z € N
r<(z+1)y < sgn((z+ 1)y —z)=0. (%)

Now define g - N* — N by g(x,y,2) = sgn((z + 1)y = x)sgn(y). We can see that g is

computable by considering the functions t,u,v : N> — N

t(w,y,2) = (2 + Dy = (s 0 I3)I3(2,y, 2)

w(z,y,z) =t(r,y,z) ~x

v(z,y,z) = sgn(y)
which are all computable functions (since they are compositions of functions which were
previously shown to be computable). Then, g is computable since it is the product of two
computable functions, namely g(z,y, z) = u(z,y, z) -v(zx,y,z). Moreover, it follows from (x)
that

flxy)=p(9(z,y,2) =0)  Vz,y,zeN

So f can be obtained using the p-operator with a computable function, meaning that f is

computable.

10



Example 2.1.6. Let f be defined as in Example 2.1.5. Let g : N> — N be defined by

g(:v,y) =Z _f(ff,y)y

This function, which in fact turns out to be the remainder of the division of x by y (if
y > 0), is computable. We first note that the we know there exist u,v € N such that

r=yu+v, and 0 <v <vy. Hence, dividing by y on both sides yields

Ezu—k— and 0< —-<1
Y Y
It can therefore be seen that EJ =wu. Thus,
x
r=y \‘—J—HJ == v=x—Y {—J
Y Y

So, this means that g(x,y) = v and hence g is computable, since the modified subtraction is

computable.

Following the work we presented, one can consider other functions with range being N
and show that they are computable. In other words, the possibilities are endless. However,
we now move on to other notions of computability within the context of the natural numbers.

For example, computability notions can also be defined when subsets of N* are involved.

Definition 2.1.13. Let S C N¥. We way that S is a computable set in N* if the function

xs : N¥ = N is computable.

Proposition 2.1.14. Let S and T be computable sets in N*. Then SUT, SNT and S¢

are computable.

Proof. Since S and T are computable, we know that the functions yg and x7 are computable.

Moreover, for each x € N*, we have

xsur(z) = sgn(xs(x) + xr(x)), Xxsnr(z) = xs(x) - xr(z), xse(r) =1 = xs(z).

These are computable functions by either composition of functions which we know are com-

putable (for the first and last) or Corollary 2.1.13 (the second). O

11



Proposition 2.1.15. Suppose f : N* — N is computable. Then, the set
S={zeN: f(x) =0}
18 computable.

Proof. We can see that ys(z) = sgn(f(z)), and that this function is computable by argu-

ments similar to those used before. O

Proposition 2.1.16. Suppose f,g: N¥ = N are computable. Then, the set
S={zeN:f(x)=g(x)}

1s computable.

Proof. We can write
§={z e N": A(f(2),9(x)) = 0},
where A(z,y) = |x — y| is as defined in Example 2.1.4. It then follows that
xs(z) = sgn(A(f(z), (x))),
which is computable. ]

Example 2.1.7. The set A = {(x,y) : y|lx} is computable. This can be seen by letting g be
the function from Example 2.1.6 and xz,y € N. We have

ylx <= g(z,y) =0.

So,
Xal(z,y) =sgn(g(z,y))  Vo,y €N
And so since g and Sgn are computable functions, it follows that xa is computable by com-

position and hence that A is a computable set.

Example 2.1.8. The set 2N = {2z : © € N} is computable. We can let A be the set from

Example 2.1.7 and therefore have

xen(z) = xa(z, ca()),
which s a computable function by composition.

12



Our brief exposition of computable subsets of N* now allows us consider functions which
can be defined by cases and show that they can be computable under the right assumptions.
This is in fact quite powerful, as it widens the set of functions for which computability can

be established.

Proposition 2.1.17. Let k,n € N,. Let fi,..., fn, : N* = N be computable functions and
let Si,...,S, C N¥ be computable sets. Assume that for each v € N¥ there exists a unique

i €{1,...,n} such that x € S;. Then, the function F : N¥ — N defined by

p

filz) ifxe S
F(x) =

\fn(x) ifr €S,

1s computable.

Proof. For each x € N*¥ we have

F(z) = fi(z)xs, (z) + - + fulz) X5, (2).

Since all of the sets in question are computable, so are their characteristic functions. It

follows from Corollary 2.1.12 that F' is a computable function. ]
We now turn to results involving functions who have higher dimensional ranges.

Definition 2.1.18. Let n € N, and f : N* — N". Then there exist unique functions
fi,.-., fu: N¥ = N such that for any € N*,

fl) = (filz), ..., ful2)).
We say that fi,..., f, are the component functions of f.

Definition 2.1.19. A function f : N¥* — N" is computable if and only if each of its compo-

nent functions are computable.

Proposition 2.1.20. Let n € N, f : N* - N” and g : N* — N be computable functions.

Then, go f : N¥ — N is a computable function.

13



Proof. Let f1,..., fn: N¥ — N be the component functions of f and z € N*. We have

gof(x) =g(f(x)) = g(fr(x),. .., ful2)).

Since g and the component functions of f are computable, it follows that go f is computable

by composition. O

Proposition 2.1.21. Let n,l € N, f : N* = N" and g : N* — N be computable functions.

Then, go f : NF — N is a computable function.

Proof. Let z € N*. We have

go fz) = g(f(2)) = (0 (f(2)),.. ., a(f(2))) = (10 f(x),....q10 f(x)).

By Proposition 2.1.20, we have that g; o f is computable for each i € {1,...,l}. Hence, the

component functions of g o f are computable and so g o f is a computable function. [

The definitions above only deal with functions whose range is the natural numbers.
Because we wish to see what it means for a function ranging on the reals to be computable,
we must therefore work our way up to such a definition. In other words, we must go from the
naturals, to the rationals, to the reals. This takes us to the next step, which is computability

on the integers.

2.2 Computability on the Integers

Here we now consider functions from N* to Z. Since to any integer z, one can associate
a pair of natural numbers 7, p via the expression z = (—1)"p, the definition of computable
functions with range Z follows quite nicely. In this subsection, we let £ € N, | unless stated

otherwise.

Definition 2.2.1. We say that f : N¥ — Z is computable if there exist computable functions
p,7 : N¥ = N such that for any = € N¥

f(z) = (=1)"p(a).

14



It is also known that an integer can be written as the difference between two natural

numbers. This yields an equivalent characterization of computable functions with range Z.

Proposition 2.2.2. Let f, g : N* — N be computable functions. Let h : N¥ — Z be defined
by

Then h is computable in the sense of Definition 2.2.1.

Proof. We let p: N¥ — N be

px) = |f(z) — g(x)| = A(f(z), g(x)),

where A : N2 — N is the function from Example 2.1.4. So, p is computable by composition,
since A, f, g are computable. Moreover, we can consider the set S = {z € N*: f(z) < g(x)}

and define the function r : N¥* — N by

1 fzesS
r(z) =

0 otherwise

We can see that S is a computable set since we can express its characteristic function as
xs(x) =sgn(g(x) = f(x)), which is a computable function. Thus, r is a computable function

and since we have that for any x € N*
h(z) = (=1)"p(),
it follows that h is computable. O

Proposition 2.2.3. Suppose f : N¥ — 7Z is computable. Then there exist computable

functions u,v : N¥ — N such that
f(z) = u(z) —v(r) Voe N

Proof. Suppose f is computable. Then, there exist computable functions p,r : N¥ — N such

that
f@) = (=1)"@p(x).

15



We notice now that we can write

co(x) — p(x) if r(z) is odd
iy @) —p)

p(z) — co(x) if r(x) is even

Consider the functions

colx) ifxe S
u(z) = (x) €

p(z) if otherwise

and
p(z) ifzese
v(z) =
co(r) otherwise
where S = {z € N*¥ : r(x) is even}. Since S is a computable set (xs(z) = yon(r(x))), it
follows from Proposition 2.1.17 that u,v are computable functions. Finally, we have that

f=u—w. O

The two previous prepositions therefore suggest that a function f : N¥ — Z is computable
if and only if it can be written as the difference of tow computable functions from N* to N.
In a similar fashion to the previous section, we now show some useful results about

computability of this wider class of functions.

Proposition 2.2.4. Let f,g: N¥ — Z be computable functions. Then the functions
—f.f4+9g,f -g:N* = Z are computable.

Proof. Since f and g are computable, there exist computable functions uf, u,, vy, v, : N¥ — N

such that
f(x) = up(x) —ve(z), and g(x) = uy(r) — vy(x).
We can now express the functions in question as follows:
—f(@) = —(us(x) —vp(x)) = vs(2) — us(2),

f+9(@) = up(r) —vp(z) + ug(x) — vg(x) = (up +ug)(x) = (vy + vy) ().
Moreover, we note that since f,g are computable, by Definition 2.2.1, we also have that

there exist computable functions 7¢, py, 7., p, : N¥ — N such that

fla) = (1) Dps(x),  g(z) = (1) p,(a).

16



Finally,
fyla) = (1)@ p(a)py ().
From these expressions for the functions in question, it follows that all three are computable.

]

One can consider more functions with range Z and show they are computable by argu-
ments which are similar to those presented above. We now again move on to computability
notions involving subsets on the integers. The results presented may seem repetitive, and
this is because their analogues were presented in the previous section. We only re-visit them

for the sake of consistency.

Proposition 2.2.5. Suppose f : N¥ — Z be computable functions. Then the sets
S={zeN:f(z)=0} and T = {z € N*: f(z) > 0} are computable.

Proof. Since f is computable, we have that for any » € N¥, f(z) = (—1)"@p(x), where

r,p: N¥ — N are computable functions. Now,
fx) =0 < p(z) =0.
So, by Proposition 2.1.15, S is computable. Similarly,
reTl < f(r)>0 <= r(x) € 2N,p(z) # 0.
To show T is computable, we define the sets
Ty={zeN':r(z)€2N}, To={zeN':p(x)+£0}.

T7 is computable since its characteristic function is the composition of computable func-
tions. Namely, y7, = xon(r(x)). Next, T, is computable since it is the complement of the
computable set from Proposition 2.1.15. Moreover, since T' = T7 N T3, it follows that T is
computable. n

Corollary 2.2.6. Let f,q: N¥ — Z be computable. Then the sets
S={zeN:f(z)=g(z)}
T={zeN:f(z) <g(x)}

V={zeN: f(z) < gla)}
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are computable.
Proof. Let h : N¥ - Z,  h(z) = g(z) — f(x). So, h =g+ (—f). Note that
hz) =0 <= g(z) = f(z) <= z€S.

So, it follows that

S ={zeNF:h(z)=0},
which is computable by Proposition 2.2.5. The proof for the sets T and V is similar and is
therefore omitted. m

We are now ready to move on to computability of functions whose range is the rationals.

2.3 Computability on the Rationals

The contents of this section are again presented in a similar way to the previous sections. We
begin with the key definition of a computable function from N¥ to Q. Since any rational num-
ber z can be associated with a triple of natural numbers via the expression z = (—1)"p/q, this

will yield the following intuitive definition. In this section k£ € N, , unless stated otherwise.

Definition 2.3.1. We say that f : N¥ — Q is computable if there exist computable functions
p,q,7 : N¥ — N such that ¢(z) #0 Vz € N* and

r(z p(l’) k
f(z) = (=1)r'®W=2 ) v e NF
) =(-1) )
Now, we also know that any rational number can be written as the quotient of two

integers. This yields the following proposition, which we state without proof.

Proposition 2.3.2. A function f : N* — Q is computable if and only if there exist com-
putable functions v : N¥ — Z and v : N¥ — N such that

u(z)
v(z)’

So far, we have seen different definitions of computable functions depending on their

f(z) = Vr € N,

range. Since, for example, Z C Q, a natural question to ask would be, if a function is
computable as a function from N* to Z, will is still satisfy the definition of a computable

function from N* to Q? We address this question in the following proposition.
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Proposition 2.3.3. If f : N¥ — Z is computable, then f is computable as a function from
N¥ to Q. Conwversely, if f : N¥ — Z is computable as a function from N¥ to Q, then f is

computable as a function N¥ — Z.

Proof. Suppose f is computable as a function from N¥ — Q. Then, by Definition 2.3.1, we

have
_ iy P&
fla) = (172
where p,q,7 : N¥ — N are computable. Moreover,
p(z)
f([[‘) clZ — m eN
p(x) VEJ
4@ L)

We now consider the function i : N> — N defined by h(z,y) = { J , which is computable by

z
Y

Example 2.1.5 and can conclude the following series of implications:

Hence, since p, ¢ are computable functions from N* to N and A is a computable function from
N2 to N, it follows that ho (p, q) is a computable function from N* to N by composition. So,
f satisfies Definition 2.2.1, from which it follows that f is computable as a function from N¥

to Z. 0

We now again have results involving the sum and multiplication of computable functions

mapping to the rational numbers.

Proposition 2.3.4. Let f,g : N¥ — Q be computable. Then, the functions —f, f + g, fg :
N* — Q are computable. Moreover, if f(z) #0 Va € N*, then the function % :NF - Q s

computable.
Proof. Since f,g: N¥ — Q are computable, we have computable functions uy, u, : N¥ — Z
and vy, v, : N¥ — N such that for any = € N¥|

flay = gy = W)

vr(z)
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Claim 1. —f is a computable function.

Proof of claim: For any # € N¥, we can write

() = —w(@)
(=H)(=) @)

Letting u_; = —uy, this is a computable function from N* to Z and v_; = v; also a

computable function from N* to N, we get that —f is computable.
Claim 2. f + g is a computable function.

Proof of claim: For any x € N¥, we can write

Cup(x) | ug(m) upvg(x) + ugvp(x)
(f +9)(z) = + = :
vp(x)  v(x) Usv4(2)
Letting uyi, = ufv, +uyvy, this is a computable from N¥ to Z (since the u’s are computable

from N* to Z and the v’s are computable from N* to N and so to Z) and vy, = v;v, is also

a computable function from N* to N. From this, we get that f + g is computable.
Claim 3. fg is a computable function.

Proof of claim: For any z € N¥, we can write

(@) vr) ()

Letting uy, = usu,, this is a computable function from N¥ to Z (since it is the product of

(f9)(z) = uy(v) ‘ ug(x) B usug ()

computable functions) and vy, = vsv, is also a computable function from N* to N (again,

because it is the product of computable functions). From this, we get that fg is computable.

Claim 4. % s a computable function.

Proof of claim: Since f is computable, we also know that there exist functions r¢,py, g5 :

N*¥ — N computable such that for any x € N¥ for which f(x) # 0, we can write

o) = (~1yr 2D

qr(z)
Then,
Y o) = (@@
(7) =t

Letting r L=Ty P =4y and ¢ 1 =Py all computable functions by definition, we get that %

is computable. O
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In addition to results involving the computability of functions, we can also look at analytic
properties of computable functions. Namely, that any computable function from N* to Q is

in some sense computably bounded.

Proposition 2.3.5. Let f : N* — Q be computable. Then there exists a computable function
M : NF — N such that |f(x)| < M(z) for any x € N¥.

Proof. Since f is computable as a function from N*¥ — Q, we can write

where p, ¢, 7 : N¥ — N are computable functions. Then, we have that

()] = % < p(z) < pla) + 1.

Letting M(x) = u(x) + 1, which is a computable function from N¥ — N yields the desired
result. O

Finally, we can state the following result which ties back to our discussion of functions

with higher dimensional ranges in the first section of this chapter.

Proposition 2.3.6. Suppose f : N¥ — Q and g : N* — NF¥ are computable. Then the

function fog:N*— Q is computable.
Proof. There exist computable functions 7, p, g : N¥ — N such that

f(z) = (—1)“@ZM Vo € NF.

q(z)’
Hence,
pg(2))
Flo(@)) = (-1 =, Ve e N
q(g(x))
From this and Proposition 2.1.20, it follows that f o g is computable. O

Now, since any real number can be approximated by a sequence of rational numbers, we
will use this fact in order to continue our exposition to functions from N to R, therefore

building our way up to finally study real-valued functions.
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2.4 Computability on the Reals

In this section we again let £ € N, unless otherwise stated. The exposition in this section

is of particular importance for our original results in Chapter 4.

Definition 2.4.1. A real-valued function f : N¥* — R is computable if there exists a com-

putable F : N¥*! — @ such that
|f(z) — F(z,i)] <27%, VxeNr, VieN.
We say that F' is a computable approximation of f.

Hence, a computable real-valued function is one whose values can be uniformly approxi-

mated by some computable rational valued function.

Proposition 2.4.2. Let f : N¥ — R be computable. Then there exists a computable function
M : N¥ — N such that |f(z)| < M(x) for any x € N¥.

Proof. Since f is computable, we have that there exists a computable function F : N*¥! — Q
such that
|f(z) — F(x,i)] <27%, Ve eNF VieN.

Thus, for any ¢ € N, by the reverse triangle inequality and Proposition 2.3.5 (which gives us

an upper bound on the function F') it follows that
|f(x)| — Mp(z,4) < |f(x)] —|F(z,i)] <27
In particular, for ¢ = 0, we have
[f(@)] <1+ Mp(z,0).

Letting M(z) = Mp(x,0) + 1, which is a computable function from N¥ — N, yields the
desired result. ]

Proposition 2.4.3. Suppose f : N¥ — R is computable and let F : NF1 — Q be its
computable approvimation. Then there exists a computable M : N¥ — N such that |F(x,1)| <
M (z) for any x € N¥ and i € N.
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Proof. By definition of computable approximation, for each ¢ € N, we have
|F(z,9)] = |f(2)] < |f(z) = F(z,9)] < 27".

By Proposition 2.4.2, we have that we can bound f above by the computable function

M; : N¥ — N. Thus, we get
[F(z,i)] < |f(2)] +27" < [f(2)| +1 < My(z) + 1.

Letting M (z) = M(x) + 1, which is a computable function from N* — N yields the desired
result. O

Lemma 2.4.4. Suppose f : N* — R is any function (non necessarily computable) and

F N1 5 Q, M :N¥ = N are computable functions such that
|f(z) = F(z,i)| < M(z)-27%, VxeNF, VieN,
then f is computable.
Proof. Since M : N* — N, it follows that for any z € N¥, M (z) < 2M®_ Hence, for any =,
M(2)27M® <1 —= M(x)2" M@ < 277,

Thus,
|f(x) — F(z,i + M(x))| < M(z)2- M@ < 9=7

Defining F’ : N*¥1 - Q as
F'(z,i) = F(x,i+ M(x)),

it follows that F” is computable (by Proposition 2.3.6) and so f is computable, since there

exists a computable function F’ : N¥+1 — Q such that for any x and i,
|f(x) = F'(z,0)] < 27",
[

We now turn to results involving sums and products of computable real-valued functions,
as we have done in the past. The proofs of these results are significantly more involved than

those of simpler ranges such as Z and Q.
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Proposition 2.4.5. Let f, g : N* — R be computable functions. Then —f,|f|, f+g: N¥ = R

are computable.

Proof. Since f,g: N¥ — R are computable, there exist F, G : N**1 — Q such that
VreNF ieN
|f(z) — F(x,i)| <27% and |g(z) — G(x,4)] < 27"

Claim 1. —f is a computable function.

Proof of claim: This follows from the fact that

|=f(x) = (=F(z, )| = [(=1)(f(z) = F(z,9)]
= |f(z) = F(z,1)|
<27

So, since —F' is computable, this implies that — f is computable.
Claim 2. |f]| is a computable function.

Proof of claim: We have that

1 @) = |F (2,9 < [f(z) = F(a,i)] < 27",
Since F'is computable, so is |F'| by the fact that

|[F(x,1)] = (1))

It now follows immediately that |f| is computable.
Claim 3. f + g is a computable function.

Proof of claim: We have that for any € N* and i € N,

1f(z) + g(z) — (F(x,i) + Gz, )| < |f(x) = F(z,9)] + |g(z) — G(x,i)| <227 =27+,
In particular, we have
I(f +g)(z) — (F+G)(x,i+ 1) < 27"

The function (F' + G)(z,i + 1) is computable since it is the composition of computable

functions. From this, it follows that f + ¢ is computable. O

24



Proposition 2.4.6. Let f,g: N* — R be computable. Then, fg: N¥ — R is computable.

Proof. Since f and g are computable, there exist computable functions F, G : NF*1 — Q

such that for any x € N* and i € N,
f(z) = F(z,i)] <277, |g(a) = G(z,i)] <27".
So it follows that

[f9(x) = FG(x,9)| = [f(x)g(x) = f(2)G(2,4) + f(2)G(2,1) = F(x,1)G(x,1)|
< [f(2)g(z) = f(2)G(2,0)| + | f(2)G(x,1) — F(z,1)G(z,1)|
= [f(@)llg(x) = G(x, )] + |Gz, )| f(z) — F(x, )]
< My(@)27" + Mg(2)27" (%)

— 27 (M (x) + Mo(x).

Where (%) follows by Propositions 2.4.2 and 2.4.3. Now, since M; and Mg are computable

functions, so is their sum. Thus, by Lemma 2.4.4, fg is computable. O

Proposition 2.4.7. Let f : N* — R be a computable function such that f(z) #0 Vx € N,

Then, % :NF = R is computable.

Proof. Since f is computable, we have that
|f(z) — F(z,9)] <27%, VaxeNricN,

where F' : N1 — @ is a computable function. Now, we wish to bound the following

expression
‘ 11| f@) - Fd)
flz)  F(z,i) |f(@)F(z,2)]

To do so, we must bound |f(z)| and |F(x,4)| from below. To this end, we first show the

following claims:
Claim 1. Vo € N*  3i, € N such that 3-27% < |F(z,i,)]|.

Proof of claim: Let z € N¥, then

f(x) #0 = [f(z)| >0
= Ji, 4-27" <|f(z)] (%)
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For this i, by the reverse triangle inequality we also have that
[f@)] = |F(2,ix)| <27 = |f(2)] <277 +|F(z,4,)]. (%)
Now, by (%) and (xx), it follows that
427 < 27% 4 |F(x,4,)| = 3-27" < |F(z,i,)|.
Claim 2. Ifz € N* and i, € N are such that 3-27% < |F(z,i,)|, then
(a) 227 <|f(x)|
(b) 27 < |F(x,1,)| Vi> i,

Proof of claim: Let z € N* and 4, € N be such that 3-27% < |F(x,1,)|.

(a) By the reverse triangle inequality and the assumption, we have that
3-27 — |f(2)] < |F(z,4,)] = |f(2)] < 27"

This implies that
|f(z)] >27" —3.27% — 27 =2.27%,

(b) By the reverse triangle inequality and (a), we have that for any i,

[F(a,i)] = f(@)] <27 = [f(2)] =27 <|F(,i)]

= 2.27"% 27 < |f(2)] — 27" < |F(z,1)].
Then, it follows that for any ¢ > i,, we have
9ir = 9.970 _ o7 £ 2.0 _ 97 < |f(z)| — 27" < |F(x,1).

Claim 3. Let S = {(z,y) € N*"1:3.27 < |F(x,y)|}. Then, there exists a computable
function ¢ : N¥ — N such that (z,¢(z)) € S Vv € N,

Proof of claim: By a corollary analogous to Corollary 2.2.6, we have that S is a computable

set. Moreover, for any 2 € N*, there is a y € N such that (x,y) € S (by our first claim). We

now construct that desired ¢ by letting

¢(x) = p (xs(x,y) =1=0).
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Indeed, this function is computable since S is a computable set, so yg : N*! — N is a
computable function and so is the modified subtraction. This concludes the proof of the
claim.

Now, letting ¢ be the function from our last claim, we can see that for any x € N,
3-27%0) < |F(x, ¢(x))].

Moreover, by our second claim, we get the desired lower bounds. Namely,

(a) = 22790 <[f(a)]

(b) = 27°0) <|F(z,i)| Vi>¢(z) = 27%0) <|F(z,i+ ¢(z))| VieN.

Now, in light of the previously obtained bounds, we are ready to proceed to the proof of the

statement of this proposition. To that end, let z € N*¥ and i € N. We have:

LU | @) - Flai )]
@) Flito@)| ~ f@ i+ o)

_ (@) = Fla,i+ ()]
2.9-9() . 2—¢(z)
9~ (i+¢(x))

< 2—2¢(x)+1
_ 9—i=1+¢(x))

< 27'M(x),

where M (z) = 2@ which is a computable function from N* — N. Thus, by Lemma 2.4.4,

it follows that % is computable. O

In addition to computable real-valued functions, we can also consider the definition of

computable real numbers. This concept is purely for expository purposes.

Definition 2.4.8. Let x € R. We say that = is a computable number if there exists a
computable function f: N — Q such that

lv — f(k)| < 27" VEeN.

It is a known fact that if f is a computable real-valued function, then for any x in the
domain of f, f(x) is a computable real number. Moreover, we can see that there certainly

exist non computable real numbers because the number of computable functions from N to
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R is countable, so the number of computable real numbers must also be countable. Hence,
since the set of real numbers is uncountable, one can deduce that the set of computable real
numbers is but a small subset of the set of reals. The following results will be important for
our original work at the end of this thesis, however, they are presented without proof. The

complete proofs can be found in [12].

Proposition 2.4.9. Let x,y € R be computable numbers. Then —x,x+1y, xy are computable

numbers. Moreover, if x # 0, then % 15 a computable number.

Theorem 2.4.10. If x,y are computable real numbers and x > 0, then x¥ is a computable

real number.

Since we are interested in function spaces in harmonic analysis, the circle is often a domain
which will be used. As such, it is useful to know that 7 is a computable number. This can
be intuitively explained by the fact that there exists an algorithm which can compute the

i-th digit of .

Theorem 2.4.11. 7 is a computable real number.

2.5 Effective Enumerations

Having established the fundamentals of computability theory for functions and numbers, we
now turn our attention to notions of computability within different settings. For example
given a set, one may wish enumerate the elements of this set using a computable function.

This is called an effective enumeration. We first establish to basic results.
Proposition 2.5.1. There exists a computable surjection g from N to N2,

Proof. 1t suffices to show that we can find 7,7 : N — N computable functions such that

S ={(m1(i), 2(7)) : i € N} = N2 To that end, we can define

71(4) = (i)1, 72() = (7)2,

where the notation (7); denotes the power of the k—th prime in the prime power factorization

of the integer ¢. That is, given an integer ¢, we can write ¢ = H;io p@j

;7 and po = 2,p1 =
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3,p2 = 5 and so on. The function

_ _ max{j : pj, divides i} i>1
(i, k) = (1)x =
0 otherwise.
is computable (we state this without proof), so 71 and 7, are also computable.

One side of the inclusion follows immediately, since 71(i), 72(i) € N. For the other direc-

tion, let (a,b) € N? and i = 3%5°. Then, (i); = a and (i), = b. So
(a,b) = (11(2), 2(7)) = (a,b) € S.
Letting ¢(i) = (71(2), 72()), this completes the proof. O

Proposition 2.5.2. There exists a computable surjection from N to Q.

Proof. Consider the function r : N — Q defined by

. b, (1o
r(z) = (—1 (1)2—,( ,
(i) = (1) 5
where the notation (), denotes the power of the k—th prime in the prime power factorization
of the integer i. Since we know that (i) is computable, then it is true that r is computable.

Now, to show r is surjective, we must show that r(N) C Q and Q C r(N). The first inclusion

follows immediately. For the second inclusion, let ¢ € Q. Then we can find a,b,c € N such

that
a
=(—1)° :
e
Letting now ¢ = 273%5¢, then (i)o = a, (i), = b and (i); = ¢. So, ¢ € r(N). O

A set for which an effective enumeration would be desirable is the set of finite sequences

of natural numbers. For this, we can turn to the following result.

Proposition 2.5.3. Let S be the set of all finite sequences of natural numbers. There exist

computable functions o : N> - N and n: N — N such that

{(c0(7,0),...,0(i,n(i)) : 1 € N} = S.
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Proof. Consider the functions

4 ) A max{k : py divides i} ifi>2
o(i,k)= () =1, n(i)=
0 otherwise

Claim 1. {(0(,0),...,0(i,n(i)) : i € N} C S.

Proof of claim: For a fixed ¢ € N, the sequence (0(i,0),...,0(i,n(i)) is clearly a finite se-

quence of natural numbers by the definitions of ¢ and 1. Hence (0(4,0),...,0(i,n(i)) € S.
Claim 2. S C {(0(i,0),...,0(i,n(i)) : ¢ € N}.

Proof of claim: Let (mq,...,my,) € S. It is enough to find and ¢ such that (mg,...,m,) =

(0(i,0),...,0(i,n(i)). To that end, consider i = pg®*" + - 4 p™*+1 Then, we’ll have that
n(i) =n, o(i,n(i) =m,, and Vj € {0,...,n}o(i,j) = (i); —1=m; +1 -1 =m,.
Thus,

(Mo, ..., mn) € {(0(i,0),...,0(i,n()) : i € N}.

]

This proposition in fact shows that we can enumerate the set of all finite sequences of
natural numbers in a computable way. The same holds for the set of all finite sequences of

rational numbers, as we shall see next.

Proposition 2.5.4. Let r : N — Q be a fizred computable surjection (the one from Propo-
sition 2.5.2, for example) and let S be the set of all finite sequences of rational numbers.

There exist computable functions o : N> = N and n : N — N such that

(0,0, .., (oi, () i € N} = 5.
Proof. Consider the computable functions ¢ and 7 as in the proof of Proposition 2.5.3.
Claim 1. {(r(c(,0)),...,7(c(i,n(i)))) :i e N} C S.

Proof of claim: For a fixed i € N, the sequence (r(c(¢,0)),...,7(c(i,n(i)))) is clearly a

finite sequence of rational numbers by the definitions of the functions o,7 and r. Hence
(r(o(i,0)), ..., r(a(i,n(i))) € S.
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Claim 2. S C {(r(0(,0)),...,7(c(i,n(7)))) : i € N}.

Proof of claim: Let (my,...,m,) € S. So, since r is a surjective map to Q and each m; € Q,

we have that Vj, 3b; € N such that m; = r(b;). Thus,

(mo,...,mp) = (r(bo),-..,r(by)).

Now, (bg,...,b,) is a finite sequence of natural numbers. So by Proposition 2.5.3 we can

write
(boy ..., bn) = (0(3,0),...,0(1,n(7)))
for some ¢ € N. Le., Vj <n, b; =0(i,j) and b, = o(i,n(7)). Thus,
(mo, ..., my) = (r(0(i,0)),...,7(c(i,n())) € {(r(c(i,0)),...,r(c(i,n(i)))) : i € N}.
[

We can also show such a result for the set of all intervals with rational endpoints, which

we will call rational intervals.

Proposition 2.5.5. Let S be the set of all rational intervals,
{(a,b) : a,b € Q,a < b}.
There exist computable functions s,w : N — Q such that

{(s(i),w(i)) : 1 € N} = S.

Proof. First, let r, be some fixed computable surjection 7 : N — Q (we can let r be the
enumeration of all rational numbers from Proposition 2.5.2). Since r is actually a sequence,
we will write r(i) = ;.

Consider

s(1) = Ty, wi = 1oy + F(72(2)),

where 71, 75 are the computable functions from the proof of Proposition 2.5.1, and f : N —
Qy, fi) = 82—11 is an enumeration of all positive rational numbers (this can be shown with

a proof similar to that of Proposition 2.5.2).
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Let A = {(s(i),w(i)) : i € N}, B ={(a,b) : a,b € Q,a < b}. We have A C B by the fact
that for any fixed i,

s(i),w(i) € Qand f(i) € Qr = s(i) <w(i) = (s(i),w(i)) € B.

For the inclusion B C A, we take any (a,b) € B and define ¢ = b —a € Q.. Since a,c
are both rational numbers, by the enumeration of rational numbers, we can therefore find
u,v € N, such that a = r, and ¢ = f(v). Then, (u,v) € N? so by Proposition 2.5.1, there
exists and ¢ such that (u,v) = (71(7), 72(2)). Then for this i,

s(i) =rn =1u=0a, w(i)=r,06 + f(r2(i) =a+ f(v)=a+c=0.

Hence, (a,b) € A.
Letting 7(7) = (s(i),w(7)), this completes the proof. O

2.6 Notions of Computability in Metric Spaces

When establishing computability within the context of metric spaces, one often desires to
establish a certain structure to the space. For example, one can define a certain subset of the
space to be computable; if an element of the space can be approximated by elements of this
subset, we can then say that this element is also computable. In the literature, a common
term is that of a computable metric space. More on computability structures can be found
in [5]. This section is of particular interest to us, as the results and definitions established

here will be incorporated in our original results in Chapter 4.

Definition 2.6.1. A tuple (X, d, «) is a computable metric space if (X, d) is a metric space

and
e o : N — X is a sequence which is dense in X with respect to the metric d,
e the function N?* — R, (n,m) — d(a(n),a(m)) is computable.

Since a metric is a real-valued functions, one can see how our exposition of computable

real-valued functions plays an important role here. An example of a computable metric space
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is (C[0, 1], dw, @), where « is an enumeration of particular subset of the set of piecewise linear
functions. This is shown in [13].
Another way to impose computability on metric spaces is via computability structures.

We start with a few preliminary definitions.

Definition 2.6.2. If (z;) and (y;) are sequences in X, we say that ((x;), (y;)) is an effective
pair in (X, d) if the function f: N? — R, (4, 7) — d(z;,y;) is computable.

By (z;) ¢ (y;), we denote the statement that ((x;), (y;)) is an effective pair in (X, d) .

Definition 2.6.3. Let (X,d) be a metric space and (z;) be a sequence in X such that

(x;) © (x;). Then, we say that (z;) is an effective sequence in (X, d).

Although it may seem counter-intuitive, it is not always true that (x;)o(x;). To illustrate this,
consider the sequence (z;) = (a,b,a,a,...). Then the function N* — N, (i, j) + d(z;, x;) is
not computable if d(a,b) is an incomputable number.

We can relate this notation to computable metric spaces via the following definition.

Definition 2.6.4. Suppose « is a sequence in X which is dense in (X, d). Then, (X, d, «) is
a computable metric space if and only if o ¢ . In this case, we call a an effective separating

sequence for (X, d).

Definition 2.6.5. Suppose (x;) and (y;) are sequences in X. We say that (x;) is computable
with respect to (y;) and write (z;) < (y;) if there exists a computable function f : N? — N
such that

d(zi, yrum) < 27% Vi keN.

Definition 2.6.6. Let (X, d) be a metric space and let S be a nonempty set of sequences
in X. Suppose the following holds:

L (%), (i) € S = (i) o (wi),
2. (y;) € S, and (=;) is any sequence in X such that (z;) < (y;) = (z;) € S.

Then, we say that S is a computability structure on (X, d).
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The significance of a computability structure on a metric space is, as stated before, it
allows us to in a way fix the elements in the space which are computable and in turn deduce

computability properties about the rest of the elements in the space.

Definition 2.6.7. For a computable metric space (X, d, o) we denote the set of all sequences

in X which are computable with respect to « as
So = {(x;) € X (z;) 2 a}.

This is an example of a computability structure, since it can be shown that S, is a
computability structure on (X, d). We now give another basic example of a computability

structure.

Example 2.6.1. For a fized a € X, the set S = {(z;)}, where x; = a, is a computability
structure on the metric space (X,d). In order to see this, we first can see that the map
(i,7) +— d(x;, ;) is in fact the map (i,j) — 0, meaning it is computable. So, it is true
that (x;) o (z;). Next, suppose we have (y;) = (x;). This means that there exists a function

Since the distance is nonnegative, this implies that it must be true that y; = a,Vj. Thus,

(y;) = (z:) €.

This example illustrates the fact that any metric space has a computability structure.

Moreover, we can have many computability structures on any given metric space (X, d).

Definition 2.6.8. Suppose S is a computability structure on (X, d). Let (z;) be a sequence
in X. We say that (z;) is computable with respect to S if (z;) € S.

Definition 2.6.9. Let x € X. We say that z is a computable point in (X, d) with respect

to S if the sequence (z,z,z,...,z) € S.

Definition 2.6.10. For a computability structure S on a metric space (X, d), we denote the

set of all computable points in X with respect to S by S°.
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Definition 2.6.11. We say that a computability structure on (X,d) is dense if S° is dense
in (X,d).

So, S will be a dense computability structure on X if and only if 8% is dense in X.
Note that not every metric space has a dense computability structure. Take for example

X ={0,v}, where v is an incomputable real number, with the Euclidean metric.

Theorem 2.6.12. Let (X,d) be a computable metric space, S be a computability structure

on it and x € X. Then the following are equivalent:
1. x is a computable point with respect to S,
2. there exist (y;) € S and j € N such that x = y;

3. there exist (y;) € S and a computable function f : N — N such that d(z,ysw)) <
27k VkeN.

Proposition 2.6.13. Let S be a computability structure on (X,d) and a,b € S°. Then

d(a,b) is a computable number.

Proof. Since a,b € S° we have that the sequences (a,a,a,...) and (b,b,b,...) are in S.
So, (a,a,a,...) o (b,b,b,...) and the function F : N> — R F(i,j) = d(a,b) is computable.

Hence, d(a,b) is a computable number. ]

Proposition 2.6.14. Let (X,d) be a metric space. Suppose D is a non-empty subset of X
such that d(z,y) is a computable number for all z,y € D. Then, there exists a computability
structure, call it S on (X,d) such that D = S°.

Proof. First, define
S ={(a,qa,a,...):a € D}.

8% = D holds trivially. Now, we must check that both conditions of a computability structure

are satisfied.

Claim 1. For any a,b € D, (a,a,a,...)o (b,b,b,...).
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Proof of claim: Let F: N> = R, F'(i,7) = d(a,b). By the assumption, we know that d(a, b)

is a computable number. Therefore, F' is a computable function, since it is just the constant

function taking on d(a, b) as its only values. Hence, (a,a,a,...) o (b,b,b,...).

Claim 2. If (z;) is a sequence in X and a € D is such that (z;) = (a,a,a,...), then
(I‘Z) c S.

Proof of claim: It is enough to show that there exists an element in D, call it ¢ such that

Vi, x; = c. This follows by applying a reasoning identical to that found in Example 2.6.1. [

If D is dense in X, then that means S is a dense set in X. Hence, this directly implies

that S is a dense computability structure on (X, d).

Definition 2.6.15. A computability structure S on (X, d) is said to be separable if there

exists a sequence « such that (X, d, «) is a computable metric space and S = S,,.

From this, we can see that each separable computability structure is a dense one. Having
finished the exposition of computability and notions of computability within the context of
metric spaces, we now move on to the second part of this project, which is to gain a solid
background in spaces found in harmonic analysis. We first begin with the Hardy space,

which is an example of a metric space.
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Chapter 3

Background in Analysis

Since our work involves two very different areas of mathematics, the notation in the following

section is completely independent to that of the previous section (it restarts).

3.1 The Hardy Space

3.1.1 Complex Hardy Space on the Disk

We begin with some short background on the Hardy space. First, the complex H?(D). For

a reference on this material see [14], [20] and [22].

Definition 3.1.1. Let D = {z € C : |2| < 1} denote the open unit disk in C and H(D)
denote the collection of holomorphic functions on D. Given F' € H(D), the average M, (F,r)

of F' on a circle radius r < 1 centred at the origin is given by

(

exp{% ffﬂ log™ |F(Tew)|d6’}, ifp=0
1
M,(F,r) = (% I \F(rew)ypde) v if0 < p< oo
sup| F(re'?)], if p = oc.
\ ¢

For a fixed p and F' € H(D), M, is a monotonically increasing function in r. In fact,
this is the main result in [11], where the author (Hardy) discusses these averages in more
detail and shows that they are log convex functions of r. It is likely for this reason that these

spaces are called Hardy spaces.
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Definition 3.1.2. For 0 < p < 0o, we define the complex Hardy space HP(D) as
HI (D) = {F € HD) : |[Fllyyp = sup Mp(F,7) < 00}

When p = 0, we define the Nevanlinna class as
N(D) = {F € H(D) : |Fll = sup Mo(F, 7) < o0}.

Moreover, if 0 < s < p < oo, H*(D) C HP(D) C H*(D) C N(D) by Jensen’s inequality.

3.1.2 Hardy Spaces on the Circle

For a given F' € HP(D),0 < p < oo, there exists an F* € LP(T) such that lim,_,; || F*(e”?) — F(re®) Hp -
0. We call F* the boundary values of F'.

Definition 3.1.3. We define the complex Hardy space on the circle as
HP(T) ={F": F € H’(D)}.
Definition 3.1.4. For 1 < p < 0o, we define the real Hardy space on the circle as
HP(T) ={Re(F): F € HP(T)}.

In order to obtain the full real Hardy space, one can then look at these functions and
allow multiplication by complex scalars and addition to get a vector space over the complex
numbers. Note that, for p < 1, the boundary values have to be taken in the sense of

distributions.

3.1.3 Real Hardy Spaces on the Line

Following the definition found in [8], we define the Schwartz space as
(®) = { 1 € C*(R) 115 = sup(1 + Ja” O£} < 0. ¥N € N}
xe

This space is also commonly called the space of rapidly decreasing functions, since any
function in it will itself, together with all its derivatives, vanish at infinity faster than any

power of |z|. Moreover, we denote the dual of the Schwartz space, i.e. the space of tempered
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distributions, by .#”/(R™). That is, it is the space of all functionals from . to R that are
linear and continuous.

For ® € (R) and t > 0 we define its dilation ®; as ®;(x) = t7'®(z/t). Also, we
define the maximal function Mo f as Mg f(z) = sup,s¢ |f * ®¢(z)|. Note that Mg f is well
defined when f is a tempered distribution since the convolution of a Schwartz function and

a tempered distribution is a C'*° function.

Definition 3.1.5. For 0 < p < oo and a fixed ® € .Z(R) with [ ®dz = 1, we define the

real Hardy space on the real line as
HP(R)={f e S (R): Msf € L’ (R)}.

We define
[fllgr = Mo fll L -

This is a norm for p > 1. Moreover, for 1 < p < oo, it turns out that HP(R) is equivalent to
LP(R) and for p =1, H'(R) C L*(R).

Another way of defining the real Hardy space HP(R) is via a construction which is
analogous to that of the real Hardy space H?(T). Namely, for a function F'(x,y) on R% say
that I € HP(R) if sup,.q || F,l| ., < oo, where F,(z) = F(z,y) for a fixed y € Ry.

A third way of defining the real Hardy space is based off functions that capture the
inherent cancellation and increased integrability properties of Hardy space functions. We
call such functions atoms, since they represent the most basic building blocks for the space
H,(R), which will be defined below. Note that the following definition is restricted to p = 1,

although there exists a definition for atoms corresponding to other values of p < 1.

Definition 3.1.6. For p = 1, we say a function a : R — R is an atom if there exists a finite
interval / C R such that

1. supp(a) C I

2. la| < 5=

£(I)

3. [,a(z)dx =0,
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where ((I) denotes the length of I.

We say that f € .’ admits an atomic decomposition if there exists a sequence of atoms

{ax} and a sequence of scalars {)\,} € ¢!(N) such that
k

where the convergence is not only in the sense of distributions, but also in the L! norm.

Definition 3.1.7. For p = 1, we define the atomic Hardy space on the real line as

HL,(R) = {f €S | flls, —inf 3 el < oo},
k
where the infimum is taken over all atomic decompositions (3.1.1) of f.

As explained in [22], H], coincides with the real Hardy space H' as defined above.
Hence, any function in the real Hardy space H' will enjoy many properties inherited by the

elementary building blocks (the atoms).

Since atoms are quite easy to characterize and their linear combinations are dense in
H', a space based on them seemed like a good setting in order to incorporate computability
notions in the context of Hardy spaces. However, we quickly realized that these atoms are
in fact too general for this goal. In other words, we required a set of atoms which have an
explicit formula. This lead us to consider systems of Haar wavelets, which are closely related
to H' atoms and for which there exists an explicit formula. The choice to study wavelets
also seemed rather intuitive, as this mathematical tool is widely used in signal and image

processing, so computability should hold for such functions.

3.2 Haar Wavelets

We note that in general, wavelets (and in particular the Haar wavelets) are normalized in
L?, whereas the atoms from Definition 3.1.6 are normalized in L'. More on wavelets and
the Haar function can be found in [16]. Nonetheless, what was attractive about the Haar

system is that Haar functions, when appropriately normalized, satisfy all the conditions of
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the H! atoms while having an explicit formula and shape which is easily adaptable in a
computability setting. Moreover, there are many results concerning convergence of linear
combinations of Haar wavelets, such as that they form a basis for C' functions.

First, we note that families of wavelets are given by identifying two base functions (called
mother and father wavelets), then the subsequent functions (called children) in the family

will be a linear combination of the previous functions in the generation right before them.

Definition 3.2.1. For 1 < k, 1 < j < 2% the dyadic interval I} ;, followed by its two

children Iy 251 and I;1;9; is given by

J—17
g = {2—2—)

2j — 2 2]'—1)

25— 1 2j
Tiy12j-1 = ToRT ToRtT

kL2 = [W PRl

Definition 3.2.2. For 1 < k, 1 < j < 2*, the family of Haar wavelets on the unit interval

[0,1) is given by

Father wavelet : hoo = X[0,1),
Mother wavelet : hoy = X1,, — X1,

Subsequent Haar functions : hy,; = 2%/2 (XIisr2y1 = Xligray) -

It is clear that Haar wavelets inherit many nice properties from the fact that they are
based on dyadic intervals. As such, since we know that dyadic numbers are rational (and
hence computable), a natural conclusion would be that they are a good candidate for com-
putability notions. However, linear combinations of Haar wavelets are not dense in all of
H],. As a result, this inspired us to consider what DeSouza in his paper [7] calls the special

atoms space.

3.3 The Special Atoms Space

Since an atom from Definition 3.1.6 is a rather general term, it turns out that when require-

ments are added to the atoms which are allowed to be used as the building blocks, the space
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generated is no longer the whole Hardy space H', but instead a subset of it, which we shall
introduce later. For the purpose of adapting our work to the computability setting, we re-
strict our definitions to one dimension, but these spaces can be studied in higher dimensions.
We begin with some basic definitions of atoms and special atoms. Our work in this section

is based on DeSouza’s work in his paper [7].
Notation 1. We think of the circle T as the interval [—m, ).

Definition 3.3.1. For 1/2 < p < oo and for each finite interval I in T, the special atom

a; :' T — R is defined as

1 1
ar(z) = WXL($> - WXR@),

where L is the left half of the interval I, R is the right half and ¢(I) denotes the length of

the interval.

We can see that special atoms are atoms, but with an added symmetry condition.
Consider the constant function b(xz) = 1/27. Despite the fact that b is not a special
atom, we shall consider b as being a special atom. This is because it must be included in
the collection of special atoms in order to generate the special atoms space. This just makes
things easier in terms of nomenclature.
We say that f: T — R admits a special atomic decomposition if there exist a sequence

of special atoms {ay} and a sequence of scalars {\;} € ¢(N) such that
F=Y M, (3.3.1)
k

where a; is either a;; or b and the convergence is in the sense of distributions. When p > 1,

the convergence is also in the LP(T) norm.

Definition 3.3.2. For 1/2 < p < oo, we define the special atoms space as the space of all

limits of linear combinations of special atoms. That is,
BY(T) = {f TR fllp =inf > [A] < oo},
§=0

where the infimum is taken over all special atomic decompositions (3.3.1) of f.
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The special atoms space therefore inherits many interesting attributes which come as a
consequence of the added symmetry property of the special atoms. Namely, the fact that its
building blocks are described by an explicit formula. So, BP now seems like a good candidate
for our goal of establishing computability notions within the context of a function space in
harmonic analysis. However, the issue now comes with the fact that the norm is not at all
computable, because of the presence of the infimum. Intuitively the fact that one would
want to avoid such a norm makes sense, since calculating it involves checking all possible
representations of a given f in terms of special atoms, which can go on forever. This lead
us to search for alternative norms on the special atoms space. In the section to follow, we
study two more function spaces with their own norms and see how they relate to the special
atoms space of DeSouza in [7].

We begin by considering a space which is also generated by special atoms, called the
Besov space. This follows the work on Frazier, Jawerth and Weiss in [9]. We adapt the
results in higher dimension, although the only case of interest is when n = 1. Note that the
exposition to follow deals with functions on R", as opposed to on the circle.

We say a norm on a Banach space B on R" is translation invariant if for any A € R™ and
feB,

1FC =Bl = £

Similarly, we a say the norm is dilation invariant if for any ¢ > 0 and f € B,

Lfelly = 11f 1l

where the dilation f; is defined as fi(x) = t7" f(x/t).

Now, let us consider the following minimality problems, called problems P and Fy:

e P: finding the minimal (smallest) Banach space B such that .#(R") ¢ B C . (R")

and ||-|| 5 is translation and dilation invariant.

e Py: finding the minimal (smallest) Banach space B° such that % (R") ¢ B® C .7, (R")

and ||| go is translation and dilation invariant.

Here .(R") is the Schwartz space and .%(R") = {f € S (R") : [ f = 0}.

The work in [9] (chapter 3) proves the following theorem in great detail. For our purposes,
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we only state the main result.

Theorem 3.3.3. Suppose (B, ||-||) is a Banach space continuously contained in the space of
tempered distributions. If the norm of B is translation and dilation invariant and & (R™) C

B, then L'(R") C B and

11l < lIxeolls 1 £ 1 -

Here xq, is the characteristic function of the unit cube Qo = {x = (21,22, x3,...,2,) : 0 <

x; <1,j=1,...,n} in R".

Theorem 3.3.3 states that the solution to problem P is L'(R™). However we know that
L' is not a good space, since many operations often encountered in analysis (the Hardy-
Littlewood maximal operator, for example) are not bounded on L'. For this reason, the
authors then considered problem Py, which is a modification of the problem P. We shall see
later that the solution to problem F is the space By, which will be defined shortly.

For f,g € L*(R™), we define the convolution on R" as

frglz) = . f@ = y)g(y)dy.
Convolutions have many properties. Namely, for f, g, h € L'(R"), we have that
a) fx(g+h)=(f*g)+(f*h),
b) (cf)xg=c(f*g) =[x (cg) for any c € R,
c) frg=gx*],
d) (fxg)xh=fx(gxh),

e) f * g is continuous,

—

f) fxg(z) = f(2)j(x).
where f denotes the Fourier transform on the real line of f, that is, for a £ € R”
f© = [ [fla)e=<da.
Rn
Definition 3.3.4. For a fixed N € Z,, we let ¥ be a function ¢ : R® — R such that:
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L. supp(¥) C Bi(0),
2. 1 is radial;
3. ¢ € C*(R"),

4. |on 27Y(x)de = 0 if |[y| < N, where v € Z7, 27 = 272" ... 2" and |y| = + 72 +
R -
ot Iy

5. [P = 1if € € R™\{0}.

Definition 3.3.5. For a fixed ) as in Definition 3.3.4, we define the space By, as

> dt
Bo= {1 € A®): W1y, = [ Moo fln § <00}

The spaces B, obtained using various 1 will all coincide. This means that the definition

above is actually defining one unique space which is independent of the choice of .
Because of the nature of its norm, the space By, will inherit many of its properties from

the Calderén reproducing formula, which gives an integral representation of the identity

operator. We give two versions of the formula below.

Theorem 3.3.6. Let 1) € L'(R") be a real-valued, function satisfying conditions 2 and 5 in
Definition 5.3.4. For f € L*(R"), we can write

f@) = [ s D@ G
The equality above is to be interpreted in the sense that the right hand side converges to the
left hand side in the L* norm as the lower bound of the integral goes to 0 and the upper
bound goes to infinity.

For the convergence of the Calderén Reproducing Formula in IP;1 < p < oo, see [24].
Some more results involving the Calderén reproducing formula are given below. Namely, the

Calderén reproducing formula for L!'(R) functions.

Theorem 3.3.7. Let ¢ € LY(R™) be a real-valued function with integral zero satisfying
conditions 2 and 5 in Definition 3.5.4. For f € L'(R™) with fe LY(R™), we can write

g
_ , dt
i Jod 0= [ Gex e Nl =

/()
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for all x € R™ provided f is the continuous representative of the equivalence class determined

by f in L*(R™).

The proofs of Theorem 3.3.7 uses Fubini’s theorem and Young’s inequality to show that
fes € LY(R™) by finding a bound for its L' norm and can be found in [9]. We will now derive
a known distributional version of the Calderén reproducing formula, which is needed for the
space By, as it is a subset of the tempered distributions. However, some preliminary notions

as first required.

Definition 3.3.8. For ¢ € .#(R") and u € /(R"), we define the refection ¢ and the

translation 7,u as

o(y) = ¢(~y),y € R,
(Tou)(y) = u(y — x),y € R™

Hence, from [20], we can say that the convolution of a distribution w with a Schwartz

function ¢ is given by
(ux¢)(2) = u(7:9).

This also illustrates the fact that the convolution between a distribution and a Schwartz
function is a function, as stated when studying the real Hardy spaces on the line in section
3.1.3.

Now, we must define the convolution of a distribution with an L! function. From [21],
we know that if f is a bounded distribution and h € L*(R™), then the convolution f xh is a

distribution acting on a Schwartz function ¢ € . as follows:

f*h(o) :/ (f * &) (z)h(z)dz. (3.3.2)
Moreover, from [20], we again have many properties for such a convolution. Namely, for

¢ € ., and u a tempered distribution,
a) ux ¢ e C*(R")

b) wu * ¢ has polynomial growth, hence is a tempered distribution
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d) (ux*@)*x1p=wux(px*1), for every v € .7,

) ¢ = @)

Now we establish the Calderén reproducing formula in the sense of distributions. Let
f e (R") and ¢ € L (R™). Moreover, let ¢ be as in Definition 3.3.4, that is, it is smooth
with compact support. For ¢ > 0 we have that fx(1;*) is the convolution of an L' function
(since 1 is smooth with compact support, meaning it is in L' and so is its reflection, and so
is its convolution with itself) with a tempered distribution (f € ). Hence, using (3.3.2)

we write

£ (%)) = / (f * B) (@) » dula)d. (3.3.3)

n

The term f x gz~5 is the convolution between a tempered distribution and a Schwartz
function, which is well defined as a function, as mentioned before. Moreover, the integrand
on right hand side of (3.3.3) is in fact a smooth function of compact support.

We therefore have established that (3.3.3) is the integral of a product of a smooth function
with a function of compact support, and is therefore convergent, so we can use the properties

of distributions and the Fourier transforms to write, in the formal sense,

[ e a@isdords = [ (7 )€)0 D6

A

= | [

R

(€)(n(€))%de

v

= | F©s©@ue) de

Hence,

A

[ W in)(9) = | FOHE W) de.

Using the expression obtained above, we take the integral over R, in order to obtain the
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desired Calderén formula for distributions. Namely,

To summarize, we have shown that the following equation holds in the sense of distribu-
tions
o dt
JARRIURTOE
0
As it turns out, the space By is a function space only consisting of L' functions. To show

this, we must show that the distributions contained in the space are also L' functions.
Proposition 3.3.9. For any f € By, f € L.

Proof. For a fixed and suitable 1, let f € B,,. By the definition of this space, we know that
f must be a tempered distribution (it belongs to ., ) and that

& d
I£lls, = [ e 71 5 < oo

Now consider
(W * 1y % f)(x)
" )

Since 1 € ., by the first property of convolutions, it follows that the expression above is

a smooth function, call it g(x,t). We now show that this function is in L', then use the
Calderén reproducing formula in order to conclude that f is an L' function. To that end,

fixat> 07
1
Ll tnde = [ oo sl as
1
1
< el e * £l

C
= xSl
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Recalling the fact that f € By, and by {, we can take integrals on both sides and get

C
[ [lotapldode < [ 2 s fi,0
RJR R

= Cy /1l

< 00.

Therefore, we conclude that g € L'(dx x dt). Moreover, by Fubini’s theorem, we can
also conclude that for almost every x € R, [, g(z,t)dx € L'(dt) along with for almost every
teR, [pg(x,t)dt € L'(dx). So, this gives us that

R t

By the Calderén reproducing formula for distributions which we established, this L!
function acts as a distribution identically to f. From this, it follows that f € L'(dz). To

summarize, we have shown that, for f € B, there exists a positive constant C, such that

1l < Coll 5, -
]

In [9], it is stated that for any 1), the space B, is a Banach space which is continuously
imbedded in ., (R"), whose norm is translation and dilation invariant and that .#(R") is
contained inside it. These claims were checked, but are omitted in this exposition. The
important thing to notice from this is that for any suitable ¢, the space By, is the solution
to problem F,. This therefore suggests that the space in Definition 3.3.5 is independent of
the choice of 1. Indeed, for this reason, the authors of [9] call the solution to problem P,
the Besov space B! (R").

When p = 1, a special atom as defined in Definition 3.3.1 is an H' atom, as in Definition
3.1.6. From the atomic decomposition (3.1.1) and since we saw above that the convergence in
By gives convergence in L', the inclusion BY"'(R) ¢ H'(R) follows. The work of Wilson and
Uchiyama in [25] gives an example as to why this inclusion is strict. Namely, the example
they give in this paper turns out to be an H' atom that is not in the space By. They

construct this example by building a function b in H' and an appropriate ¢ so that the large
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frequencies of this ¢y match up with those of b when convolved with each other. The function

they construct is

b(z) = — Z k2 sin(28ma) -, -1y ().
k=1

There exist other, more common, definitions of the Besov space in terms of the Fourier
transform or interpolation, but we do not include them here and instead given an equivalent
definition below. When n = 1, there is a very convenient decomposition of the Besov space
BY!(R) via our familiar special atoms. Here, the special atoms are the same as those used

by DeSouza (refer to Definition 3.3.1), with p = 1.

Theorem 3.3.10. The special atoms space B' coincides with B (R) and there exist con-

stants M, N such that for any f € B?’l(R),
N fll g < MLfllgor < M|Lf]l g -

The proof of Theorem 3.3.10 can be found in [9]. This theorem therefore allows us to
consider the norm on the Besov space (i.e. By, for any suitable ) as a norm on the special
atoms space. However, this norm is again not readily adaptable in the computability setting
without an explicit formula for a suitable ). Moreover, in order to discuss computability, it

is simpler to work on a bounded domain.

3.4 Besov Spaces on the Circle

Following DeSouza’s result in [7], we instead turned to the Besov-Bergman-Lipschitz spaces
and their relationship with the special atoms space, stated below. Note that we have now

returned to the setting of functions on the circle.

Definition 3.4.1. For 0 < a < 1,1 < r,;s < oo, we define the Besov-Bergman-Lipschitz
spaces A(a, 1, s) as

Ao, 7, s) = {f TR flla@rs < Oo}’

(1 + 1) = F@ )t *
HfHA(a,r,s) = HfHLT(dz) -+ (/}T |t‘1+as Lr(dx) ) ‘
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When s = 1, we’ll have a norm on this space. However, for other values of s, we’ll only
have a quasi norm (because the triangle inequality will only be satisfied with a constant).
Moreover, this space is non homogeneous because of the presence of the L" norm of f in the
beginning.

The main result from [7] is what will allow us to have a suitable norm on the special

atoms space. In this paper, the author begins by showing the following intermediate result.

Theorem 3.4.2. Forl <p< oo, if f € BP,1 <p < oo, then f € A(1—1/p,1,1). Moreover,

HfHA(lfl/p,l,l) < Cp HfHBP )
where C, is an absolute constant depending only on p.

This was proved by finding an upper bound for the norm of an atom. A similar compu-

tation will be repeated in Chapter 4. This result then leads to the main result of [7].

Theorem 3.4.3. For 1 < p < oo, we have that f € B? if and only if f € A(1 —1/p,1,1).

Moreover, there are absolute constants M and N such that

N A e < 1 llaq-1/paay < M1l go -

Theorem 3.4.3 will allow us to have a suitable norm on the special atoms space. In order
to be able to tie together all of the spaces for which a decomposition in terms of special atoms
exists, that is relate BY'(R) to B? and to A(a, 7, s), we must let p = 1 in B?. By Theorem
3.4.3, the equivalent Besov-Bergman-Lipschitz space would then be A(0,1,1). However, this
result is inconclusive in the literature in the case p = 1. Therefore, the best function space
setting for computability notions to be explored is in the special atoms space BP with p > 1
and with norm ||-|| A—1/p.1,1)" Thankfully, as stated previously, this is a true norm, so it

induces a metric.
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Chapter 4

Computability of the Besov Space

The goal of this chapter is to try to relate concepts from computability in the context of the

Besov space.

4.1 Exploration

Definition 4.1.1. We consider distances on the circle modulo 27. That is, for =,y € T,

their distance on the circle is denoted as |z — y].

This distance takes into account the periodicity which comes from identifying the endpoints

of the circle with each other.

Definition 4.1.2. We define the distance between two subintervals I and J of the circle as
d([,J) = |S]—SJ| + |w1 —wJ|,

where sy, s; are the left endpoints of I and J respectively, and similarly w;, w; are the right

endpoints.

Definition 4.1.3. If p > 1 is a computable real number, we define a computable special

atom to be either a special atom a; : T — R, a;(x) = WXL(JC) - WXR(x)v where I C T

has computable endpoints, or the function b : T — R, b(z) = 1/27.

For any given interval I with rational endpoints, the special atom a; is a computable
special atom, since rational numbers are computable. Moreover, the constant function b =

1/27 is also a computable special atom since 7 is a computable number.
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Definition 4.1.4. We define a rational special atom as a special atom whose support is an

interval with rational endpoints.

Let p > 1 and ay, and ay, be two special atoms supported in I; = (s1,wy), I = (S2,ws),
respectively and let m; = %,Z = 1,2 be the midpoints of each interval. We note that one
of (or both) the special atoms may be of the exceptional form b(z) = 5=. However, in what
follows we will disregard this case since it actually makes the calculations much simpler and

is therefore not so insightful. So, we have
ar,(z) = —c1xr(®) + cixr ()

ar,(r) = —coxr(x) + caxr(T),

where ¢; = W and ¢y = W We have 5 possible cases for the configuration of the

intervals:
. hNlb=Lor[1NIl,=1
2. 1Ny = (s9,wq) or Iy N Iy = (s1,ws)
3. hNL=10

Since this is is just an exploration we will only consider the case 1, with an added assumption

on their midpoints. This is illustrated below:

So, the special atoms look like:
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e e

—7 S1 S2

=
_____________E___

Let now
d(z) = ar, (v) — ap(2),
and let:
Ay = (=7, 81), Ay = (81, $2), Az = (89, M),
Ay = (mg,my), As = (mq, we), Ag = (we, wn ), A7 = (wy, 7).
Then,
(
0 if v € Ay
1 if v € Ay
] — Cy if v € As

d(l‘) =3¢+ e ifx e Ay
—c1+c ifx e As
—C1 if v € AG

0 ifx€A7

\

In order to simplify calculations to come, we let, for i € {1,...,7}
A; = (1), B; = |d(x)]| for = € A,
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and for z € A; and y € A;
Cij = ld(z) — d(y)|

Now, by DeSouza’s result and a change of variables, we have that

lar, — aI2||BP = ||d||A(1—1/p 1,1)

Az + ) — d(x)
=l [ ] |t|2 N fa

_ jd(x) — d(y)]

We begin by calculating the L' norm. Recalling that ¢; < ¢y and that both are positive

constants, we may perform the following computations

il = 3 [ B

2<4<6

=) Bi(4A)

:le(Ag) + (CQ — Cl)f(Ag) + (Cl + C2)€(A4) + (CQ — Cl)é(A5) + C1€(A6)

=c1(S2 — 51) + (€1 — ¢2)(mg — 52) + (c1 + ¢2) (Mg — ma) + (ca — 1) (wa — mq) + c1(wy — wa).

Now for the second part of the Besov norm:

) — d(y)
. J = e

In order to evaluate this integral, we look at different values of z and y in the domain of
integration and see that the calculation of the double integral can be generalized as below.
If (z,y) € A; x A;, without loss of generality we can assume that j < i (since the integrand
is symmetric in  and y and moreover, if i = j then C;; = 0). Let us also assume that

li —r; <msothat v —y| =2 —y. Sett1nga—2—1/p7wehavefA n M—Ql/pdxdy—

Ty i 1
:O»L’]/ / ﬁdxdy
_ ZJ —a lz_ 1—ad
— /l (i —y) dy

J

- —a)(2 )((7“ — L) = (=) (=) = (= 1))
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b — VP (e NP (L — )P L 1)/PY
(1—1/p)(1/p) (( J) (z lj) (lz ]) +(lz lj) )

Note that because of our simplifying assumption, we do not have to deal with the periodicity.
In a more general case, the expression above would be similar and will involve the endpoints
of the intervals along with .

Finally, putting this together with the first part of the Besov norm, we get that:

— = Bil(A C;,;D;
“all aI2HBp Z 1 _ 1/p 1/p Z 6,j -0,

2<i<6 1<4,5<7

Recall that this expression for the Besov norm of the difference of any two special atoms
ar, and aj, was obtained under the assumption that the intervals I; and I, are configured
as in Case 1. The other two cases remain to be covered, however we can easily adapt the
explicit formula for the norm to the other configurations of the intervals. In any case, we’ll
get an expression which is similar to the one above (by similar, we mean that the terms
depending on 7, 7 will still be linear combinations of endpoints of the partition and of 7, so
it changes nothing as far as computability is concerned). This analysis will be particularly
useful when proving the computability of the norm in Section 4.3.

In fact, this exploration allows us conclude something more general regarding the form

of the Besov norm of step functions.

Lemma 4.1.5. Suppose f: T — R is a step function of the form

n

flz) =) (),

=1

where {1;} is a partition of the interval T. Then

- 1
Il = 2 VedCE) + =gy 2 1o calDio

<i,j<n
where D; ; will be some linear combination of ™ and terms depending on the endpoints of the
intervals I; and I;, with each element of the combination being raised to the power 1/p (see

D; ; above for an example).
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We continue the analysis of Case 1 by looking at how the norm of the difference of two
special atoms behaves when both special atoms are very close.
Let I = (s,w) and I}, = (sg, wg) be such that I — I as k — oo, and assume that they are

configured as in case 1 (from above). By the convergence of the intervals, we have that
|s — sk| = 0, |]w —w| = 0. (1).

If we consider the midpoints of the intervals, call them m and my, it also follows immediately
that

|m —mg| — 0. (2).

Moreover, letting ¢ = and ¢ = we can see that

1
«ne T

] > |I| = o —c = Jc—c] =0 (3).

Now, we must show that both parts of the Besov norm converge to 0. To this end, let us

first consider the L' norm:
lar —ar || ;1 = c(sk— )+ (c—cx) (my — si) + (c+c) (m —my) + (e, — ) (wp —m) + c(w —wy,).

The elements of the addition above each go to zero, by facts (1), (2) and (3). Hence, this
shows that |la; —ar||,. — 0. It remains to show that the second part of the Besov norm

converges to zero. To that end, we will analyze

1,

which is an equivalent expression for the second part of the Besov norm, for different com-

y|2 1/pdxdy,

binations of ¢ and j. We will see that the convergence of the second part of the Besov norm
to zero will be due to one of two reasons: either the measure of the domain of integration
will go to zero, or the integrand goes to zero. In fact, this will require a separate analysis of

the three following cases:
1. ¢ = j (trivial case)
2. one of (or both) ¢ and j is even
3. both ¢ and j are odd.
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Before studying all three cases, we first note that the function

Ci,
flzy) = m e LY(T?),

for any pair of ¢ and j, f will vanish on squares A; x A; covering the diagonal (see case i

below). So, the absolute continuity of the integral gives us that
/ f—0as|S| —0.
s

Now, in:
(Case i): 1 = j.
In this case, since z € A; and y € A;, we'll have that b(z) = b(y). So, C;; = 0, meaning

that the integrand is zero on A; x A; so

/Aj /Ai f(x,y)dzdy = 0.

(Case ii): one of (or both) 7 and j is even

This is in fact that case where the convergence is due to the measure of the domain of
integration going to zero. By observing the A;’s above, we can see that the even indexed
subintervals are those whose lengths go to zero as I, — I. Hence, whenever one of (or both)

1 and j is even, we’ll have that

It therefore follows immediately from the absolute continuity of the integral mentioned above

[ [ sy =0

In this case, it can be seen that C;; = |¢ — ¢kl |cx — ¢|, 2|c — ¢ or 2|c, — ¢|. However, all

that

(case iii): both i and j are odd.

four values will go to zero as k — co. Hence, once again, it follows that

1,

We have therefore illustrated that, in case (i), as the supports of two special atoms get

y|2 TRy dzdy — 0.

very close, the Besov norm of the difference of both functions will consist of the sum of
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the elements which are themselves going to zero. In fact, the following proposition shows
that this result holds in general (i.e. without any assumptions as to how the intervals are

configured).

Proposition 4.1.6. For a fized p > 1, if I is a subinterval of T and {1}, is a sequence

of subintervals of T converging to I, then |a; — az,|| 5o — 0.

Proof. We prove the proposition without any assumption on the configuration of the intervals
I and any given ;. Let I = (s,w) and Iy = (s, wy) (with midpoints m and my) such that

I, — I. That is, we have that
d(1,I;) — 0 as k — oo.
Claim 1.
|s —sg] =0, |w—wg] =0, and |m —my| —0 as j— 0.

Proof of claim: Since d(/, I,) = |s — si| + |w — wy], it follows immediately that

|s — sg| = 0, |w — wg| — 0.

Now, since the midpoints are given by

S+ w Sk + W
m = , M = )
2 2
we get
S+ w — S — Wy S — Sk W — Wi
|m — myg| = 5 < 5 5 ;

from which the convergence is clear.

Consider ¢ := £(I)77 and ¢, := £(I;)~Y/?.
Claim 2. ¢, — ¢ as k — 0.
The proof of this claim is omitted, as it is very similar to that of the previous claim.

Claim 3. a;, — a pointwise for a.e. v € T as k — oo.
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Proof of claim:

This claim follows immediately by applying the result from the previous claim. Namely, and
assuming ¢, — ¢, we’ll have for a.e. z € T

Cr X (sg,mp) (I) - CX(s,m)>

and
_CkX(mkvwk)('I) — —CX(m,w)-

So, this gives

ap(z) = ckx(5k7mk)(x) — CkX(mk,wk)($> — CX(s;m) — CX(maw) = a(z).

Note that this convergence in fact cannot be uniform, and this is in fact observed in our

explicit from before.

Now, we let

00 =) o), ) = )

By DeSouza’s result, we have that

n%—wmfwmm+//nmww@
TJT
Claim 4. ||dg|[;1 = 0 as k — oo.

Proof of claim:

The convergence to zero of the first part of the norm follows from the Generalized Lebesgue
Dominated Convergence Theorem, combined with Claim 2. Firstly, the sequence {d;} is a
sequence of L'(T) functions and |dy| — 0 pointwise a.e. by Claim 3. Now can dominate
each |di| as

di(@)] = [(ar, — ar)(@)] < e+ ¢ pw ace.

Letting g(x) = ¢ + ¢, then g € L(T) and ¢, + ¢ — 4c¢ by Claim 2. Moreover,

/ck+c—>/2c:47rc<oo.
T T

Hence, by the Generalized Lebesgue Dominated Convergence Theorem, it follows that
/|alk—a1| — 0, as k — 0.
T
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In other words

i l[x = 0.

Claim 5. [, [, fu(z,y)dzdy — 0 as k — oo.

Proof of claim:

For a fixed k, in order to explicitly calculate this double integral, we must see how [ and
I are positioned with respect to each other. Depending on this, we partition the circle
accordingly, say into N different subintervals where Ny is a finite number. So, vaz’“lAi =T,
where A; = (I;,r;) and if ¢ < j then r; < ;. Then,

[ EECOLETE S iy

1<4,j<Ng

In fact, since a;, and a; each define three points (left, right and midpoint), this means that
the circle will be divided into 7 intervals. So we can claim that the number of intervals is
bounded above by N = 10. Namely,

Z //kayd:cdy< Z //kaydxdy

1<4,j <N, 1<i,5<N

On each rectangle A; x A;, fi is a constant, call it C;; divided by either (z —y)® or (y — ),

where o« = 2 — 1/p. In fact, we can divide the integral as

Z//kayda:dy+2//kaydxdy+2//kaydxdy

For the first summand: since ¢ = j, we have that C;; = 0 so fi = 0 and the integral goes to

Zero.

or f = (xcy)a . A direct calculation of the integral

For the other two summands: f, = = x)
will give an expression which goes to zero because of one of two reasons. First, for some
combinations of ¢ and j, we’ll have that ¢(A;) or ¢(A;) will go to zero which results in the
integral going to zero. The second reason is because, if the length of the rectangle A; x A,
does not go to zero, then we’ll have that Cj; goes to zero. In this scenario, the integral

will still go to zero as it can be written as Cj; times some expression which is bounded

independently of k. One can refer to the exploration above in order to see how these two
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reasons come about. Hence, fT fT fr(x,y)dxdy can be written as the sum of three terms, all

of which go to zero as k — oo.

Finally, our main result follows by Claims 4 and 5. O]

This proposition is powerful in that it allows us to conclude that any special atom, with
the exception of b(x) = 1/2m, can be approximated by a sequence of special atoms living
in rational intervals in the Besov norm. Namely, that the space consisting of finite linear
combinations of special atoms with support in rational intervals and the function b(z) = 1/27

is dense in BP,p > 1.

4.2 Establishing Computability Notions on the Besov
Space

For p > 1, consider the set

D= {Z Aig; A € Q,g; is a rational special atom or g; = b,n € N} :

J=0
From before, we know that D is dense in BP. Now we can consider a fixed enumeration of

all rational intervals (we know this exists by Proposition 2.5.5), call it {Ij}xren, we let

ar._ 4 if k 2 1
ap —

1 e
This notation illustrates the fact the enumeration of rational intervals allows us also to
enumerate the set of rational special atoms, since to each rational interval I,_i,k > 1, we

may identify uniquely the rational special atom aj. A natural progression would therefore

be to enumerate the set D, in a manner similar to that found in Propositions 2.5.2 to 2.5.5.

Theorem 4.2.1. Let D be defined as above. There exists a sequence o : N — D such that

« is the composition of computable functions and
E={a(i):ie N} =D.
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Proof. Recall that from Proposition 2.5.4, we know there exists an enumeration of all finite

sequences of rational numbers. Namely,

{(r(0(,0)),...,7(c(i,n(7)))) : i € N},
where r : N — Q is a computable surjection and

, ) . max{k : py divides i} ifi>2
o(i,k)= (), ~1, n()=
0 otherwise

In order to simplify notation, we denote r(n) = r,. In other words, the ¢ — th finite sequence
of rational numbers will be given by
(Tg(ivo)’ R TU(@’?(Z'))) :
Setting o : N — D as
n(%)
(i) =D o)
j=0
We must show that the inclusion between both sets holds in both directions. That is, we
show the following claims.

Claim 1. £ C D.

Proof of claim: Fix an 7 € N and consider

O[(Z) = To(i,5) Qg e kL.

Clearly «(i) is a finite linear combination of the functions ay,with rational coefficients, since
the function r maps onto Q. Hence, a(i) € D and since i was arbitrary, this proves the

claim.
Claim 2. D C E.

Proof of claim: Consider a function f € D.

F=Y XNgi
J=0
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for some n € N and where for each j, \; € Q and g; is a rational special atom or the special
atom b(x) = 1/27.
We must first identify each g; by an a,,, where we recall that the definition of a; above.

To that end, we must re-order the g; by letting

gj = am;,mj € N,0 < j <n.

So, letting N = max{my, ..., m,}, we now have
N
f= Zﬁjaja
5=0
For some rational numbers fy, ..., By. Now, since the sequence (fo,..., ) is a finite

sequence of rational numbers, by Proposition 2.5.4, we know there exists an i € N such that

(Bos -+, BN) = (Ta(i0)s - - -+ To(im(i)))-

Thus, we can finally conclude that for some ¢ € N, f can be written as

N
= E :Ta(z',j)%
j=0

Hence, f € E
O

This proposition shows that o : N — B? is a dense sequence in B?. We continue our
exploration of computability within the context of the special atoms space by looking at

computability structures. In particular, we have the following result.

Theorem 4.2.2. Let D be defined as above. For a fixred computable number p > 1, there

exists a dense computability structure, S, on the special atoms space BP such that D = S°.

Proof. Fix a computable real number p > 1. For i,7 € N, we know that the two elements

from the set D will look like

Z )\zkak Z )\Jkak

where \;,, Aj, € Q (so they are computable), n;,n; € N (so they are computable) and ay, is

a computable special atom.
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So, a; — a; will clearly be a step function. Letting ¢, = A;, — A;, and N = max{n;,n;},
by Lemma 4.1.5, we therefore know that there exists some partition of T, call it {/;} such
that

N 2
. P
i — ajll g = E iy — Al 0(Ie) + ] § Aie = i — (N = o) D
k=1

1<k,m<N

Under the assumption that all constants involved are rational numbers, for a fixed (i, j),
|ty — oj|| g, will indeed be a computable number, since the explicit formula we give for it
consists of finite sums of computable numbers. Hence, for the metric space (B?,d), with d
being the metric induced by the norm, we have that d(f, g) is a computable number for all
fyg € D. Our result now follows immediately from Proposition 2.6.14. In other words, this

shows that there exists a dense computability structure on BP. O]
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Chapter 5

Open Questions

Since the bridge between computability and function spaces is still being built, there are
many questions that remain open. In particular, we showed that for any two finite rational
linear combinations of computable special atoms the number ||a;, — a,| g, is computable.
However, is it true that the norm of the difference of two finite linear combinations of atoms

is computable uniformly as a function of 4, j7 Namely, is it true that

(i,7) = Nl = 5l g

is a computable as a function N> — R? If one succeeds in showing this, it would then be
true that the for computable p > 1 the Besov space (B?,d) with metric induced by the
Besov-Bergamn-Lipschitz norm (with o = 1—1/p, s = r = 1), is a computable metric space.
One can also address this question for other values of p.

One can also try to look at establishing other computability structures on the Besov
space. For example, since we showed that there exists a dense computability structure on
B? for p > 1, a natural question would be to ask if there exists a separable computability
structure on this space. This question is equivalent to saying that there exists « such that

(BP,d, «) is a computable metric space.
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