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Introduction

Reverse mathematics is a relatively new program in the foundations of mathematics. Its
basic goal is to assess the relative logical strengths of theorems from ordinary non-set theo-
retic mathematics. To this end, one tries to find the minimal natural axiom system 2 that
is capable of proving a theorem 7. In order to verify that 2 is in some sense the weakest
axiom system that would allow a proof of T" it would be nice to be able to show that 2 in
fact follows from T, for this would demonstrate that the axioms of 2 are necessary for T
to hold. However, no theorem 7' from ordinary mathematics is strong enough to prove any
reasonable axiomatization of mathematics. Therefore, one must supplement 7" with a weak
axiom system B known as the base system. If one is able to find axiom systems 2l and ‘B
and a theorem 7' such that 2l is capable of proving 7" and such that B + T is capable of
proving 2 in turn, then one says that 7" and %A are equivalent over 8. A proof that 2 follows
from B and T is called a reversal of T. The goal of reverse mathematics is to find axiom
systems to which the theorems of ordinary mathematics are equivalent.

It turns out that many of the theorems of ordinary mathematics are either provable in
the weak base system RCAq, which essentially corresponds to computable or recursive math-
ematics, or are equivalent over RCAq to one of four subsystems of second order arithmetic
WKLy, ACAg, ATRy and II} — CAy. These subsystems differ primarily in their set com-
prehension axioms, which lay out what sets must exist. Additionally, all of these systems
may be arranged linearly in terms of logical strength, with RCA, the weakest system and
I} — CAy the strongest. It is somewhat surprising that so many of the theorems of ordi-
nary mathematics can be shown equivalent to so few axiom systems, and it is even more
surprising that these systems can be ordered linearly by their logical strength. This is one of
the key insights provided by reverse mathematics. In Chapter I, we will explore the reverse
mathematics of some completeness and compactness properties of the real line with respect
to three of these basic axiom systems as an illustration of the standard practice of reverse
mathematics.

There are also additional benefits of studying reverse mathematics. In general, it is harder
to find a reversal of a given theorem than a proof of that theorem in the equivalent axiom
system. For this reason, reversals tend to grant some deeper insight into the theorems than
is afforded by their statements and proofs alone. For example, in Chapter II we will study
the reverse mathematics of Hilbert’s basis theorem. We will show that while Hilbert’s proof
of this theorem could never have been constructive, the theorem can be proven construc-
tively if one assumes a basic fact from the theory of ordinals, namely that w®“ is well-ordered.
Moreover, we will show that the well-ordering of w® is equivalent to Hilbert’s basis theorem
over constructive mathematics.

As another example of the extra insight that reverse mathematics can provide, we will
see in Chapter III that a reversal of T' can sometimes be reinterpreted as showing that T



is not an effective theorem, that is the structures that it proves to exist are not always
computable. In particular, we will show constructively that Hahn’s embedding theorem for
ordered abelian groups is not an effective theorem.

Chapter I - Elementary Reverse Mathematics

In this chapter we will study the reverse mathematics of completeness and compactness
properties of the real numbers in RCAy, ACAy and WKLy. We will also briefly discuss re-
sults from reverse mathematics in other areas and in ATRg and [T} — CAg. All of the results
from this chapter may be found in [1]. Before discussing these results, however, we must
briefly turn our attention to second order arithmetic, the arena in which the action of reverse
mathematics occurs.

Second Order Arithmetic

Most of the reverse mathematics to date has been carried out using subsystems of second
order arithmetic, often denoted Z,. The language of second order arithmetic consists of the
logical symbols A,V,—,(,), quantifiers V and 3, relations =,<,€, binary operators + and *,
a constant symbol 0, a unary operator S representing the successor function on the natural
numbers, and a two-tiered system of variables x,y,z,. .. that range over natural numbers and
XY Z. ... that range over sets of natural numbers.

Sets of sets of natural numbers are not part of second order arithmetic, hence it cannot
handle essentially uncountable mathematics. While this is a significant limitation, large
parts of mathematics can be dealt with using only countable structures. For example, the
study of continuous functions on complete separable metric spaces is not essentially uncount-
able. Using second order arithmetic also has technical advantages because basic existence
axioms are not as strong as they might be in essentially uncountable mathematics.

The axioms of second order arithmetic are the usual logical axioms and arithmetic axioms
of Peano arithmetic in addition to two axiom schemata. The first, is the comprehension
axiom schema, which essentially dictates which sets are known to exist. In full second order
arithmetic this schema is given by

AXVn(n € X < ¢(n))

where ¢ is any well-formed formula in which X is not a free variable. ¢ may have other free
variables, in which case the universalization of the sentence above is understood to hold, or
it may have parameters.



The second axiom schema is the schema of induction

(¢(0) AVn(¢(n) — ¢(Sn))) — Vng(n)

where ¢ is a well-formed formula, which may or may not have other free variables. In full
second order arithmetic, this axiom schema is actually redundant. It may be replaced by
the second order induction aziom

VX((0e X AVn(ne X — Sne X)) — Vn(n € X)).

This sentence in addition to the comprehension schema immediately imply the induction
schema.

All subsystems of second order arithmetic we will consider here include the basic logical
and arithmetic axioms. The comprehension and induction axiom schemata, however, are
limited in these subsystems. In order to delineate these limitations, we must first classify
the formulae of second order arithmetic.

We say that a formula is an arithmetical formula if it has no universal or existential quan-
tifiers that range over set variables. In other words, the only quantifiers in an arithmetical
formula are number quantifiers. Arithmetical formulae may be further subdivided into the
classes 3, X9, TI? and AY. A formula is said to be X if it is equivalent to a formula with
only number quantifiers that are bounded above and no other quantifiers.! We say that a
formula is 3 if it is equivalent to a formula of the form Ingp(n) where ¢(n) is XJ. Similarly,
a formula is 1Y if it is equivalent to a formula of the form Vng(n) where ¢(n) is 30. A
formula is AY just in case it is both 3¢ and IIJ. It should be noted that A? formulae define
recursive sets and that X9 formulae define recursively enumerable sets. The complement of
a Y? formula is TIY and vice-versa.

Having made these preliminary definitions, we may now turn our attention to our first
subsystem of second order arithmetic, RCA,.

The Base System: RCA,

RCAy, or recursive comprehension axiom with limited induction, is the base system used
in most of reverse mathematics, and it will be the base systems for all of the results we
discuss here. It is a subsystem of second order arithmetic that is meant to correspond more
or less with computable and constructive mathematics. In RCAg, the full comprehension
schema is replaced by comprehension only for A sets. That is we have

IXVn(n € X < ¢(n))

!By equivalent here we mean that the same sets of natural numbers satisfy the two formulae. We will
treat this equivalence informally here for the sake of readability. For more details, see [2]. By a number
quantifier that is bounded above we mean expressions such as Vj(j < n — ¢(j)) or i < p(0(4))



only for formulae ¢ that are AY. Similarly, the induction schema is limited to X{ formulae.
In other words, RCAq is second order mathematics restricted to recursive sets and where
induction is restricted to recursively enumerable sets. Not surprisingly, the recursive sets
form a minimal model of RCA (See [1] Corollary I1.1.8).

Finite sets, ordered tuples, and finite sequences may be encoded as natural numbers
using elementary number theory in RCAg. Similarly, infinite sequences and the Cartesian
products of sets may be encoded as sets, and a function f : X — Y may be encoded as
subsets of X XY in the standard manner. Additionally, the set of integers, Z, and the set of
rational numbers, Q, and the arithmetic operations on these sets can be encoded and shown
to fulfill the usual ring and field axioms respectively. We will employ the ordinary notation
of mathematics, and for the most part ignore these issues of encoding as atomic terms for
these encodings are all 39. For details, see [1]. The encoding of R is more subtle in second
order arithmetic and will be discussed below.

Primitive Recursion

In this section we will show some basic results about RCAy. Namely, we will show that
all primitive recursive functions are provably total functions in RCAy and will derive two
important consequences from this fact.

Theorem I.1. If f: N* — N is a primitive recursive function, then its existence may be
proven in RCAq. Additionally, the characteristic function of a set X is also exists in RCA,.
That is, the following functions may be shown to exist in RCAj:

(i) The constant functions
(ii) The composition of two functions

(iii) For any two functions f : N¥* — N and g : N¥¥2 — N, a function h : N**! — N defined
by
h(0,n1,...,n,) = f(ny,...,nk)

h(m+1,n1,...,n%) = g(h(m,nqy, ..., ng), m,ny, ..., ng)

(iv) For any function f : N*¥*! — N such that for all (ny,...,n;) € N¥ there exists some
m € N such that f(m,ni,...,n;) = 1, a function g : N¥* — N defined by

g(nq,...,ng) =least m such that f(m,nq,...,ng) =1

and



(v) For any set X, the characteristic function of X, xx : N — N defined such that xx(n) =1
ifne X and xx(n) =0ifn ¢ X.

Proof.
i) If ¢ € N is a constant, then the function f = {(i,)|j = ¢} exists by X0 comprehension.
)17 Y 2

(ii) Let f: X — Y and g : Y — Z be functions. Then their composition i : X — Z is given
by

h={06,9) 13k e Y((Q, k) € fA(KJ) €9 ={(07)|i € X AVE((i, k) € f— (k,]) € 9)},

which exists by A} comprehension. This is a well-defined function provided that f and g are
well-defined functions.

(iii) Let 6(s,m, (ny,...,ng)) be the 3 formula that says that s is a sequence of the initial
m values of h(ny,...,ng). That is, 0(s,m, (ny,...,nx)) says that s encodes a sequence of
length m + 1 such that sg = f(ni,...,ng), and for all i <m, s;11 = g(s;, m,ny,...,ng).

We may define

h = {((m,ng,...,n),5)|3s(0(s,m, (n1,...,ng)) As(m) =7)}
= {((m,nq,...,ng),7) | Vs(0(s,m, (nq,...,n)) — s(m) =7},

which exists by A{ comprehension. To prove that this is a well-defined function, we must

show in RCA, that there exists an essentially unique s for all m and (ny,...,ng) such that
O(s,m, (ny,...,ng)).
Fix (ny,...,nx). The formula

¢(m) =3Js0(s,m, (ny,...,nk))

is 33, and

¢(0) AVm(p(m) — ¢(Sm))

is by hypothesis a theorem of RCA,. Therefore, by ¥¢ induction, Vm ¢(m) is a theorem of
RCA,. Moreover, we can prove that s is unique for fixed m, i.e.

(O(s,m, (ny,...,nk)) ANO(s",;m, (ng,...,ng))) — Vi <m+1(s; = s}).
(iv) Define
g={((ng,...,nx),m)|((m,ny,...,nx),1) € fA=TFm <m((m',ng,...,n), 1) € f)},

which exists by 39 comprehension. This is a well-defined function by hypothesis.



(v) Define
xx ={(@,)) (e XAj=1)V(i¢gXNj=0)}

which exists by 39 comprehension.O

Corollary 1.2. For any infinite set X, one can prove in RCAq that there exists a function
7x : N — X that enumerates all of the elements of X in order.

Proof. We will show that 7y is primitive recursive relative to yx, which exists by (v)
above. First, define vx : N — N by vx(n) = least m such that n > m and xyx(m) = 1,
which exists by (iv) above. Now we can define wx by (iii) above.

7x(0) = vx(0)

Wx(m -+ 1) = Vx(T('X(m)).D

Corollary 1.3. Let ¢(n) be a X9 formula in which f does not occur freely. One can prove
in RCAj that either only finitely many n satisfy ¢(n), or there exists a one-to-one function
f: N — N whose range is precisely those n that satisfy ¢(n).

Proof. By the normal form theorem, there exists a %) formula 6(j,n) such that ¢(n)
is logically equivalent to 356(j,n). Define X = {(j,n)|0(j,n) A =35" < j(0(j',n))}. Ei-
ther only finitely many n satisfy ¢(n), or X is infinite. If X is infinite, then by Corol-
lary 1.2, 7y exists, and we may set f(n) = ps(mx(n)) where py is the projection function
p2 = {(m, k)| m encodes (i, j) A k = j, which exists by 3J comprehension.0

Arithmetical Comprehension: ACA,

ACAy, or arithmetical comprehension with limited induction, is a formal system defined
similarly to RCA although it is in fact quite a bit stronger. Just as in RCAg it has all the
logical and arithmetic axioms of standard Peano arithmetic. Unlike RCAq, however, ACA,
has a comprehension schema covering all arithmetical formulae. Recall that a formula is
arithmetical just in case it has no quantifiers ranging over the universe of sets. Induction
in ACA, is accomplished using a single axiom - the second order axiom of induction - as
discussed above. This allows induction to be carried out on all arithmetical formulae.

The following lemma provides some weaker conditions for concluding that arithmetical
comprehension holds. These are very useful in proving reversals involving ACA,.

Lemma I.4. Arithmetical comprehension is equivalent over RCAg to the following:

(i) 39 comprehension, i.e. IXVn(n € X < ¢(n)) for any X! formula ¢ in which X is not free.



(ii) For all one-to-one functions f : N — N the range of f exists, i.e.
AXVn(n € X < Im(f(m) =n)).

Proof. That arithmetical comprehension implies (i) is clear. That (i) implies (ii) follows
from the fact that Im(f(m) = n) is X9, That (ii) implies (i) follows from Corollary 1.3. All
that remains to be shown is that (i) implies arithmetical comprehension.

Assume (i) holds. Every arithmetical formula is equivalent to some formula that con-
sists of alternating universal and existential number quantifiers followed by a % formula.?
Therefore, we may take our formula to be in this form and further stipulate that the string
of quantifiers begins with an existential quantifier by using dummy variables if necessary.
Because the negation of a universal quantifier is an existential quantifier and vice-versa, and
because the complement of a set necessarily exists, it is immaterial whether the formula
begins with a universal quantifier or an existential quantifier. We proceed by induction on
m, the number of alternations between types of quantifiers that appear. The m = 0 case
follows from (i). Assume that comprehension holds in the case m = k, and let ¢(n) have
k + 1 alternations beginning with an existential quantifier. We may write ¢(n) as 35 0(j,n)
where 6(j,n) has k alternations beginning with a universal quantifier. Let

X =A{0,n) =00, n)}.

The negation in —0(j,n) may be propagated along the alternating quantifiers until it is
absorbed by the X portion of 6(j,n). This results in a formula that conforms to the m = k
case, and thus X exists by the inductive hypothesis. Let

Y ={n[35((:n) & X)},
which exists by X¢ comprehension. We have
vn(¢(n) < 3j0(j,n) « Vj(=0(j,n)) < =Vi((j,n) € X) < Fj((j,n) ¢ X) oneY).

Thus, Y is the set defined by ¢(n), so we have comprehension with k+1 quantifier alternations.O

Weak Konig’s Lemma: WKL,

WKLy, or RCAg with weak Konig’s lemma, is an axiom system with logical strength
between RCAg and ACAy. It consists of the axioms of RCAj plus an additional lemma
concerning infinite binary trees called weak Konig’s lemma.

Definitions. Recall that in second order arithmetic finite sequences may be encoded as
natural numbers. Let 2<N denote the set of binary sequences, or finite sequences consisting

2For a constructive proof of this statement that is readily formalized into RCAy, see [2].
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only of 0’s and 1’s. This set exists in RCAg by XY comprehension. If s = (sg,...,s,) € 2<"
is a sequence, let ¢(s) = n + 1 be the length of s. This function is primitive recursive and
hence exists in RCAy by Theorem I.1. If s = (s¢,...,s,) and t = (to,...,ty) are two binary
sequences, then define the concatenation of s and t to be sot = (S9,...,Sn,to, - tm). A
binary sequence s is said to be an initial part of a binary sequence t, denoted s C t, just in
case there exists a (possibly null) sequence u such that s o u = t.

A binary tree, T C 2<V is a set of binary sequences such that if s € T and t C s, then nec-
essarily t € T'. A path through T is a function f: N — {0, 1} such that (f(0),...,f(n)) €T
for all n € N. Weak Konig’s lemma states that for any infinite binary tree T', there exists a
path through 7.3

Real Numbers in RCA,

We will now define and develop some of the basic properties of the real numbers R within
second order arithmetic. We will then show that RCAq is strong enough to prove that R
satisfies a certain completeness property called nested interval completeness. In the chapters
that follow, we will study the reverse mathematics of real numbers in ACAy; and WKLy,
culminating with the following theorem:

Main Theorem I. The following are theorems of RCAj:
(A) The real numbers are nested interval complete.

(B) ACA, is equivalent to the following statements:
(ii) The real numbers are complete.
(iii) [0, 1] is sequentially compact.

(C) WKLy is equivalent to the compactness of [0, 1].

Definitions. A set x is a real number in second order arithmetic if it is an infinite
sequence of rational numbers z = {z; € Q}ren such that |z — 24| < 27F for all k,i € N.
Notice that the set of real numbers R does not exist in second order arithmetic as it is
uncountable. We will however, use the term x € R as a stand-in for the full expression that
x is a real number. x € R is not a ¥ formula, but is instead a I1{ formula because of the
universal quantification over ¢ and k in the definition.

Two real numbers x and y are equal if, for all k € R, |z, — yi| < 271 Again we will
denote equality as x =y, but this is not ordinary equality and is I1Y rather than %3. Addi-

3The full form of Kénig’s lemma is the same statement concerning finitely branching trees with arbitrary
natural numbers for nodes. Konig’s lemma is in fact equivalent to ACAg over RCAg. See [1] for details.



tion, multiplication and comparison can be defined similarly and atomic formulae involving
these are also IT1Y. Because, for example, x < y is equivalent to —(x > y), atomic formulae
involving comparison are actually AY.

Sequences of real numbers may also be encoded as sets, and we say that a sequence of
real numbers {x, € R},en converges to a real number x, denoted x, — X, just in case
Ve > 03 Vj(|x — xi44] < €).

We may imbed the rationals in the reals by identifying a rational number ¢ with the real
number q = {gx = q}ren, and say that a real number x is rational if x = q for some ¢ € Q.
It can be shown in RCA, that R satisfies all the usual axioms of an ordered field.

While we cannot prove that the reals are complete?, we can prove a slightly weaker com-
pleteness property.

Theorem 1.5. In RCA( one can prove that the real numbers are nested interval com-
plete, i.e. if {a, € R},eny and {b, € R},cny are sequences of real numbers such that
a, <api1 <byig < by, forall n € N, and such that b, — a,, — 0, then there exists a real
number x such that a, < x < b, for all n.

Proof. Let a, = {anx € Q}ren and by, = {b, 1. € Q}ren for all n € N. Define
Xp={m|(m>k+2)A (b — Amm < 2752)},

which exists by A? comprehension. Because b, — a, — 0, X} is non-empty for each k € N.
By Theorem 1.1 (iv) and (v), there exists a function f : N — N such that

f(k) = least m such that m € Xj.

Define x = {x, = af(k),f(k)}keN By definition, x is a real number and a,, < x < b, for all
n.0d

Real Numbers in ACA,

Theorem I.6. ACA, is strong enough to prove that R is complete and that [0,1] is
sequentially compact.

Proof. We will first prove the sequential compactness of [0,1]. Let {x, € [0, 1]},en be
a sequence of real numbers in [0,1]. We must show that there exists a subsequence that
converges to a real number x in [0, 1]. Let

(ki) =VNIn > N((i <2V A (i%27% <xu < (14 1) % 277)).

4In fact, as Main Theorem I asserts, the completeness of the reals is equivalent to ACAg, which is strictly
stronger than RCAy.



k,i) says that infinitely many x, lie in the interval [i * 27% (i + 1) * 27%] C [0, 1]. Because
< x, < 1 for all n, infinitely many x, must lie in at least one of these intervals. Thus
k,i) for at least one ¢ for each k. Now let

(

¢
0
&(

=AW [o(k, i) A=3i((F > i) Aok, )},

which exists by arithmetical comprehension. f is a well defined function because (k,i) € f
exists and is unique for each k£ by definition.

Let x = {xp = f(k) * 2 ¥ }ren. X is a real number because each rational number x;, with
k> N will lie in [f(N)* 27V (f(N)+1)x27N]. 0 < ax;, <1 for all k, so x € [0,1]. Now
define another function

g(k + 1) = least n such that (n > g(k)) A (|x — xa| < 27%),

which exists by Theorem 1.1 and because infinitely many x,, lie within 27* of x for all k by
definition. The subsequence {Xg(k) }ren converges to x. Thus, [0,1] is sequentially compact.

Now we shall show that R is complete. In other words, we must show that any Cauchy se-
quence, i.e. a sequence of reals {x, € R}, ey such that Ve > 03ImV¥n(m < n — |z, —x,| <€),
converges to a real number x. Now it is clear from the definition that every Cauchy sequence
is bounded, so by linearly rescaling we may take the sequence to lie entirely in [0, 1]. The
last result implies that a subsequence of this scaled sequence converges. However, if a subse-
quence of a Cauchy sequence converges, then the entire sequence converges to the same num-
ber. Thus, after reversing the scaling process, we have found an x € R such that {x,} — x.0

Theorem 1.7. ACA, is equivalent to the completeness of R and the sequential compact-
ness of [0, 1] over RCA,.

Proof. We have already shown that these two theorems may be proven in ACA,.
Therefore, we need only find reversals. That is, we must prove that given RCA( and either of
these two theorems, we can show that arithmetical comprehension holds. As we saw in the
proof of the previous theorem, the sequential compactness of [0, 1] implies the completeness
of R. Therefore, it is sufficient to find a reversal for the completeness of R.

Working in RCAj, assume that R is complete. Let f : N — N be an arbitrary function.

Let .
Xp = Z 2= @)
i=0

{xn} is a bounded, increasing sequence of real numbers, so it is Cauchy. By the completeness
of R, {x,} — x for some x € R. Having this number x in hand allows us to effectively bound
our search for a number ¢ € N such that f(i) = k. That is, we know that for all &,

Ji(f(i) = k) < Vn(|xa — x| < 27 — Fi < n(f(i) = k).

10



However, this equivalent reformulation of k being in the range of f is II?, while the original
formulation is 3Y. Therefore, we may define

X ={k|F(f(@) = k)},

which exists by AY comprehension. We have constructed a set that is equal to the range of
an arbitrary function f. By Lemma [.4, this implies arithmetical comprehension.O

Real Numbers in WKL,

Following Main Theorem I, we wish to show that WKL is equivalent to the compactness
of [0,1] over RCAq. To say that [0, 1] is compact is to say that given a countable covering
of [0,1], i.e. sequences of real numbers {a,, € R},cn and {b, € R},cy such that for any
x € [0,1] there exists ¢ € N such that a; < x < by, there is a finite subcovering of [0,1], i.e.
there exists N such that for any x € [0, 1] there exists i« < N such that a; < x < b;. We will
first prove that [0, 1] is compact working in WKLy, and then we will find a reversal.

Theorem I.8. WKL, is strong enough to prove the compactness of [0, 1].

Proof. First we will reduce to the special case where a, = a,, € Q and b, = b, € Q.
Let
¢(q,7’) :CJG@/\T GQAEIi(ai <q<7‘<bi).

o(q,r) is 229, so by Corollary 1.3, there exists a function f: N — Q x Q such that

Vg vr(o(q,r) < In(g,r) = f(n))).

Without loss of generality, we may take (a,,b,) = f(n).

We proceed by finding, for each n € N, a partition of [0, 1] into 2" pieces indexed by the
set of binary sequences s € 2<N of length £(s) = n. Let

14

(s)—1 S
Cs = Z 9i+1
i—0

and )

ds =cs + %
c,..00=0and dp 1) = Z?:_Ol 271 1 27 — 1 where n is the number of 1’s, so [c,, d;] do
in fact partition [0, 1] for each n. Note that if s C ¢, then [¢;, d;] C [cs, ds]. We will now define
a tree T based on these partitions and the countable covering of [0, 1] by rational intervals.
Let

T={sc2MN|=3i <l(s)(a; < cs <ds <b;)},

11



which exists by 29 comprehension.

We claim that there is no path through 7. Assume otherwise that there is a path
f N — {0,1} through 7. We will associate f with a real number in [0, 1] by using its
binary representation. That is, define

Xr = {Z g}ﬁ € Q}nEN-
i=0

..........

for all n € N by X¢ induction. Because {(a,,b,)} cover [0,1], there exists i such that
a; < X¢ < b;. Because x¢ is the only number that lies in [c((0),....f(n))> d(£(0),....f(n))) for all n,
and because s C t implies [¢;, d;] C [cs, ds], we may find N > i such that

a; < C(#(0),....f(N) < d(f(o) ..... F(v)) < b;. This, however, implies that (f(O), e ,f(N)) ¢ T, by
the definition of 7', which contradicts the fact that f is a path.

We have shown that there is no path through 7. By weak Konig’s lemma, this implies
that T is finite. Let N be larger than the length of any binary sequence in T'. We thus have,
by the definition of T, that

Vs € 2N((s) =N — 3i < N(a; < cs < dg < b;)).
However, {[cs,ds]}os)=n cover [0, 1], therefore {(ao,bo), ..., (an,bn)} is a finite subcover of

[0,1].0

Definitions. In what follows we will call a real number x € [0, 1] a Cantor point if there
exists a path f : N — {0, 1} through 2<% such that

— 2f(3)
=0
If no such path exists, then we will say that x € [0, 1] is a non-Cantor point.

Additionally, for any binary tree ' C 2<N, define the set of leaves of T to be
Lr={seT|so(0)¢T Nso(1)&T},

which exists for any given T' by XY comprehension.

Lemma 1.9. Over RCAj for a given tree T', if Ly is finite, then either T is finite or it
has a path.

Proof. Assume that T is infinite, but that Ly is finite. We shall show that 7" has a path.
Consider the set of binary sequences

X={seT|3teLr(sCt)},
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which exists by X) comprehension because Lr is finite. For any given ¢t € Ly, there can
only be finitely many subsequences of . Because the finite union of finite sets is finite, this
implies that X is finite. Because T is infinite, there must exist a binary sequence s° € T
such that s° ¢ X. By definition of X, there exists s € T such that s' is either s° ¢ (0)
or s°¢ (1), and s' € X. By XY induction there exists s" for all n such that s” € T and
s"t1 is either s™ ¢ (0) or s" o (1). Let f: N — {0,1} to be either f(n) = s% if n < £(s°) or
f(n) = st Gtherwise. By the above, f is a path through 7.0

Theorem I.10. WKL is equivalent to the compactness of [0, 1] over RCA,.

Proof. By Theorem 1.8, it is sufficient to find a reversal for the compactness of [0, 1].
Working in RCAy, assume that [0, 1] is complete. Let T" be a binary tree such that there
are no paths through 7. Our goal is to show that 7" must be finite. By Lemma 1.9, it is
sufficient to show that Ly is finite.

Define the following sequences of real numbers in [0, 1] indexed by binary sequences
s € 2<N:

£(s)—1

281‘
a = ) 3it1
i=0
by = a,+37‘®
cs = a,— 371

ds = by+3!

For any non-Cantor point x there exists s € 2<% such that x € (bs(1), aso(0)) While no
Cantor points will lie in any of these intervals. This may be verified by formalizing in RCA,
any standard presentation of the Cantor set (see, for example, [3]). Thus, the intervals
X = {(bss(1), Aso(0)) } sca<r cover precisely the non-Cantor points of [0, 1].

We claim that the set Y = {(cs,ds)}ser, consists of pairwise disjoint intervals that
cover at least the Cantor points of [0,1]. From the definition of cs and ds, any two in-
tervals (cs,ds) and (cg, dy) are disjoint unless s C ¢t or ¢ C s. However, no two leaves of
a tree may overlap in this way, so we have that the intervals given above are pairwise disjoint.

To see that the intervals in Y cover at least the Cantor points of [0, 1], we will assume oth-
erwise and show that this implies the existence of a path for 7. Let x = {>_ i{—ﬁ)}neN be a
Cantor point that does not lie in any interval (cg, ds) for s € Ly. Then, f is a path through T
because X € (C(f(0),....7(n))» d(£(0),...7(n))) for all n € N by AY induction, so (f(0),..., f(n)) € T

for all n.
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Hence, we have shown that the intervals X UY together form a countable cover of [0, 1].
By compactness, there should be a finite subcover. However, each of the intervals in Y is
needed because they are pairwise disjoint and each interval contains at least one Cantor
point ag € (cg,ds). Thus Y must be a finite set. This implies that Ly is finite, which in turn
implies that 7" is finite, completing the proof.O

Proof of Main Theorem I. The theorem follows directly from Theorems 1.5, 1.7, and
[.10.00.

Further Results

In this section we will list several other standard reverse mathematical results and briefly
discuss the remaining standard subsystems of second order arithmetic used in reverse math-
ematics, ATRq and T} — CAy. Proofs of all of these theorems may be found in [1].

Theorem I.11. The following theorems can be proven in RCA:

(i) The real line satisfies the intermediate value property.
(ii) The Baire category theorem.
(iii) A version of the Tietze extension theorem for complete separable metric spaces.
(iv) A strong version of the soundness theorem in mathematical logic.
(v) The algebraic closure for any countable field exists.
(vi) The Banach/Steinhaus theorem.
Theorem 1.12. The following are equivalent to WKLy over RCA:

(i) The Heine/Borel theorem for compact metric spaces.

(ii) Several properties of continuous functions on compact metric spaces including uniform
continuity, the maximum principle, Riemann integrability, and Weierstrass approximation.

(iii) The completeness and compactness theorems of mathematical logic.
(iv) The uniqueness of the algebraic closure for countable fields.

(v) The Brouwer and Schauder fixed point theorems.
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(vi) The Peano existence theorem for solutions of ordinary differential equations.
(vii) The separable Hahn/Banach theorem.
Theorem 1.13. The following are equivalent to ACAq over RCAq:
(i) Every countable vector space over Q has a basis.
(ii) Every countable commutative ring has a maximal ideal.
(iii) The divisible closure of an arbitrary countable Abelian group is unique.
(iv) Kénig’s lemma for subtrees of N<N
(v) Ramsey’s theorem for colorings of [N]3.

ATRy, or arithmetical transfinite recursion with limited induction, is a subsystem of sec-
ond order arithmetic that is logically stronger than ACAq and the other systems we discussed
in this chapter. The system may be described informally as taking ACA, and allowing for
the transfinite iteration of the Turing jump operator along any countable well-ordering.

Theorem 1.14. The following are equivalent to ATRy over RCAy:

(i) Lusin’s separation theorem.

(ii) The Borel domain theorem.

(iii) The perfect set theorem.

(iv) The existence of Ulm resolutions.

(v) The comparability of countable well-orderings.
(vi) The open and clopen Ramsey theorems.

I} — CAy, or I} comprehension with limited induction, is the strongest subsystem of
second order arithmetic considered in standard reverse mathematics. It is defined similarly
to RCAy and ACA, except recursive and arithmetical comprehension are replaced with II}

comprehension, i.e. the comprehension schema applies to formulae of the form VX (¢(X))
where X is a set variable and ¢(X) is arithmetical.
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Theorem 1.15. The following are equivalent to IT{ — CAgy over RCAg:
(i) The Cantor/Bendixson theorem for closed sets.
(ii) Kondo’s theorem on coanalytic uniformization.
(iii) Silver’s theorem on Borel equivalence relations.
(iv) Every countable Abelian group is a direct sum of a divisible group and a reduced group.
(v) The AJ Ramsey theorem.

As can be seen from this list of results, reverse mathematics provides a wealth of infor-
mation about the equivalencies and relative logical strengths of many of the theorems of
mathematics. It is surprising that all of these theorems can be seen as equivalent up to
constructive mathematics to basic axioms that describe what counts as a set. Furthermore,
it is quite intriguing that all of these theorems can be arranged in a linear ordering of logical
strength starting from RCAy and working up to IT{ — CA,.

Finally, it may be interesting to note that each of the five standard subsystems of second
order arithmetic that arise in the study of reverse mathematics can be seen as corresponding
to different philosophical approaches to the foundations of mathematics. RCAg can be asso-
ciated with the constructivism of Bishop, WKLy with the finitistic reductionism of Hilbert,
ACA( with the predicativism of Weyl and Feferman, ATR with the predicative reductionism
of Friedman and Simpson, and I} — CAg with the impredicativity of Feferman and others.
These connections are explored in more detail in [1].

Reverse mathematics, thus, gives deep insight into the nature of many theorems of or-
dinary mathematics, into the relations and equivalencies between these theorems, into the
axioms that we may choose to consider and the nature of the set, and into several of the
philosophical approaches to the foundations of mathematics. In the following two chapters
we will explore some interesting theorems of reverse mathematics that go beyond the stan-
dard results and that serve to further illustrate these themes.
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Chapter II - The Reverse Mathematics of Hilbert’s Basis Theorem

In this chapter we will prove a unique theorem of reverse mathematics. Namely, we will
show that Hilbert’s basis theorem is equivalent to the well-ordering of w* over RCAy. This
chapter is based on the proof by Simpson in [4], although the presentation and structure
have been significantly altered.

Definitions. A countable ring A is a tuple (|A|,+4,%4,04,14) where |A| is a set of
natural numbers - the set of codes for elements of A - + 4 and %4 are functions from |A| x |A]
to |A|, and 04 and 1,4 are distinct distinguished elements of |A| such that these objects obey
the usual axioms for a commutative ring with unit. Standard ring notation will be freely
used in place of the explicit notation using | - | and the subscript A.

The polynomial ring in m variables associated with a countable ring A, which is denoted
Alxy,...,Ty], is a countable ring whose elements are (codes for) finite sums of the form
S aiy....q, w0t - xim. Addition, multiplication and the additive and multiplicative identities
are defined as usual for polynomials.

A monomial is an element of Alxq,...,z,,] that consists of only one term and does not
include the coefficient of this term i.e. an expression of the form z - - - zim. The monomial
ordering is a total-ordering on the monomials given by first ordering by total degree (the sum
i1+ -+ +1i,) and then ordering lexicographically. For any polynomial P € Alzy,..., %],
the monomial that appears in P and which is greatest under this ordering is called the
leading monomial of P. A monomial M = z''--.zm is said to divide another monomial
N =o' - adm if iy, < g, for all k from 1 to m.

A countable ring A is said to be Hilbertian if it possesses the following property: For
every sequence of elements {a, € A}ren there exists a natural number N such that for all &
there exist fo,..., fy € A such that a;, = fo*ag+---+ fnx*ayn. In other words, a countable
ring is Hilbertian iff all sequences of its elements are finitely generated.’

The version of Hilbert’s basis theorem considered in this chapter is a theorem which states
that for all countable rings A and natural numbers m > 0, Alxy, ..., z,,] is Hilbertian.

The set of ordinals up to w*, denoted O, is the set of (codes for) finite sequences of natural
numbers along with a special code |w*|, which can be arbitrary as long as it is distinct from
the other elements of O. The code |a| = (ap,...,q,) is intended to represent the ordinal
Q= Qp*W" + a1 ¥ W 4o+ g with |w®| of course representing w®. The ordinals in O
have the usual lexicographical ordering with w* as the largest element.

°In RCAy it is possible to show that a countable ring is Hilbertian just in case all 3¢ ideals are finitely
generated where a Xy ideal is a sequence {ax € A}ren such that (1) ap # 0 for all k (2) for all i and j there
exists k such that ar, = a; + a; and (3) for all ¢ and all a € A there exists k such that ay = a*a;. In ACAy
one can show that ¥¢ ideals are the same as ideals as usually construed, i.e. subsets of A that are closed
under addition and multiplication by arbitrary elements of A. See [4].
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The natural sum and natural product of ordinals are commutative binary operations on
ordinals, defined by first ordering the summands or factors from largest to smallest and then
taking the sum or product as it is usually defined for ordinals. For example, the natural sum
of @ = ¥ W™ 4+ 1 ¥ W™ -+ and B = B, % W™ + Bpoq x W™ 4 -+ By where
m > n is simply

A+ B= B W™+ B x 0"+ By 0"+ (a4 Ba) W+ + g + S

To say that an ordinal n € O is well-ordered is to say that there does not exist a sequence
{nk € O}ren such that ny = n and 1,4 < 7 for all k.

Main Theorem II. Hilbert’s basis theorem and the well-ordering of w* are equivalent
over RCA,.

Remarks. As we saw above for the purposes of this chapter Hilbert’s basis theorem
just says that for all m € N and for all countable rings A, Alzy, ..., x| is Hilbertian. Fur-
thermore, it is clear that the well-ordering of w* is equivalent to the well-ordering of w™ for
all m € N. Therefore, it is sufficient to prove that for any given m € N, the following are
equivalent over RCAj:

(1) For any countable ring A, Alxy,...,z,,] is Hilbertian.
(2) w™ is well-ordered.

We shall begin by proving that (1) implies (2).

Theorem II.1. Over RCA for fixed m, if A[xy,...,z,,] is Hilbertian for some A, then
w™ is well-ordered.

Proof. Let {n; € O}ren be a sequence of ordinals beginning with w™ and with
Mk = Mie,m *@m L + Nym—1 * W2 “+np1 < w™ for k > 0. Disregarding the first element in
the sequence, create a sequence of monomials in Afxy, ..., z,,] by setting M;, = 2]*' - - zpi™
Because A|xy, ..., ;] is Hilbertian, there exists N such that My = g1 My +---+gn* My

with g1,...,9x8 € Alxy, ..., T

We claim that My divides M; for some ¢ < N. Assume otherwise. Because My, does
not divide M7, and because the sum gy x My +- - -+ gn * My must add up to a monomial, the
term g; * M7 must be exactly canceled by the other terms. This reasoning holds for all ¢ < N,
which implies that My, = 0. However, My is non-zero by construction. Therefore, there
exists ¢« < N such that My, divides M;.

This in turn implies that ny41; < n;; for all j from 1 to m. However, this means that
Nn+1 < 1;. Therefore, {n} cannot be a strictly decreasing sequence. Because {n;} was
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arbitrary, w™ must be well-ordered.O

We will now show that (2) implies (1) over RCAg. In order to accomplish this, we
will proceed in three steps. First, we will reduce the Hilbertianness of Alzy,...,z,] to a
similar condition on sequences of monomials. Second, we will demonstrate an equivalent
characterization of this condition on sequences of monomials. Finally, we will show how
any counter-example to this reduction of the Hilbertianness of A[zy,...,x,,] can be used to
construct a counter-example to the well-orderedness of w™.

Theorem II.2. Over RCAq for a given polynomial ring Alxq, ..., 2], if Alxy, ..., o]
satisfies

(x) For every sequence of monomials {Mj, € Alz1,..., 2y} ren there exists N such that
for all £ there exists ¢ < N such that M; divides M,

then Alzy,...,x,,] is Hilbertian.

Remarks. From the cancellation argument in the proof of Theorem II.1, we can see
that condition (%) is equivalent to the sequence { M} being finitely generated. This theorem
shows, then, that if all sequences of monomials are finitely generated, then all sequences of
polynomials must be finitely generated as well.

Proof. Let {P, € A[xy,...,%n]}ren be a sequence of polynomials. Note that the for-
mula “H = FoxPy+---+F,« P, is 28 because the equality here is just numerical equality
between codes in |A[zy,...,7y]|, and *aq,,. 2] a0d + 4. 2, act as parameters. There-
fore, the formula ¢(H) = “There exist n € N and Fy,..., F, € Alzry,...,z,] such that
H=Fy*Py+ -+ F,* B, is a X{ formula. Thus by Corollary 1.3, we can conclude in
RCA, that there exists a sequence {Hy € Alz1,..., 2y} ren that enumerates precisely the
polynomials in A[zy, ..., x| that are finite linear combinations of the Py. Note that if {H}}
is finitely generated, then {P;} must also be finitely generated because {P.} C {Hy} and
every Hj is a finite linear combination of the P;.

Define {My € Alzy,...,Tm|}reny to be a sequence of monomials such that M is the
leading monomial of Hy. By the supposition of (x), there exists N such that for all k& there
exists 7 < N such that M; divides M,,.

We claim that Hy,..., Hy generate {H}, which we will prove by induction on the
monomial ordering of the leading monomials, M. Given a fixed k, we know that there
exists © < N such that M; divides M, i.e. M, = M; * N, where N, is another monomial.
Necessarily for any a € A, Hy — aNy * H; is equal to H; for some [ € N. For some choice
of a, a, the leading monomial of H; is canceled by a, Ny * H; hence H; has a lesser leading
monomial i.e. M; comes before M} in the monomial ordering. By the inductive hypothesis
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Hy = Fy*x Hy+---+ Fy x Hy for some Fy, ..., Fy € Alxy,...,z,]. Thus,
Hy=FyxHy+ -+ (F;+apNy) « H; +-- -+ Fy * Hy.

By induction {Hy} is finitely generated. Hence, { P} is finitely generated, so Alxy, ..., zp]
is Hilbertian.O

Theorem I1.3. For a given polynomial ring Alxy, ..., z,], condition (x) is equivalent
over RCAj to

(") For every sequence of monomials {M), € Alxy,...,Tn]}ren there exist ¢ and k such
that ¢ < k and M; divides M.

Proof. That () implies (+') is clear by taking k = N + 1.

Assume Alxy, ..., x,,| satisfies condition (¥'). Fix a sequence of monomials {M}.}. Let X
be the set of natural numbers k& such that there does not exist ¢ < k such that M; divides M.
This set exists by ) comprehension because the existential quantifier is a bounded quantifier.

We claim that for all natural numbers k£ there exists an ¢ € X such that M; divides M.
Assume for the purpose of contradiction that there exists a & € N such that whenever M;
divides M, then i is not an element of X. We proceed by finding an infinite regress of
monomials M;, that divide Mj. Let igc = k. By the inductive hypothesis we assume that
M;; divides My. 1; is therefore not an element of X. By definition this means we can find
ij+1 < i; such that M;,  , divides M. This creates an infinite regress of the natural numbers
i, so for all k& € N there exists ¢ € X such that M; divides Mj,.

Next, we claim that X is finite. Suppose otherwise. By Corollary 1.2, there exists a
monotonic function 7y : N — X that enumerates the elements of X. Consider the infinite
subsequence {M; )}. By (+') there must exist i < k such that M, @ divides M, .
However, having 7x (i) < mx(k) and M, ;) divides M, ) contradicts the definition of X.
Therefore, X must be finite.

By the second claim, X is finite, so it has an upper bound N. By the first claim, for all
k there exists ¢ < N such that M; divides Mj. This holds for arbitrary { My}, so therefore
Alxy, ..., x| satisfies condition (x).0

Definitions. In order to complete the proof of the main theorem, we require some
definitions concerning the space N™ of all m-tuples of natural numbers. With u and v
ordinals less than or equal to w define the interval [u,v) to be the set of natural numbers
n such that v < n < v. An m-boz, denoted [u,v) = [ [u;,v;) C N™, is the Cartesian
product of these intervals. Further define the volume of a countable union of m-boxes indexed
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by a set I to be

U v = 3 -

[uv)erl [u,v)el i=1

where natural sums and natural products are used on the right.

Theorem II.4. The existence of a polynomial ring A[z,...,z,,] that does not satisfy
condition (*") implies over RCA that w™ is not well-ordered.

Proof. Let {My € Alz1,...,Zn]} ren be a sequence of monomials that does not satisfy
the condition in (). In other words, k& < [ implies that M}, does not divide M;. We will use
{M}} to construct a sequence of ordinals {n; € O}xen such that ny = w™ and 741 <y for
all k. The existence of such a sequence demonstrates that w™ is not well-ordered by definition.

Roughly speaking, in order to construct this sequence of ordinals we will inductively
create a partition of the space N™. Note that the collection of exponents of a monomial in
Alxy, ...,z can be identified with a point in N™. Because k < [ implies that M does
not divide M;, the exponents of each M} specify some m-box in N” in which none of the
remaining exponents can lie. At each step, we will throw away this piece of the partition
and define 7, to be the volume of what remains.

Let Iy, the initial partition of N™, be the trivial partition {[[,[0,w)}. Let
o= [J10,w)] =

Jk,1 Jk,m

Let (Jkas---»Jkm) € N™ be given by My = 1" -+ - o,

At each step take the m-box [ug, Vi) € Ix_1 such that (jg1,...,Jkm) € [Uk, Vi) and split
it into 2™ m-boxes made up of each combination of [uy;, jk:) and [ji:, vk:). Let I be the
union of Iy — {[ug, vi)} and these m-boxes except for the m-box given by
k1, V1) X -+ X [Jkm, Vkm). DBecause for all [ > k we cannot have M divides M; by
hypothesis, the exponents for M; can never lie in this removed piece. Therefore, the subsets
in [ partition a portion of N that contains the exponents for each remaining M;. Finally,

define
m=| U vl

[u,v)erl,

It remains to be shown that 7.1 < n for all k. To prove this, it is sufficient to show
that the combined volume of the m-boxes that replace [ug, vi) is strictly less than |[ug, vi)]|.
Let a,b € N be given by |[ug, v)r| = a * w’. This means that for exactly b instances of i,
vg; = w. Bach m-box that is made up of [uy;, ji;) for at least one of these b choices of
i will contribute less than w® to the volume. The remaining m-boxes will contribute some
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multiple a’ * w® of w. However, this @’ must be strictly less than a because, ignoring all the
infinite dimensions, these remaining (m — b)-boxes make up some strict subset of the finite
m—>b dimensional portion of the original m-box. Therefore, 7, < w’+a'*w’ < axw® = 7.0

Proof of Main Theorem II. We have shown the following working in RCA,. By The-
orem II.1, the Hilbertianness of A[zy,...,x,,] implies that w™ is well-ordered. By Theorem
1.4, if w™ is well-ordered, then for every ring A, the polynomial ring A[zy, ..., z,,] satisfies
condition (x"). Therefore, by Theorem I1.3, every polynomial ring satisfies condition (x).
Hence, by Theorem I1.2, A[xy,...,z,,] is Hilbertian for any ring A. Thus, Theorems 11.2-4
have shown that the well-orderedness of w™ implies the Hilbertianness of Alzy,...,x,,] for
arbitrary A. The theorem follows from the remarks.O
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Appendix to Chapter II

While we showed in Chapter II that Hilbert’s basis theorem and the well-ordering of
w* are equivalent over RCAg, we said nothing of whether these theorems can be proved in
RCAy. It turns out that they cannot, and that furthermore they cannot be proved in WKL.
The complete proof of these facts is beyond the scope of this thesis. Therefore, we will use
the following lemma without proof.°

Lemma A-1. Any function f that is provably recursive in WKL and hence in RCA,
is primitive recursive.

Let the Ackermann function A : N x N — N be defined recursively by

n+1, ifm=0
An,m) =  Am—1,1), if m>0and n=10
A(m —1,A(m,n—1)), if m >0and n >0

It is a well known fact that the Ackermann function is not primitive recursive (see, for ex-
ample, [6]). Therefore, we have

Corollary A-2. The Ackermann function is not provably recursive in WKLg or RCA,.
However, we also have the following lemma

Lemma A-3. The well-ordering of w* implies the existence of the Ackermann function
over RCAy.

Proof Sketch. The Ackermann function A(m,n) is computed by repeated “calls” to
the function itself with different parameters. In order to prove that the function exists, it is
sufficient to show that the calculation terminates after a finite number of steps. This can be
done for a fixed value of m by associating a call to A(m,n) with (n+1)*w™ and noting that
successive calls are always to lesser ordinals. Therefore, the well-ordering of w™*! implies
that the function A,,(n) = A(m,n) exists. The well-ordering of w* implies the well-ordering
of w™ for all m, and hence the existence of the Ackermann function. For a complete proof
see [7].

Thus, we have

Theorem A-4. The well-ordering of w* and Hilbert’s basis theorem cannot be proved
in WKL or RCA,.

6For a model-theoretic proof, see [1]. For a proof-theoretic approach, see [5].
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Chapter III- The Reverse Mathematics of the Hahn Embedding Theorem

The Hahn embedding theorem is an important result in abstract algebra that describes
ordered abelian groups. Namely it says that every ordered abelian group is isomorphic to
an ordered subgroup of some sum of copies of (R, <g), the real numbers under the standard
ordering. In this chapter, we will study the reverse mathematics of a formalization of Hahn’s
embedding theorem in second order arithmetic. In particular, we will show that Hahn’s
embedding theorem implies ACAy over RCAy, and hence that the theorem is not effective.
That is, there exists a computable ordered abelian group for which one cannot construct
a computable embedding into a sum of copies of R. The results in this chapter and their
presentation follow primarily [8] with some additions from [9].

Definitions. An abelian group is a tuple (|G|, +¢,|0¢|) where |G| C N is the set of
codes for elements of the group, +¢ : |G| X |G| — |G| is a binary operation with identity
|0¢| € |G| satisfying the usual axioms of an abelian group. Subgroups H < G, cosets g + H
and quotient groups G/ H are also defined as usual. A linear order is a tuple (|7'|, <) where
|| C N is a set of codes for elements of 7', and <r is a relation between elements of T
satisfying the usual axioms of a total linear ordering. An ordered abelian group is a tuple
(|G|, +a, 0], <g) such that (|G|, +¢, |0¢|) is an abelian group and (|G|, <¢) is a linear order.

The positive cone of an ordered abelian group G, P C G is defined to be the set
P = {9 € G|0 < g}, which exists for any given G by ¥{ comprehension with < acting
as a parameter. We may also define an ordering on an abelian group G by specifying its
positive cone by taking g < h just in case h — g € P. Indeed, it is easy to see that any
subgroup P C G such that P is pure, i.e. PN{g € G|—g€ P} = {0}, and full, i.e.
PU{ge G |—ge€ P} =G, is the positive cone for some ordering on G.

For a linear order T, a subset S C T is said to be well-ordered provided that any subset
U C S has a T-minimal element ug, i.e. v € U implies uy <7 u. Furthermore, S is said to
be conver provided that for any a,b,t € T if a and b are in S and a <t < B, then t is in
S as well. If H is a convex subgroup of a ordered abelian subgroup G, then we may define
the induced order <g,u, on G/H by a+H <g/u b+H if and only if a+ H = b+ H or a <g b.

For any ordered abelian group G with positive cone P, we may define the absolute value
function to be |g| = g if g € P, and |g| = —g if g € P. Forn € N and g € G, ng is
defined to be the sum of n copies of ¢g. For a,b € G we say that a is Archimedean less than
b, denoted a < b, if |na| < [b| for all n € N. If neither a < b nor b < a, then we say that
a and b are Archimedean equivalent, denoted a = b. Note that a < b is a II{ formula while
axbisX). If a~bfor all a,b € G — {0g}, then we say that G is an Archimedean ordered
group. A special case of Hahn’s embedding theorem is Holder’s theorem which says that any
any Archimedean ordered group is isomorphic to a subgroup of R. For a proof of Holder’s
theorem in RCAy see [10].

24



Finally, for an ordered abelian group G, we say that X C G is a set of Archimedean
representatives for G if:

(1) For all g € G, there exists © € X such that x ~ g, and
(2) for all z,y € X such that x # y, x % y.

We may now begin our study of the reverse mathematics of Hahn’s embedding theorem
by showing that a crucial part of the theorem, the existence of a set of Archimedean repre-
sentatives for G, is equivalent to ACAy over RCA,.

Lemma III.1. For any ordered abelian group G, the following are equivalent over RCA,
(i) There exists a set of Archimedean representatives for G.
(ii) The set A ={(g,h) € G x G|g = h} exists.

Proof. To see that (i) implies (ii), we begin by defining a function Rep : G — X defined
by

Rep = {(g,2)|x € X Adn,m < 0(lg| <¢ |nz| A |z| <g |mgl|)}
= {(g,7) |z € X AVy € X(y #z — (Vn > 0(|g] <¢ |ny|) VVn > 0(ly| <c |Ingl)))},

which exists by A? comprehension with X acting as a parameter. Rep assigns to any element
g € (G its Archimedean representative in X. Therefore, we can simply define

A={(g,h) € G xG|Rep(g) = Rep(h)},

which exists by X9 comprehension.

To see that (ii) implies (i) simply note that the set
{g €|Gl[Vh <n g(h € |G| — (g,h) € A)},

which exists by 39 comprehension is a set of Archimedean representatives for G.0
Theorem III.2. The following are equivalent over RCA

(i) ACA,.

(ii) For any ordered abelian group G, there exists a set of Archimedean representatives for G.

Proof. To see that (i) implies (ii) note that the set

{geG|VneNn<yg— (ng€GVni&yg)},
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which exists by IIY comprehension in ACAy, is a set of Archimedean representatives for G.

Let f: N — N be an arbitrary function. To show that (ii) implies (i), we will construct
an ordered abelian group G using the function f, and then use the existence of a set of
Archimedean representatives for G' to show that the range of f exists, which is sufficient to
prove arithmetical comprehension by Lemma 1.4.

Because the divisors of a given number are bounded by the number itself, primality
can be expressed using a ) formula. Therefore, by Corollary 1.3, we may enumerate the
odd prime numbers as {p;, }men. We will define G as an abelian group with countably in-
finitely many generators x,, satisfying the relations p,,xs, = 2,.1 if f(m) = n. To define
this formally we encode the elements of G as finite sequences g = (qgo, - - ., g¢) representing
Zi:o gnTn. We further require that elements of G' are reduced, that g, # 0 and that there
does not exist 2n < ¢ and p,, < |2¢2,| such that f(m) = n. The identity element Og, is
given by the empty sum. Since the condition of being reduced is 29, G is well-defined as a set.

Reducing an arbitrary sum is a straightforward process. For each 2n < ¢ check if there
is a prime p,, < |2¢2,| such that f(m) = n. If we have f(m) = n, and g2, = cpp + 1
where |r| < p;”, then set g9, to r and add ¢ to gg,11. Because the function which sums
two elements of G (in the natural way) and then reduces the result is primitive recursive,
G is also well-defined as an abelian group by Theorem I.1. Note that for a reduced sum

g =, gnTn, Wwe have simply —g = > —g,z,, which is already reduced by definition.

We will define an order on G by giving its positive cone P C G. Let
P ={0c} U{D _ gazn € G|ge > 0}.

Intuitively, P is the positive cone of the lexicographic ordering on G. To show that P in
fact defines a valid positive cone, note that P contains the identity, and is both pure and
full because —g = >, —gnxy,. Therefore, it only remains to be shown that P is closed under
+¢. That is given two elements of P, g = fozo gnZn, and h = Zf;”: o Pnzn where go, > 0

and hy, > 0, we must show that the reduced sum g +¢ h = Zfl:O spTy, satisfies s; > 0. We
proceed in three cases:

Case 1: ¢, # ;. Without loss of generality we take ¢, < ¢,. Clearly if s; = 54, is not
effected by the reduction process, then g +¢ h € P. The only way for s,, to be effected is if
l, = 2j and (), = 2j + 1, and there exists py < |2aq; + 2by;| such that f(k) = j. However,
since ag; and by; come from reduced sums and since ag; > 0, this could only happen if
2a2j + 262]' > pg. Thus, Sp > bgh >0,s0g9g+gheP.

Case 2: {; =1 = {},  is odd. Because ay_; and b,_; come from reduced sums, we have
s;=58>a+b—1>0,50¢g+gheP.
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Case 3: £y = £ = [y, ( is even. We either have s; = sp1; > 0 because a, + by > 0, or
s; = 8¢ = ag + b, > 0. Either way g +¢ h € P.

We have shown that G is an ordered abelian group, so by (ii) and Lemma III.1, the
set A = {(g9,h) € G x G|g ~ h} exists. We claim that the range of f is given by
{n|(xon, Tan+1) € A}. If n is in the range of f, that is if f(m) = n for some m, then
PmTon = Topi1, SO Top &2 Topi1, and (To,, Tony1) € A. If; on the other hand, n is not in the
range of f, then for all m, mxy, is already reduced, so mxs, < x2,11. Thus zs, K 9,41, SO
(Ton, Tont1) & A.O

Definitions. In order to state Hahn’s embedding theorem in second order arithmetic, we
must define a Hahn subgroup and the notion of an isomorphism between a Hahn subgroup
and an ordered abelian group in the strict sense of second order arithmetic defined above.

If (T, <r) is a linear ordering and { K }c7 is a sequence of Archimedean ordered abelian
groups indexed by T', then a subgroup of > . K; indezed by I, is a sequence of functions
F={fi: T — UrK,}ic; such that:

fit)e Ky forallie I andt €T,

there exists ¢ € I such that f;(t) = Og, for all t € T,

there exists a j € I such that f; = —f; for alli € I, i.e. f;(t) = —fi(t) forallt €T,
there exists a k € I such that f, = f; + f; for all 7,5 € I, and

there exists ¢ € T such that f;(t) # f;(t) for all 4, j € I such that i # j.

G o

It is clear from the definition that F' itself has the structure of an abelian group. However,
it should be noted that F' is not an abelian group in the sense of second order arithmetic
because it is a sequence of functions encoded as sets rather than a set of elements encoded
as natural numbers. Moreover, the group operation on F' and the inverse operation are not
guaranteed to exist as computable functions.

If the set {t| fi(t) # Ok, } is well-ordered for every i € I, then we may further define an
order <p by fi <p f; if and only if fi(to) <k, fj(to) where ty is the T-minimal element
of {t|(fi — f;)(t) # Ok, }. If this order respects the group operation on F, ie. if f; <p f;
implies that f; + fix <p f; + fi for all ¢,5,k € I, then F' has the structure of an ordered
abelian group. We may define the absolute value, multiplication by n € N, and notions of
Archimedean order and equivalence for F' just as we did for ordered abelian groups in the
strict sense of second order arithmetic.

A Hahn subgroup is a subgroup of ), K; that has the structure of an ordered abelian
group in the way just described and that satisfies a closure property called the cut property.
The cut property need not be used for the reversal of Hahn’s embedding theorem, but we
present its definition here for the sake of completeness.
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For every ty € T we define a cut C}, which associates functions in F’ with other functions
from T to Up K. For a given f;, C'f;(t) is defined to be f;(t) if t <r ty and O, otherwise.
We say that F' has the cut property if for every to € T and every ¢ € I, there exists a j € [
such that f; = Cy fi, i.e. fj(t) = Cy, fi(t) forall t € T.

Finally, we must define a notion of isomorphism between ordered abelian groups in the
strict sense of second order arithmetic and Hahn subgroups. We say that an ordered abelian
group G is isomorphic to a Hahn subgroup of > . K, if there exists a Hahn subgroup of
>+ K indexed by G such that:

1. fo,(t) =0k, forall t € T,

2. forn=[fy+ frnforall g,h € G,

3. fog=—fyforall g€ G, and

4. g<gh <+ fy<p fpforall g,h € G.

We can now state Hahn’s embedding theorem in second order arithmetic and prove that

it implies ACAy over RCA,.

Main Theorem III. Hahn's embedding theorem states that for every ordered abelian
group G, there is a linear order T" and a sequence of Archimedean ordered subgroups K; C G
such that G is isomorphic to a Hahn subgroup of > . K;. Hahn’s embedding theorem implies
ACA, over RCA,.

Proof. Let f : N — N. Define G as in the proof to Theorem III.2. As was shown in
that proof, the range of f is given by {n|zs, & z3,,1}. Therefore by Lemma 1.4, showing
this set exists is sufficient to prove arithmetical comprehension.

By Hahn’s embedding theorem, there exists an isomorphism {f,},cc between G and
some Hahn subgroup of > . K;. We claim that

Top = Top41 < Vit € T(fm2n+1(t> 7£ OKt - fmn 7£ OKz)'

This claim suffices to prove the result because this condition is IT1? and the usual condition
for w9, ~ 2,11 is 1Y, so the range of f would exist by A? comprehension.

Note that either z9, < Zop41 Or oy & Topq1. If 29y, K Xopy1, then fo, <p fi,,,., by the
definition of the isomorphism. By definition this means that f,,(t0) <, frs...(fo) Where
to is the T-minimal element of {t € T'| f;,.(t) # fzs...(t)}. However, K, is Archimedean,
so we must have that f,, . (to) # Ok, while f,, ., (to) = Ok, .

If on the other hand, xs, =~ 5,11, then for some odd prime p,, we have p,,zs, = Tony1,
so for every t € T, Py fas, (1) = fapnii (t). Thus fo,. . (t) # Ok, implies f,,, (¢) # Ox,.O
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Corollary to Main Theorem III. There exists a computable ordered abelian group G
such that there is no computable embedding of G into a Hahn subgroup.

Proof. We note that REC, the natural numbers along with the recursive sets, forms a
model of RCA+—arithmetical comprehension. Indeed, there exist recursive functions whose
ranges are recursively enumerable but not recursive sets, so arithmetical comprehension can-
not hold in REC by Lemma 1.4. Given any such function f, the group G constructed from
f in the proof of Theorem III.2 cannot be computably embedded into a Hahn subgroup be-
cause then its range would be recursive by the proof of the Main Theorem. However, G must
be computable because its existence can be proven in RCAg, and REC is a model of RCA.O

Hahn’s embedding theorem is also provable within ACAg, and hence is equivalent to
ACAy over RCAy. The proof of Hahn’s embedding theorem in ACA, is essentially the
standard proof (found in [11]) modified to avoid induction on a non-arithmetic formula, and
is not of direct interest to us here. It can be found in [§].
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